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Introduction

In recent years, the limitations of traditional silicon-based power electronics have driven
significant interest towards wide bandgap (WBG) semiconductors. Among them, gallium
nitride (GaN) and silicon carbide (SiC) stand out as the most mature candidates. In fact,
they have superior material properties compared to silicon, such as a high critical electric
field, high electron mobility, and large bandgap. These characteristics make GaN an
ideal candidate for high-frequency, and high-power applications, ranging from consumer
electronics to electric vehicles and renewable energy systems.

The rapid development of GaN technology is highlighted by industrial efforts into man-
ufacturing high large area wafers. Recently, Infineon has demonstrated the first 300 mm
GaN-on-Silicon wafer platform [1]. This innovation represents a major step forward in
the scalability of GaN-based devices, enabling their integration in diverse applications
such as AT systems, solar inverters, and motor-control systems [2].

Growing GaN on silicon substrates has garnered significant interest from the semicon-
ductor industry, as it enables the use of well-established silicon processing infrastruc-
ture. This compatibility facilitates large-area production and cost-effective manufac-
turing, making GaN-on-Si integration the most widely pursued approach in industry.
Nowadays, GaN-based electronics is commercially available and it is rapidly gaining mar-
ket interest. In particular, GaN HEMTs in the 650 V class have a market size that is
projected to reach 1.25 billion dollars by 2027 [3]. Furthermore, the compatibility with
a CMOS fabrication process contributes to lower production costs, making it a good
candidate for high-performance applications platform.

Consumer electronics has already benefited from the superior performance of GaN-based
devices, such as chargers. GaN-based chargers are significantly smaller and lighter than
their Si-based counterparts, and provide the same or even higher output power. These
advantages stem from the outstanding properties that make GaN transistors have faster
switching times (up to 100 times faster) compared to silicon [4].

One of the many crucial challenges in GaN technology lies in the gate contact of a tran-
sistor. Schottky contacts pilot the amount of charge in the channel with the application
of a bias. It has been shown that bias stress can induce alteration in the predicted behav-
ior of such contacts [5]. Furthermore, the leakage at the gate contact can induce early
breakdown events, influencing the overall reliability of the devices [6, 7].
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Based on these technological advancements and related problems, this thesis focuses
on the study of Schottky contacts in AlGaN/GaN heterostructures, which are a key
component in both normally-ON and normally-OFF device architectures [8]. Particularly
this work aims to investigate the conduction mechanisms at the Schottky interface by
analyzing the temperature-dependent electrical behavior of metal/AlGaN/GaN contacts.

GaN and its heterostructures with AlGaN enable the formation of a two-dimensional
electron gas (2DEG) through polarization effects. These materials, and their properties,
are at the basis of their attractiveness towards the fabrication of high power and high
frequency devices. Appendix 1 discusses materials properties and growth techniques for
GaN materials.

Metallic contacts are a fundamental building block for the development of technologies.
Ohmic contacts provide low resistance access to the charge channel formed by the 2DEG,
while Schottky contacts control the channel with the application of bias. Appendix 2
provides an overview on contact formation on GaN and related materials and how these
contacts allow for the fabrication of high electron mobility transistors (HEMTS).

A common technique for fabricating Schottky contacts is sputter deposition [9]. Gold,
although frequently used for metallization schemes, is preferably avoided in silicon fab-
rication lines. In this context appendix 3 investigates an alternative gold-free metal-
lization based on molybdenum. This contact is characterized by a near ideal Schottky
behavior, the low deviation from ideality allows the identification and study of barrier
inhomogeneities at the metal/semiconductor interface, providing valuable insights into
the physical processes governing charge transport in these structures.

Sputter deposition can also induce chemical modifications in the metal film when reactive
gases are introduced in the deposition chamber. These gases alter the plasma chemistry,
leading to the incorporation of reactive species into the deposited metal layer. This
chemical modification alters the electrical properties of the resulting contact. In this
context, appendix 4 focuses on the tunability of the Schottky contact characteristics, such
as threshold voltage (Vyg) and Schottky barrier height (®pg) by tuning the deposition
conditions. The conduction mechanism study of these contacts allows the assessment
of the weight of defects in the electrical properties of the contacts. Dislocations, which
are highly concentrated in AlGaN/GaN heterostructures grown on silicon, contribute to
tunneling phenomena. Understanding the interplay between defect-related phenomena
and deposition-induced modifications is thus essential for optimizing the performance of
these Schottky contacts.

The most established approach for the fabrication of normally-OFF HEMTs involves
the use of p-GaN. In this architecture the fabrication process involves plasma-based
processes which can significantly affect the gate region. In this process step, the plasma
can induce damage on the perimeter of the contact, inducing unusual behavior of the
electrical characteristics. To investigate these effects, a calculation approach keeping
into account the geometry of the Schottky contact has been developed in appendix 5
allowing for the isolation of an area and perimeter contribution to the whole conduction.
This methodology enables a more accurate extraction of parameters that are intrinsically
area-dependent, such as the Schottky barrier height (®p), while highlighting the role of
perimeter conduction.
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In conclusion, the results presented in this thesis contribute to a deeper understanding
of the physical mechanisms that govern the current transport in Schottky contacts in
GaN-based devices. By linking the conduction mechanisms with material quality and
processing conditions, the results establish a link between electrical transport and defects,
process parameters and device geometry. This work provides indications for improving
the performance and reliability of GaN-based devices.

The experimental work presented in this thesis was carried out in collaboration with
both CNR-IMM and STMicroelectronics. The device fabrication was mainly performed
at STMicroelectronics, with specific process steps such as gate metallization carried out
at CNR-IMM. Electrical characterization was conducted in both STMicroelectronics and
the CNR-IMM electrical measurement laboratories, while all the nanoscale characteriza-
tions (AFM, C-AFM and TEM) were entirely performed at CNR-IMM.






Chapter 1

Gallium Nitride: from basics
to application

This section introduces the fundamental properties of Gallium
Nitride. A thorough understanding of GaN’s crystallographic,
electronic, and electrical properties is essential to appreciate its
technological potential.

Furthermore, the main growth techniques and their associated
challenges are discussed. And finally, the formation of the
two-dimensional electron gas (2DEG) associated with the fab-
rication of heterostructures is explained.

1.1 GaN properties

1.1.1 Crystal Structure

The group III nitrides (AIN, GaN, InN) crystallize into several distinct structures, two
different cubic structures (zincblende and rock salt) and an hexagonal one (wurtzite) [10],
shown in figure 1.1.

The cubic structures are characterized by the same lattice constants in the three direc-
tions. The rock-salt symmetry is such that every atom has an octahedral coordination
sphere made of the other element. Meanwhile in the zincblende one the coordination is
tetrahedral [11]. The hexagonal structures are characterized by two different lattice pa-
rameters in plane (a) and out of plane (¢). Among all of these structures, the hexagonal
wurtzite phase is predominant in research and industry. In fact, the hexagonal wurtzite
structure is the most stable thermodynamically, and also the most studied out of all the
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Figure 1.1: Crystal structure of the possible symmetries of group III-nitrides

possible phases. This hexagonal structure has the property of piezoelectricity, making
it suitable for applications in optoelectronics and both high-frequency and high-power
electronics [12].

The hexagonal cell is constituted of alternated layers, where each layer is composed of
the same atoms (metal or nitrogen) having a distance of a, while the periodicity of the
crystal in [0001] direction is denoted by the lattice constant ¢. The crystal consists of two
Hexagonal Close-Packed (HCP) arrangements, one for the metal species and the other
for nitrogen [13]. These HCP arrangements are shifted by 3/8 ¢ in the [0001] direction.
With such an arrangement, each atom is tetrahedrally coordinated by four atoms of the
other element [14].

Due to the three-dimensional HCP arrangement of the wurtzite structure, the inversion
center is missing [12]. For this reason, the group III nitrides are piezoelectric materials.
Piezoelectricity is a property of a crystal that consists in the electric charge accumulation
as a response to a mechanical stress [15].

Considering both the ionicity nature of the metal-nitrogen bond and also the orientation
of the bonds in a tetrahedral coordination, these compounds exhibit a spontaneous po-
larization Pgp [16, 17]. The magnitude of the spontaneous polarization depends on the
c¢/a ratio where closer atomic planes and the stronger ionic bonding correlate with higher
spontaneous polarization. For instance, AIN has the smaller ¢/a ratio out of all group
III-nitrides and also the highest spontaneous polarization, as reported in table 1.1.

Table 1.1: Some properties of group IIl-nitride in the wurtzite phase [14, 18-21]

a(A) c(Ad) c/a  Eg(eV) Pgp (Cm~2) Predicted Pgp (Cm~2) [15]

AIN  3.112 4979 1.6004 6.10 —0.090 —0.081
GaN 3.192 5196 1.6278 3.42 —0.034 —0.029
InN 3536 5.709 1.6150 0.78 —0.042 —0.032

The absence of the inversion center also has another consequence, the possibility to distin-
guish between two different orientations of the crystals [16, 17]. In fact, non centrosym-
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metric compounds can exhibit two different sequences of the atomic layering (either M-N
or N-M for the metal nitrides). In the case of GaN, the sequence Ga-N is reversed along
the 0001 direction. Corresponding to two different crystalline structures, namely Ga-face
and N-face. Since on this sequence depends the polarity of the crystal, the two materi-
als have opposite sign of the spontaneous polarity. For what concerns GaN, the most
technologically used crystal is the Ga-face for which the polarization along the [0001]
direction is negative.

Group III nitrides do not have an inversion center and exhibit piezoelectric properties.
Furthermore, their ionic bond nature lends them a spontaneous polarization. The spon-
taneous polarization depends on factors such as the crystal cell size, the bond length and
the metal-nitrogen couple.

1.1.2 Group I1I-Nitrides Alloys

Group III nitrides are fully miscible with each other [22], it is possible to fabricate
ternary alloys and tune some properties of the alloy such as lattice parameter, bandgap,
and polarization. Furthermore this can be done by fabricating more complex quaternary
compounds.

The lattice constant a of ternary compounds can be calculated using Vegard’s law [23],
consisting in a linear interpolation between the individual lattice constants of the individ-
ual compounds. Considering two generic nitrides AN and BN forming an alloyed ternary
compound AyB{ 4N

asBixN _ AN BN () (1.1)

The bandgap of a ternary compound can be obtained, known the bandgap of the individ-
ual compounds, with a linear relationship adding a bowing parameter b to account for
deviations from linear behavior [16, 17]. The spontaneous polarization follows the same
behavior.

EgAXBl_xN — EgAN x 4 EgBN(l *X) o beBl—xN X(l *X)
(1.2)
PSPAXBl_xN _ PSPAN X+ PSPBN(]- *X) o beBl-xN X(]. *X)

It’s possible, according to equation (1.1), to calculate how a change in composition re-
flects in a change of in-plane lattice constant a. And according to equation (1.2) it is
possible to calculate as a function of the change in composition (or in-plane lattice con-
stant since these two parameters are correlated) how both the energy bandgap Eg and
the spontaneous polarization Pgp change in ternary compounds. The result of this cal-
culation for AIN, GaN and InN is reported in figure 1.2, the bowing parameters (b) have
been taken from [19, 20].
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Figure 1.2: Energy bandgap and the visible spectrum (a) and Spontaneous Polarization
(b) of ternary compounds of group III nitrides, the bowing parameters (b) have been
taken from [19, 20]

AIN shows the highest energy bandgap that decreases in the alloys obtained by increasing
the Ga and In content. The same trend is reflected in the spontaneous polarization. The
possibility of tuning such properties has made group III nitrides extremely interesting in
many applications. The modulation of the direct bandgap in regions that cover all of the
visible spectrum has made these materials highly desirable for the fabrication of LEDs
[24].

Group III-nitrides and their alloys enabled the development of blue LEDs, a breakthrough
that was recognized with the 2014 Nobel Prize in Physics awarded to Akasaki, Amano
and Nakamura for the invention of efficient blue LEDs [25].

The compositional engineering of the AlGaN alloy allows the fabrication of highly polar-
ized materials with a wider bandgap than GaN, this combination allows for the produc-
tion of heterostructures that serve as the basis for the fabrication of electronic devices
[12]. AlGaN barriers have been thoroughly studied and are commonly employed in elec-
tronic devices. The intrinsic problem of the AlGaN barrier is the strain, that on one side
induces the piezoelectric polarization and on the other induces a mechanical strain that
degrades the devices properties, mechanism known as inverse piezoelectric effect [26, 27].
Some studies have focused on the achievement of obtaining a lattice-matched AlInN layer
with GaN, avoiding in such a way the strain that the AlGaN layer has, but also having
a high polarization [28].

1.1.3 Superior electronic properties of GalN

GaN is an ideal contender for the next generation of power electronic and high frequency
devices. It is able to outperform silicon-based technology due to its higher breakdown
field, faster switching speed and higher thermal conductivity.

Table 1.2 reports some properties that are relevant for comparison of semiconductors in
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the field of electronics: direct energy bandgap (Eg), electric breakdown field (E¢), in-
trinsic carrier concentration (n;), mobility (i), thermal velocity (vyy, ), dielectric constant
(er) and thermal conductivity (o).

Table 1.2: Properties of semiconductors, both commercially available and emerging, from
[12, 29, 30]

Si 4H-SiC GaN p-Gap0O3  Diamond AIN

Eg (eV) 1.12 3.3 3.42 4.9 5.5 6.2

Ec (MV/cm) 0.3 2.5 3.3 8.0 10.3 15.4
n; (cm3) 1.5x 1010 82x107 1.9x10710 18x1072% 1.0x 10727 9.0x 10734

i (em? V-1 1) 1440 950 >2000 250 4500 450

v¢n (107 cm s71) 1.0 2.0 3.5 1.1 2.7 1.4

£r 11.9 9.6 8.9 10.0 5.7 8.5

o (W em™ K-1) 1.3 3.7 2.5 0.2 23.0 2.85

Notably, the direct energy bandgap (Eg) and the electric breakdown field (E¢) are two
linked parameters. In fact, the larger the bandgap, and the higher will be the electric
breakdown field. An increase in breakdown field makes the semiconductor able to sustain
higher voltages for the same thickness, also allowing a lower thickness to have a high
breakdown voltage. The exponential dependence of the intrinsic carrier concentration (n;)
on the bandgap (nj ~ exp (-Eg/kpT)) [31] makes it so that the concentration decreases
drastically with an increase in bandgap. The low concentration of thermally excited
carriers does not affect the devices’ operation, the same can not be said for silicon. This
effect is even more pronounced with increasing temperature. These properties make GaN
suitable for high power and high temperature applications. As shown in figure 1.3(b),
the larger the bandgap and the lower the concentration of thermally activated carriers
at the same temperature.

Considering a unipolar semiconductor device, the total specific ON-resistance (Roy) can
be approximated to the major contribution of the device drift layer [32]

2
4Vy
€QEr uE%

~

Ron =~ (1.3)

In figure 1.3(a) are reported the results of this calculation for all the mentioned materials
according to equation (1.3). Higher values of breakdown electric field make devices able
to sustain higher voltages with the same drift region thickness, thus resulting in lower
ON-resistance. Out of the commercially available and mature semiconductors, GalN
outperforms both Si and 4H-SiC in terms of Rgy. And also, the lower the Roy and
the lower is the power dissipation of the device [12], this aspect is fundamental for the
shrinking of power devices, making them lighter in weight with the same, if not better,
performance.

The lines reported in figure 1.3(a) represent theoretical limits, according to the intrinsic
physical properties of the materials. In practice, many factors come into play when
determining experimental values of Ron and Vp.
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Figure 1.3: Theoretical ON-Resistance as a function of breakdown voltage limits (a) and
concentration of thermally activated carriers as a function of temperature (b) for Si, 4H-
SiC, GaN, p-GagoOg, Diamond and AIN

GaN is characterized by high thermal velocity of electrons, and considerable mobility,
making it a suitable semiconductor for the fabrication of high frequency operation devices.
In fact, the frequency response of a Field Effect Transistor (FET) can be defined by the
gain-bandwidth product as

gm Vth (1 4)

~
~

fr =
T 2nCys  27Lg

Where gy, is the device’s transconductance and Cgs is the gate-source capacitance. This
expression can be approximated to the ratio between the thermal velocity (vyy,) and
the gate length (Lg) [33], it has been demonstrated that the frequency has a hyperbolic
dependence on the gate length [34]. Considering the same gate length, the higher the
thermal velocity and the higher will be the maximum frequency achievable. In this con-
text GaN has outstanding properties making it suitable for high frequency applications.
The maximum cut-off frequency depends on processing conditions, particularly on the
gate length, but considering ultra-scaled devices based on GaN having a gate length of
55 nm the maximum frequency was 250 GHz [35]. When the structure is grown on SiC,
the reduced defects lead to a further increase of this frequency, considering a gate length
of 20 nm the maximum frequency was 454 GHz [36, 37]. Silicon n-channel MOSFETSs
have been used for high frequency devices, allowing to achieve up to 26.5 GHz frequency
with a 500 nm gate length [38] which can be increased to the order of THz with gate all
around structures having a channel thickness of 5 to 20 nm [39].

To better understand the differences, rather than compare the physical different proper-
ties, it is common to employ the Figures Of Merit (FOMs) [40]. For high power and high
frequency electronics three FOMs are adopted: Johnson (JFOM), Baliga (BFOM) and
Baliga High Frequency (BHFOM). The JFOM is an indicator of the maximum capability
to energize carriers by the electric field. The BFOM is an indicator of the impact of the
semiconductor properties on the resistance of the drift region [40]. And BHFOM gives
information about the minimum conduction losses during high frequency operation. In
table are reported the FOMs normalized for the one of GaN.
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Table 1.3: Comparison of some figure of merit (JFOM, BFOM, BHFOM) for Si, 4H-SiC,
GaN, 3-Gao0Og3, Diamond and AIN normalized to GaN

Si 4H-SiC GaN - Diamond AIN
Ga203
JFOM (viuEq)? 6.7x107*  0.18 1 0.58 5.8 3.4
BFOM pe,Ec?  7.2x107% 022 1 2 43 22
BHFOM pE%  59x107% 027 1 0.73 22 4.9

Compared to silicon and silicon carbide, GaN has greater potentialities in both high
power and high frequency electronics. Compared to more exotic semiconductors, such
as gallium oxide, diamond and aluminum nitride, their properties are even better than
GaN, but their use is still limited to research laboratories environment due to high cost of
production and scarce availability in large scale. These materials, despite their properties,
do not have well refined processes that are needed for device fabrication, such as doping
and high quality crystal growth [41].

1.2 GaN layer growth techniques

GaN is a material with exceptional properties, making it a strong candidate for widespread
use in the electronics industry. It can be grown on GalN substrates, enabling the fab-
rication of vertical devices, or on silicon, which allows for the development of lateral
devices. The main advantage of using silicon is its compatibility with large-scale manu-
facturing. However, the presence of defects due to lattice mismatch remains a significant
challenge. Despite its promising characteristics, the technological development of GaN-
based devices is still not as mature as that of silicon carbide, largely due to difficulties
in producing large-area GaN wafers with low defect densities.

1.2.1 GaN epilayers

GaN is typically grown by MOCVD, using either homoepitaxy or heteroepitaxy. Ho-
moepitaxy is the growth of a material on top of itself, while heteroepitaxy is when the
growth is done on a foreign substrate. In the case of homoepitaxy, a GaN substrate is
required. However, GaN substrates are expensive and currently limited to small size (up
to 4 inches) which restricts their widespread use, to give an idea 2-inch GaN substrates
cost 1300-1500 USD /piece,. For these reasons GaN is usually grown on top of other ma-
terials such as silicon, sapphire and silicon carbide. When grown on a foreign substrate,
internal strain given by the lattice mismatch between GaN and the substrate can lead
to a high density of threading dislocations [42] that propagate along the whole material.
A high concentration of dislocations leads to a high leakage current under high electric
field and device degradation [29]. As shown in figure 1.4 the concentration of dislocation
of AIGaN/GaN grown on Si is estimated to be 5 x 109 cm 2.
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Figure 1.4: In-plan STEM image of an AlGaN/GaN sample grown on Si, showing the
high concentration of dislocations

Different substrates are typically employed for different applications. Silicon for electron-
ics, due to its low cost and high availability in large diameter. Sapphire is used mainly in
optoelectronics applications since it has a low thermal conductivity that makes it unsuit-
able for electronics but it is transparent. Finally, silicon carbide has a reduced adoption
in electronics due to prohibitive large volume production, but outstanding electrical and
thermal properties [12, 29].

Table 1.4 reports the main substrates employed for the epitaxial growth of GaN, high-
lighting their lattice mismatch with GaN, thermal expansion coefficient (oyy,), thermal
conductivity (oy,) and the typical dislocation density (pp) and observed breakdown
voltage (V) of the GaN layer.

Table 1.4: Commonly employed substrates for the epitaxial growth of GaN [43]

Si (111) Al;,03 SiC GaN
Lattice mismatch (%) -17 16 3.5 0
o (1076 K1) [30] 3.5 7.3 4.3 5.6
om (W em™t K1) [30] 1.4 0.23 4.9 1.3
pp (cm2) 10°-1010 107-108 107-108 103-106
Vg (V) [44] <1000 - <2000 >5000

GaN-on-diamond is only an exotic option of substrate. Indeed, diamond has a high
thermal conductivity both in single and polycrystal materials (>20 W em™ K1) [45],
making it a good candidate for heat spreader for GaN power transistors. However, GaN
is not directly grown on top of the diamond. Rather, a GaN wafer is attached to it through
bonding or a diamond layer is grown on the back of the GaN wafer after substrate removal
[46]. In fact, the direct epitaxial deposition of GaN on diamond is difficult due to the large
lattice mismatch (13% compared to GaN) and difference in thermal expansion coefficient
(5 times larger than the one of GaN). Nevertheless, many efforts have been made in
order to achieve a direct deposition of GaN-on-diamond through MOCVD deposition
using AIN as a nucleation layer [47].
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The first synthesis of GaN is dated 1932, Johnson et al. [48] have obtained GaN by
the reaction of purified gallium metal with ammonia gas under high temperatures (900-
1000 °C). Polycrystalline GaN powders have been chemically analyzed allowing for the
determination of the stoichiometry of the nitride compound. The first large area epitaxial
GaN layer was grown by Hydride Vapor Phase Epitaxy (HVPE) in 1968 with also an
estimate of 3.39 €V for its bandgap [49], the films appeared to be highly doped (n-type),
in the range of 1019 ¢cm™, due to a large concentration of nitrogen vacancies. In 1986,
Amano et al. [50] have demonstrated the growth of high quality GaN films by Metal
Organic Chemical Vapor Deposition (MOCVD) using tri-methyl gallium (TMGa) as Ga
precursor while ammonia (NHg) as N precursor. The substrate employed was sapphire,
on which an AIN buffer layer was grown at =~ 950 °C, and then the GaN layer was grown
on top at ~ 1000 °C. Considering the difficulty in obtaining highly resistive GaN due to
the high concentration of defects, MBE has been employed for the fabrication of GaN
films [51]. The method grows films under ultra high vacuum with metal Ga and ultra
pure ammonia, the low pressure and lack of carbon containing precursors allowed for the
fabrication of highly pure GaN films.

The technique employed for large-scale production of GaN-on-Si is MOCVD. The typi-
cal growth rate achievable for MOCVD depositions is in the order of &~ pm/h. Carbon
can be incorporated during the GaN growth due to the use of the carbon containing
organometallic precursors. The carbon doping can be both intentional or not (concentra-
tion range of 5 x 1019 cm'?’). The carbon tends to substitute both N and Ga generating
a variety of trap states deep in the gap of GaN [52]. In high power applications, the car-
bon doping is desirable. In fact, increasing the carbon concentration in the buffer makes
it less conductive so it increases the breakdown voltage, but once the concentration of
carbon gets too high a percolation path is formed that reduces the breakdown voltage
[53].

1.2.2 Defect Management

The problem that lays at the basis of heteroepitaxy is the lattice mismatch between the
two materials. For this reason, it has to be employed a nucleation layer that mitigates the
mismatch. One other important factor is the difference in thermal expansion coefficients
between the substrate and GaN [54]. In fact, since the depositions are performed at high
temperatures, in the cooling down process having too large of a difference between these
coefficients induces cracking of the film. Furthermore GaN can not be grown directly
on top of Si due to a GaSi alloy formation at high temperatures which would cause the
formation of voids in the epitaxial layers, phenomenon known as “meltback-etching” [55].

Defects such as dislocations contribute to a worsening of the electrical properties and
applicability of this material. A considerable effort has been made to avoid the fabrication
of GaN having a high concentration of defects. These defects arise from the lattice
mismatch between the chosen substrate and GalN, many approaches have been proposed
to control this strain and compensate for it through a strain relief layer.

o Deposition of a low-temperature AIN layer [56]. A low-temperature (LT) buffer
layer of AIN is deposited on top of the substrate with a thickness of 10-20 nm, then
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the temperature is raised and a high-temperature (HT) GaN layer is grown on top.
This approach has been firstly employed for the growth of thick nice quality GaN
layers on sapphire, but also used later for the growth of GaN-on-Si [55]. This AIN
layer with a 10-20 nm thickness is sufficient to counterbalance the thermal tensile
stress of GaN up to a thickness of 1 pum [57].

Superlattice [58]. A superlattice consists in alternate thin layers of AIN/AlGaN
[58] or GaN/AIN (25 nm/10 nm) [59] repeated a number of times (up to 40-50
times) grown on top of a low-temperature layer of AIN on a substrate in order to
compensate for the strong biaxial tension due to the lattice mismatch. Thick (> 3
um) and good quality layers that do not show cracks can be fabricated.

AlGaN graded [60]. In order to counterbalance the tensile strain, after the deposi-
tion of a layer of AIN on top of silicon, a compositionally graded or step-graded [61]
AlGaN layer is deposited as a buffer. The difference between the two approaches
consists in starting with the deposition of AlyGaj N where x changes from 1 to
0 continually or with distinct steps respectively. Both the approaches allow for
the fabrication of thick and good quality layers, notably reducing of 100 times the
vertical leakage current compared to devices having no graded AlGaN layers [62].

1.3 AlGaN/GalN heterostructures: 2D electron gas

formation

The peculiarity of group III-nitrides, as previously stated, is the possibility of engineering
both the in-plane lattice constant and the bandgap of the ternary compound. When an
alloy between GaN and AIN is obtained, the crystal structure is compressed both on the
[1000] and [0001] directions, the lattice constants are smaller compared to GaN. For 3 um
thick AlgoGag gN grown on AIN without any considerable strain the lattice constants are
a=3.1736 A and ¢ = 5.1382 A [58], as it follow Vegard’s law equation (1.1). Also, the
bandgap of the AlGaN alloy will be higher than the one of GaN for any Al concentration,
according to equation (1.2). The variation of these two parameters as a function of the
Al concentration in the AlGaN alloy are reported in figure 1.5.
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Figure 1.5: Variation of the in-plane lattice constant (a) and bandgap (b) as a function
of Al content in the AlyGaj_N alloy
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When an AlGaN barrier is deposited on top of GaN 0001 oriented substrate, and epitaxy
is achieved, the barrier will have a biaxial tensile strain due to its reduced in-plane lattice
constant [63]. Due to its non centrosymmetric nature and therefore piezoelectricity, the
wurtzite AlGaN crystal will have a piezoelectric polarization induced by this strain. This
piezoelectric contribution can be analytically calculated as a function of the Al content
(x) of the AlyGaj_«N barrier. Considering that elastic constants are Cy3(x) = 5x + 103
GPa and Cs3(x) = —32x 4+ 405 GPa, and finally the piezoelectric constants are e31(x) =
~0.11x — 0.49 C m™2 and e33(x) = 0.73x + 0.73 C m™2. The definition of all of these
quantities allows to formulate the piezoelectric polarization contribution as [16, 17]

a—ag Ci3
Ppr = e33¢e, + e31 (EX + Ey) =2 a0 (631 633(333> (1.5)

Where the term (a-ag)/ag represents the strain along the (0001) plane for the AlGaN
barrier. Since the strained in-plane lattice constant (a) is larger (tensile strain) than the
one of unstrained AlGaN (ag) this term will be positive, and more generally negative for
compressive strain. Meanwhile, the second term (eg; — 633013(]%) is independent of the
composition of the barrier and is always negative for AlGaN. The sign of the piezoelectric
polarization will be negative for the AlGaN layer pseudomorphically grown on top GaN
for any Al concentration. Also, since the wurtzite phase of GaN and AlGaN are non
centrosymmetric they will have a spontaneous polarization contribution which is always
negative Pgp = —0.052x—0.029 C m™ for x Al content in the barrier.

The higher the Al content in the AlGaN barrier and the smaller will be the unstrained
AlGaN in-plane lattice constant (ag shown in equation (1.5)), according to Vegard’s law
equation (1.1). And consequently the higher will be the piezoelectric contribution to the
total polarization of the barrier itself. And at the same time the spontaneous polarization
is closer to the one of AIN. Increasing the Al content increases both the spontaneous and
piezoelectric polarization of the barrier.

Ambacher et al. [16, 17] proposed a model that allows, considering these polarization
and strain conditions, to predict the 2DEG properties (such as concentration) based on
thickness and aluminum content of the AlGaN barrier.

The presence of a polarization in the AlGaN barrier causes a separation of charges and
is symptomatic of an electric field inside the barrier itself [29] given by Exj ga, N =

(Pg%,xGal’xN + P?E‘Gal”‘N) /€0EAL, Gay N- Furthermore, as a function of the AlGaN

barrier thickness there will be a potential drop given by Va1 Ga, .N = —EAL Ga; (N(X) X
tAl, Ga, N+ The higher the concentration of Al in the barrier and the higher will be the
electric field. For the same value of x, the thicker the barrier and the higher will be the
potential drop at the AlGaN surfaces.

At the heterointerface between the AlGalN barrier and GaN there will be a gradient
of polarization due to the double contribution of both spontaneous and piezoelectric
polarization in the AlGaN and just one in GaN. Due to this gradient there will be a
sheet charge density that increases slightly more than linearly with the Al content in
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the barrier, according to the same trend in the piezoelectric polarization. The sheet
charge density is given by |o(x)| = Pé}i’fgal”‘N + P/S%‘Gal’foPglgN [16], as reported in
figure 1.6.
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Figure 1.6: Contribution of polarization (spontaneous black line, piezoelectric red line,
total green line) of the AlGaN barrier and sheet charge at the heterointerface (blue line)

At the heterointerface between GaN and AlGaN, a negative charge will be accumulated.
According to the principle of electroneutrality, free electrons in GaN will tend to com-
pensate the excess of positive polarization charges at the AlGaN/GaN heterointerface
where there is a contribution of both spontaneous and piezoelectric polarization given by
0(x). The maximum sheet carrier concentration at the interface of undoped GaN is the
one composing the two-dimensional electron gas (2DEG) and is given by

ng(x) = 29 (ZQIENNQ(?) 4@B(9) + Bp(x) - ABc(x)]  (16)

q

Where as a function of the Al content in the barrier (x), o(x) is the sheet charge,
€Al Ga, N is the relative dielectric constant of the barrier (ea; ga, ,N(x) = 10.4-0.3x),
@y is the Schottky barrier height (q®@g(x) = (0.84 4+ 1.3x) €V for a nickel Schottky con-

tact), Ep is the Fermi energy and AEq (AEC =0.7 [EgAlGaN—EgaND is the conduction
band offset.

The Schottky barrier is considered as a function of the aluminum content in the bar-
rier considering a decreasing electron affinity of the barrier with increasing aluminum
content and some experimental evidence of barrier increasing this effect [64]. Further-
more, when an heterointerface between two semiconductors is formed the conduction
band offset depends on the Fermi level of each semiconductor. For an heterostructure
AlGaN/GaN, 70% of the difference between the bandgaps of both AlGaN and GaN lays
at the conduction band hence AEq = 0.7 [29].

The Fermi energy is given by
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mh2ng(x)

Br(x) = Fo(x) + =

(1.7)

The value of Ep represents the difference in energy between the Fermi level and the
bottom of the quantum well. In this equation m* is the effective electron mass (m* =
0.22me [17]) Ep is the ground sub-band level of the 2DEG

2/3
97thq?ng (x) /

8€0€AL Gay LNV SM*

Eo(x) (1.8)

Applying the described model [16, 17, 29], it is possible to plot the concentration of
charge of the 2DEG as a function of both the Al content in the barrier and its thickness.

(@) (b)

-
<
=
-
IS
=

1013_ 1013_

tA\xGa‘,xN (nm) =

XarGa, N =

Sheet Charge Density, n, (cm2)

Sheet Charge Density, n, (cm?)

30 £5 0.15——0.20
24 -0.25 ——0.30
| S0=—=100 . 0.50 ——1.00
1012 i . . . . 1012 LI . . .
00 02 04 06 08 10 0 20 40 60 80 100
Aluminum Concentration, x Barrier Thickness, ty 5, y (NM)

Figure 1.7: 2DEG Density (ng) as a function of Al content (x) in the AlGaN barrier for
different thicknesses (a) and as a function of the barrier thickness (t) for different barrier
composition (b)

Figure 1.7 depicts the dependence of the 2DEG density (ns) on both the Al content (x)
of the AlGaN barrier and its thickness. One interesting aspect emerges, the presence
of a minimum thickness of the barrier in order to form the 2DEG. For an AlyGa; N
alloy deposited on top of GaN, for any Al content (x) it’s necessary a minimum thickness
(tAl,Ga, (N) before the 2DEG reaches a certain concentration. If the barrier is more
concentrated with Al, the strain is higher according to figure 1.5 and equation (1.5),
hence the 2DEG forms for a lower AlGaN barrier thickness.

Also ng tends to saturate for high thickness, according to equation (1.6). In ideal epitaxial
conditions, the 2DEG density approaches the value given by the difference in polarization
between AlGaN (both spontaneous and piezoelectric) and GaN (spontaneous), according
to equation (1.6) with tA) Ga, N — +00. Inrealty, the barrier accumulates a high elastic
energy due to the strain with its increasing thickness and Al content. Once a critical
thickness is reached, the barrier tends to relax by developing defects. For this reason this
trend is not followed by real AlGaN/GaN heterostructures due to the relaxation of the
strain and loss of the piezoelectric contribution to the total polarization [17, 65].
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To summarize the factors that contribute to the formation of the 2DEG. Firstly the
group III-nitrides do not have the inversion centers, the absence of this symmetry element
makes them have a spontaneous polarization along the [0001] axis and also makes them
piezoelectric. When AlGaN is grown epitaxially on top of GaN there’s a tensile strain
due to the reduced in-plane lattice constant of the AlGaN barrier for any Al content.
Associated to this strain there’s a piezoelectric contribution to the total polarization of
the AlGaN barrier. At the heterointerface between AlGaN and GaN there will be a
gradient of polarization and the formation of the 2DEG channel. Considering the charge
distribution and the increased bandgap of the AlGaN barrier for any Al content, the
conduction band energy diagram is reported in figure 1.8.

AlGaN Crystal Structure Conduction Band Energy Diagram
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Figure 1.8: AlGaN structure and AlGaN/GaN heterostructures for AlyoGaggN/GaN
heterostructure with a 20 nm thick barrier

In the conduction band diagram, the larger bandgap of the AlGaN barrier compared to
GaN leads to a discontinuity at the heterointerface. This band offset, combined with the
polarization effects, bends the GaN conduction band downwards, forming a triangular
potential well. The minimum energy, below the Fermi level, of the quantum well is
given by Ep equation (1.7), while the ground energy level for electrons at energy Eg
equation (1.8). The 2DEG is a quantum confined electron channel, characterized by a
high concentration (1012-10™ e¢m2) and high mobility (> 2000 cm? V-1 s71) [12, 16, 66].
Also, the 2DEG has a metallic behavior, its mobility lowers with increasing temperatures.
At temperatures lower than 100 K the mobility decreases due to a band deformation or
a piezoelectric scattering [67].

1.4 High Electron Mobility Transistors (HEMTs)

High sheet carrier density and electron mobility of AlGaN/GaN heterostructures are at
the basis of their application in high power and high frequency electronics. The 2DEG
forms a channel that can be controlled with the application of bias at metallic terminals,
nominally Schottky contacts for the gate terminal and Ohmic contacts for the drain and
source terminals [68].

A transistor is a three terminal device whose working principle consists in applying a
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small electrical signal at one terminal (gate contact) to control a much larger current
flowing between the other two terminals (source and drain). In the context of MOSFETs
(Metal-Oxide-Semiconductor Field Effect Transistors) [69], the gate contact is insulated
with an oxide, the region between drain and source is poorly conductive by itself, when
a sufficiently high bias is applied at the gate, an inversion channel forms under the oxide
making the current flow between source and drain.

High Electron Mobility Transistors (HEMTs) devices are characterized by a heterojunc-
tion between two materials with a different bandgap [70], they enter in the category of
transistors. The idea of HEMT was developed in 1978 by Dingle et al. at Bell Labo-
ratories [71], where with the deposition of n-type AlGaAs on undoped GaAs, electrons
spontaneously diffuse towards the GaAs potential wells and form a channel. The AlGaAs
layer had to be thin in order to achieve the predicted behavior, so it was deposited by
MBE first and the first HEMT integrated circuits were obtained in 1981 [72].

HEMTs based on AlGaN/GaN heterostructures leverage the intrinsic material properties
to offer superior performance in high-voltage, high-power, and high-frequency applica-
tions. The first AlGaN/GaN HEMT fabricated by MOCVD was demonstrated in 1993
by Khan et al. [73]. The use of such devices has been proposed for high frequency RF
applications.

A HEMT is typically realized by depositing three metal contacts on an AlGaN/GaN
heterostructure: two ohmic contacts for the source and drain, and a Schottky contact for

the gate, placed between the source and drain. The gate modulates the conductivity of
the 2DEG channel that forms at the A1GaN/GaN interface.

This can be visualized in figure 1.9, where a schematic C-V of an AlGaN/GaN het-
erostructure is reported as a function of the gate bias.

In depletion, the absence of the 2DEG results in a very low capacitance, since no con-
ductive channel is available beneath the gate. As the gate bias approaches the threshold
voltage, the 2DEG starts to form and the capacitance increases. In accumulation, the
2DEG acts as a conductive plate parallel to the gate, so that the measured capacitance
corresponds essentially to that of the AlGaN barrier acting as the dielectric between the
two electrodes.

For this reason, in the accumulation region it is possible to express the capacitance as

X x A
¢ — £0 X €AIGaN (1.9)
tAlGaN

Where ¢q is the vacuum permittivity, eajqan is the dielectric constant of the AlGaN
barrier, A is the gate area, and tpjgan its thickness. According to equation (1.9), known
the dielectric constant of the barrier layer, which depends on its Al content, it is possible
to extract the thickness of the barrier layer known the capacitance and the contact area.

In standard HEMT structures, the 2DEG is present even at zero gate bias, resulting
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Figure 1.9: Schematic C-V curve of an Al1GaN/GaNN heterostructure as a function of gate
bias. Three regions are highlighted: (i) depletion in the OFF state, (ii) onset of 2DEG
population close to the threshold voltage, and (iii) accumulation in the ON state. The
corresponding schematic conduction band diagrams for each gate bias are also shown

in normally-ON (depletion-mode, D-mode) devices. However, for power applications,
where high drain voltages are commonly used, in the event of a gate driver failure, the
device should remain OFF to prevent uncontrolled current flow [74]. For this reason,
normally-OFF (enhancement-mode, E-mode) operation is preferred in power electronics.
Normally-OFF behavior can be achieved through various techniques such as gate recess-
ing, surface modification, or the deposition of additional materials (e.g., p-GaN) prior to
gate metallization [75]. The various configurations of GaN-based HEMTs are discussed
in section 2.4.

In conclusion, the polarization properties of the group III-nitrides and the resulting
strain in AlGaN/GaN heterostructure give rise to a channel due to the combination of
spontaneous and piezoelectric polarization. The quantum confined channel has a high
density and high mobility, and is at the basis of the outstanding performances of GaN-
based devices. In this context, metallic contacts play a fundamental role to pilot the
charge in AlGaN/GaN heterostructures. The following chapter will focus on the physics
of metal/semiconductor junctions and how the contacts are used to exploit the 2DEG to
fabricate high frequency and high power devices.



Chapter 2

Metallic Contacts in HEMT
devices

A metal contact in semiconductor devices is formed by the
jJunction between a metal and a semiconductor material. This
jJunction can exhibit two distinct behaviors: conductive and rec-
tifying. Ohmic contacts allow for low-resistance, non rectifying
current flow, while Schottky contacts provide rectifying behav-
tor, crucial for controlling current flow in electronic devices.
Then, Ohmic contacts with low specific contact resistance are
essential to achieve low power dissipation, while reliable Schot-
tky contacts are fundamental in order to achieve low leakage,
and high rectifying ratio (ON/OFF current). The comprehen-
ston of these properties depends not only on the materials but
also on the quality of the metal/semiconductor interface.

In this chapter, an overview of metallic contacts is given. And
then a focus on what kind of contacts are employed in Al-
GaN/GaN devices, both normally-ON and normally-OFF.

2.1 Metal/Semiconductor Contacts

When a metal makes contact with a semiconductor, the band alignment at the junction
is the reason why a barrier is formed at the interface. This barrier depends on the
properties of both the metal (work function ¢ ) but also of the semiconductor (electron
affinity Xs, its doping type and concentration).

Considering a metal, having a work function of ¢, defined as the energy difference

17
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between the metal Fermi level and the vacuum level; and a semiconductor having a work
function of ¢dg, and an electron affinity of g, defined as the energy difference between
the semiconductor’s energy of the bottom of the conduction band and the vacuum level.
When the two materials enter in contact, the Fermi levels will line up relative to the
Fermi level in the metal [31]. A barrier, defined Schottky Barrier Height (SBH, @p), is
formed having a value defined by the Schottky-Mott rule

n-type  ®Pp = m —Xs

2.1
p-type Op=Eg— (bm —Xs) 21)

The Schottky-Mott rule defines the conditions according to which it is possible to observe
a ohmic or Schottky behavior. In fact, for the same n-type semiconductor, hence a
constant value of electron affinity (xs), it is possible to deposit a variety of metals. The
work-function of metals have values that commonly oscillate in the range of 4 ~ 6 €V.
Low work function metals (Ti, Al) will be characterized, under equilibrium conditions,
by a lower barrier and hence exhibit a Ohmic behavior. Meanwhile, high work function
metals (Ni, Pd, Pt) will be characterized, under equilibrium conditions, by a higher
barrier and hence exhibit a Schottky behavior [31], as depicted in figure 2.1.

In the case of ohmic contacts, where the work function of the metal is lower than that of
the semiconductor (¢m < ¢g), the intimate contact between the two materials induces a
charge transfer. Electrons tunnel from the metal into the semiconductor accumulating at
the interface. This transfer continues until an equilibrium condition is reached, resulting
in the alignment of the Fermi level across the junction. No significant depletion region
is formed and the contact exhibit non rectifying behavior. Conversely, in the case of
Schottky contacts, where the work function of the metal is larger than that of the semi-
conductor (bm > ¢g), electrons will tunnel across the junction from the semiconductor
into the metal forming a depletion region of width W in the semiconductor. At equilib-
rium, the Fermi level aligns [76], and a built-in potential develops across the junction,
governing the rectifying behavior characteristic of Schottky contacts. The energy level of
the electrons in the semiconductor will be raised near the metal/semiconductor interface
by an amount of Vy;, defined as built-in potential [31].
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Figure 2.1: Energy-band diagrams for metal-semiconductor contacts on a n-type semi-
conductor

This is true for an ideal metal/semiconductor system. In reality, there are many factor
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influencing the origin of the barrier itself. Some depend on material quality, such as
interface states and dangling bonds [31], others depend on chemical treatments performed
before the deposition of the metal [77, 78] or the thermal treatment post deposition of
the metal [79], some of these topics will be discussed in the following of the chapter.

In fact, although the Schottky-Mott rule foresees a linear dependence with unitary slope
between the Schottky barrier height and the metal work function, the slope of the ex-
perimental data is usually smaller than one. An increase in metal work function does
not translate to an equal increase in barrier height. For this reason, in wide bandgap
technology, some surface engineering approaches have to be taken into account to change
the barrier as desired [80].

The doping of the semiconductor influences the position of the Fermi level in the semi-
conductor, hence the value of its work function ¢s. The doping level does not have an
impactful weight on the barrier height (image force lowering of the barrier [31]), but
impacts the depletion width W o N1/2,

Instead, the doping concentration strongly influences the mechanism with which the
charge will overcome the barrier under electrical polarization. Classically [81], three
different mechanisms are considered when dealing with rectifying contacts, namely the
Thermionic Emission (TE), the Thermionic Field Emission (TFE), and the Field Emis-
sion (FE). These three mechanisms can be distinguished by defining a characteristic
tunneling energy of the semiconductor Egg

_qgh N
47\ ggeym*

Eoo (2.2)

Where q is the electronic charge, h is the Planck’s constant, N is the doping concentration,
€o and eg are the dielectric constants respectively of the vacuum and of the semiconductor,
and m* is the effective mass of the semiconductor.

The characteristic tunneling energy Eqg is a useful parameter since when it is compared
to the thermal energy allows to identify the conduction mechanism through the ratio
Ego/kT. When the thermal energy is much higher than Egg (Egg/kgT < 1) electrons
can thermally overcome the barrier according to the TE mechanism. When the thermal
energy is comparable to Egg (Egg/kpT ~ 1) the charge will tunnel across the barrier at an
energy that is lower than the barrier height @y, according to the TFE mechanism. And
finally, when the thermal energy is much smaller than Egg (Egg/kgT > 1) the charge
will tunnel across the barrier at an energy that is closer to the Fermi level Eg, according
to the FE mechanism. As depicted in figure 2.2.
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Figure 2.2: Schematic band diagram at equilibrium for a metal/semiconductor Schottky
junction with different n-type doping concentration
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2.2 Ohmic Contacts

A ohmic contact is defined as a metal/semiconductor junction that exhibits a linear
current-voltage (I-V) characteristic independently of bias polarity [76].

One characteristic parameter of ohmic contacts is the contact resistance, defined as the
total resistance of the junction. The resistance depends on the area of the contact
and is often substituted by the specific contact resistance p. which is independent on
the contact geometry [82]. This specific contact resistance should have a low value
(10’4710’6 Q cm’2), in fact the lower the specific contact resistance and the lower the
voltage drop at the ohmic contacts, hence the power dissipation [76].

Concerning wide band gap materials, such as GaN, they are usually characterized by
low values of electron affinity xs. Hence, according to equation (2.1), the values of the
barrier are usually quite high. The fabrication of Ohmic contacts without any thermal
treatment is difficult to achieve [76].

Ohmic contacts on GaN-based materials are usually composed of a multilayer [82]. First,
it gets deposited a low work function metal (Ti) as a contact layer, then an overlayer
(Al) which allows the formation of phases characterized by low work function with the
contact layer upon annealing. Then a barrier layer composed of a high melting point
metal (Ni, Ti, Pt, Pd) to mitigate intermixing during the annealing process, and finally
a cap layer to avoid oxidation (Au) [12].

One commonly employed ohmic metallization consists of Ti/Al/Ni/Au. This stack as
deposited shows rectifying behavior [83], when it gets annealed at temperatures higher
than 800 °C it shows ohmic behavior. After rapid thermal annealing of this contact,
the morphology of the surface of the contact changes showing bulges related to the
formation of Ni-Al and Au-Al alloys [84], phases such as AlpAu and AINi form at lower
temperatures (such as 800 °C) while increasing the annealing temperature leads to the
formation of AuTi and AlAuTi phases [85]. The thickness of the layers, and in particular
the ratio between titanium and aluminum [86], has a great impact on the specific contact
resistance obtained [87]. A nanoscale and electrical study has been conducted on the
properties of this metal stack on n-GaN [85, 88]. The stack after the annealing process
shows an increase in surface roughness (3.1 nm to 46.6 nm respectively on the as deposited
sample and the sample annealed at 800°C), and also a notable decrease in specific contact
resistance (2 x 1073 Q em? to 2 x 10° Q cm? respectively on the as deposited sample
and the sample annealed at 800°C). The reasons behind this change in electrical behavior
is found in a nitrogen migration from the GaN to the Ti forming a thin TiN layer. The
depletion of nitrogen acts as a donor doping of the semiconductor inducing a decrease in
the Schottky barrier, forming what is defined as “Tunnel Ohmic Contact” [76].

Gold-free contacts are often preferred in the industrial context to avoid gold contamina-
tion in silicon-based production lines. For these reasons metal stacks that do not contain
gold have been proposed, the multi-layer ohmic stack such as Ti/Al/Ti and Ta/Al/Ta
[89] achieving specific contact resistance values of 1.6 x 1074 Q ¢cm? and 4.0 x 1074 Q cm?
respectively upon an annealing at 600°C for 60 seconds. It has also been demonstrated
[90] that interposing a thin carbon layer between the metal and the semiconductor con-
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tributes to a smoother surface of the metal and a lower barrier, causing a reduction in
specific contact resistance. Furthermore, a Ti/Al/Ni/TiN stack has been proposed and
shows promising electrical properties [87].

The chemical identity of the metals composing the ohmic metal stack is fundamental
upon an annealing process since they can react and form low work function phases. The
specific contact resistance obtained is a function of the thermal budget used during the
annealing process since different temperatures activate different reactions. But also the
environment in which these annealing processes are performed is impactful. Particularly,
the annealing process can be conducted in neutral (Ng, Ar) or oxidizing (O2, N2O, air)
environment. The oxidation of metals can cause a notable reduction of the specific
contact resistance [82].

In the case of AlGaN barriers with high Al content, due to its higher electron affinity,
the values of specific contact resistance obtained with the same ohmic stacks are gener-
ally higher [91]. For this reason, alternative ohmic stacks have been proposed with the
objective to reduce the specific contact resistance. The stack Zr/Al/Mo/Au annealed at
950 °C for 30 seconds in nitrogen environment achieving a specific contact resistance of
4.5 x 1075 Q em? [92].

For what concerns AlGaN/GaN heterostructure, another important aspect to keep in
consideration, other than the ones previously mentioned, is the AlGaN barrier thickness
and the Al concentration. In fact, these two parameters affect the 2DEG concentration.
According to the TFE model, the specific contact resistance depends both on the bar-
rier height ®g and the characteristic tunneling energy Egg, commonly for AlGaN/GaN
heterostructures, this energy can be expressed as a function of the 2DEG concentration
ns and the AlGaN thickness tpjqan. The “TFE-2DEG model” [82] keeps into account
the dependence of Egg on both the AlGaN thickness and aluminum concentration that
the specific contact resistance has a minimum around 5-7 nm of AlGaN thickness [93],
depending on the aluminum content and the value of the barrier. For these reasons, some
efforts into the study of recessed ohmic contact has been performed [94] and it has been
found that making the AlGaN barrier thinner, and with a low surface roughness [95],
reduces the specific contact resistance.

2.3 Schottky Contacts

A Schottky contact is defined as a metal/semiconductor junction that exhibits an asym-
metrical current-voltage (I-V) characteristic [31].

Schottky contacts compose the core of many electronic devices since the gate contact
enables the modulation of the charge in the channel, and hence rules the overall behavior
of the device [68, 96]. Regarding devices based on AlGaN/GaN heterostructures, since
they are normally-ON it is necessary to apply a negative bias to the gate in order to
turn off the 2DEG, meaning that if the gate leakage current is high there will be a high
power dissipation in keeping the devices in the OFF state [96], increasing what is defined
standby power consumption [97, 98]. In high frequency applications the high leakage
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effects noise, reliability and radio-frequency power loss [99].

The fundamental parameter when characterizing Schottky contacts is the Schottky bar-
rier height (®g). According to the Schottky-Mott rule, equation (2.1), the value of the
barrier should be only dependent on the metal semiconductor pair. A high barrier should
be achieved with high work function metals. The most commonly employed metallization
for GaN-based materials is Ni/Au [100, 101], while other high work function stacks have
been proposed based on Pt [102, 103], and Pd [104]. Having a higher barrier is linked to
lower leakage currents, which is highly desirable in electronic devices.

A critical figure of merit in these devices is the ON/OFF current ratio, which quanti-
fies the ability of the gate to effectively modulate the channel conductivity. High gate
leakage current directly degrades this ratio by increasing the OFF-state current, thus
lowering the device’s switching performance and increasing static power consumption
[105]. Minimizing leakage through the Schottky contact is therefore essential to achieve
high ON/OFF ratios, improve device efficiency, and ensure reliable operation, especially
in power electronics [106, 107] and high-frequency applications [108].

The Schottky barrier height should, in theory, be determined by the metal/semiconductor
couple only [109-111]. But in reality many factors come into play in determining the
barrier value, such as:

o Material quality [80, 112, 113]. It has been shown that the presence of defects, such
as dislocations, alter the current conduction across the Schottky barrier introducing
preferential leakage paths along these defects. This process leads to a notable
underestimation of the real barrier value [114-116].

o Sample preparation [80] and cleaning [78, 117]. Samples are generally cleaned in
acid solutions, such as HCl or HoSO4 to remove organic contaminants, and HF to
remove native oxides residues. The combination of different cleaning methodologies,
and alternatives to standard procedures (such as the use of UV /O3 [77]) alter the
barrier obtained with the same metal [118].

o Plasma treatments. A reactive plasma can introduce in the semiconductor some
species that alter its composition at the surface. This surface modification approach
has been shown to modify the value of the barrier [119-122].

o Thermal treatments. Schottky contacts are usually annealed at low temperatures,
this process generally brings to an increase in the value of the barrier [123], but
when high temperatures are employed it can lead its degradation [124, 125].

e Oxidation. The surface of the semiconductor can undergo a oxidation before the
metallization or after. This process can induce the formation of a thin oxide film
on which the metal gets deposited in the first case [126-128], or a slight oxidation
of the metal in the second [129, 130].

To provide a comprehensive overview of how the metal work function, Schottky barrier
height, and heterostructure properties affect the electrical behavior of Schottky contacts
in AlGaN/GaN-based devices, table 2.1 compiles representative results from the litera-
ture. It includes the metal stack used, the associated barrier height (®g), the 2DEG
sheet density (ng), the threshold voltage (Vg), and the Al composition and thickness of
the AlGaN barrier layer. This comparison underlines the complex interplay between ma-
terial parameters and processing choices that determine the gate contact characteristics
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and performance of these devices.

Table 2.1: Schottky contacts on Al1GaN/GaN heterostructures in ascending order of metal
work function ¢

Metal ¢, (V) @p (eV) ns (1012 em2) Vg (V) AlkGa; 4N Ref.

X  t (nm)

Al 4.28 1.02 6.18 460 024 19 [110]
Fe 450 1.22 7.60 320 024 19 [110]
W 4.50 0.63 — — — —  [131]
Cu 4.65 1.38 7.26 310 024 19 [110]
Ir 4.72 1.12 6.81 — 025 20  [132]
Ir 4.72 1.22 — 336 021 285  [133]
TiN 5.00 1.10 — — — — [134]
TiN 5.00 0.63 — — — —  [131]
Au 5.10 1.05 5.74 440 027 25 [135]
Au 5.10 1.21 6.24 285 024 19  [110]
Au 5.10 0.97 — — — — [131]
Ni 5.15 1.27 6.41 — 025 20  [132]
Ni 5.15 1.20 7.35 320 024 19 [110]
Ni 5.15 0.98 3.68 360 027 25 [135]
Ni 5.15 0.75 — — — —  [131]
Ni 5.15 0.71 — 337 021 285  [133]
WC 5.20 0.82 — — 026 16 [68]
Pd 5.30 1.08 4.93 420 027 25 [135]
Pd 5.30 1.13 — 350 021 285  [133]
Pt 5.60 0.98 5.60 440 027 25 [135]
Pt 5.60 1.03 — — — —  [131]
Re 5.62 1.68 5.41 — 025 20  [132]
WSi — 0.58 — 407 021 285  [133]

To provide a comprehensive overview of how the metal work function, Schottky barrier
height, and heterostructure properties affect the electrical behavior of Schottky contacts
in AlGaN/GaN-based devices, table 2.1 compiles representative results from the litera-
ture. It includes the metal stack used, the associated barrier height (®g), the 2DEG
sheet density (ng), the threshold voltage (Vg), and the Al composition and thickness of
the AlGaN barrier layer. This comparison underlines the complex interplay between ma-
terial parameters and processing choices that determine the gate contact characteristics
and performance of these devices.

According the set of experimental data reported in table 2.1 it is possible to plot the
barrier height obtained on similar AlGaN/GaN heterostructures as a function of the
Schottky metal work-function. From the plot reported in figure 2.3 it is evident that the
Schottky-Mott rule can not totally explain the Schottky barrier height dependence on the
metal work function. The slope of the plot is defined as interface index (S = d®g/0dm)
should ideally be unitary, but experimental evidences show that it is value is always
lower than one. A unitary increase in metal work function does not translate to a
unitary increase in Schottky barrier height. In the case of high concentration of interface
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states there is a pinning of the Fermi level, in this case independently on the metal work
function the barrier height will be approximately the same (S = 0) [85].
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Figure 2.3: Schottky-Mott plot for Al1GaN/GaN heterostructures for different Schottky
metals, the barrier heights have been experimentally determined in [68, 100, 110, 131-
136]

There are several probable reasons for which the experimental barrier heights are lower
than the ones predicted by the Schottky-Mott rule. Certainly, one thing that needs to
be considered is the high defectivity concentration of AlGaN/GaN heterostructures [12].
These defects play a significant role in the charge conduction, different physical models
are invoked to explain the reduced I-V barrier height and their deviation from ideal TE
behavior [137].

Moreover, it is important to emphasize that the electrical behavior of Schottky contacts
in real devices is not solely determined by the metal/semiconductor couple. Device archi-
tecture plays a crucial role in electrostatic properties and current transport, parameters
of fundamental importance when addressing reliability of such contacts [138, 139].

2.4 Operating modes of GaN HEMTs

GaN HEMTs can operate in two different modes depending on whether the channel is
present at zero gate bias. In depletion-mode (normally-ON) devices, the polarization-
induced 2DEG is already formed at equilibrium, allowing current to flow even at 0 V
of gate bias. In enhancement-mode (normally-OFF) devices, instead, the 2DEG is sup-
pressed or removed at equilibrium, and conduction is enabled only when a positive gate
bias is applied. While normally-ON devices are the natural outcome of AlGaN/GaN
heterostructures, normally-OFF operation is strongly preferred for power applications.

Figure 2.4 illustrates the schematic of normally-ON and normally-OFF AlGaN/GaN
HEMTs. Normally-OFF conditions can be achieved with several approaches that will
be discussed in section 2.4.2. The difference between these two operating conditions is
that without any applied bias polarization the 2DEG channel is present (normally-ON)
or absent (normally-OFF). The importance of the Schottky contacts lies in the fact that
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Normally-OFF (E-mode)

Transcharacteristic (I5-Vg)

ALGa, N
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Drain Current
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Gate Bias
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Drain Current
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Figure 2.4: Schematic of normally-ON (D-mode), and different normally-OFF (E-mode)
configurations of AlGaN/GaN HEMTs, together with typical transfer (Ip — V) and
output (Ip — Vp) characteristics

the bias applied regulates the channel underneath the contact itself, as reported in the
schematic C-V in figure 1.9, in turn allowing for the modulation of the current flowing
across the device.

Figure 2.4 also reports some schematic I-V curves of HEMTs, specifically transcharacter-
istics (drain current as a function of gate bias) and output characteristics (drain current
as a function of drain bias). The transcharacteristics can be directly linked to the discus-
sion of the C-V reported in figure 1.9. When the Vg <« Vy, the device is in the OFF
state, the only current collected at the drain terminal will be the gate leakage current.
When Vg ~ Vg the 2DEG channel starts forming, allowing for an increasing current
to reach the drain terminal. When Vg > Vo the channel is fully formed and in this
ON state the drain current reaches saturation.

The output characteristic can be divided in two regions: at low drain bias the drain
current increases linearly, this is defined as ohmic or linear region; while at high drain
bias the drain current reaches a maximum value defined as saturation region. Each
output characteristic is acquired at a defined gate bias, the higher the gate bias and the
higher will be the drain current measured.
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2.4.1 Normally-ON devices

AlGaN/GaN heterostructures exhibit spontaneous and piezoelectric polarization effects,
which lead to the formation of a high-density 2DEG at the heterointerface without the
need for intentional doping. As a consequence, the conductive channel is present even at
zero gate bias. In order to deplete the channel under the gate it is necessary to apply a
negative polarization to the contact, conventional HEMT are normally-ON or D-mode
transistors.

The Schottky gate contact plays a critical role in determining the characteristics of the
2DEG. In particular, the Schottky barrier at the metal/AlGaN interface directly affects
the sheet charge density ng. From figure 2.5 an increase in Schottky barrier height is
reflected into a reduction of 2DEG concentration. For the same heterostructure, a higher
metal/AlGaN barrier produce a reduction of ng, and then a diminishing of the threshold
voltage.
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Figure 2.5: Dependence of ng (a), and Vg (b) on ®@p. Data adapted from [132] and
[110] respectively

This trend is reported in figure 2.5 together with some experimental data and the theoret-
ical data predicted by Ambacher et al. model [16, 17]. Figure 2.5(a) reports the variation
of ng with the barrier for the same heterostructure (20 nm of Alg 25Gag 75N/GaN). The
values obtained follow the same linearly decreasing trend with the barrier, but shifted
downwards. This may be associated to the lower quality of the epitaxial GaN and partic-
ularly AlGaN layers that reduces the maximum achievable concentration of the 2DEG
[132]. Meanwhile figure 2.5(b) shows the variation of Vg as a function of an increase
in barrier for the same heterostructure (19 nm of Alp24Gag7¢N/GaN). The trend is
linearly increasing and the experimental points lay next to the prediction of the model
except for a gate contact made of Al. Zhao et al. [110] have shown that for this kind of
Schottky contact an exchange reaction between the metal and the AlGaN surface hap-
pens, due to the large heat of formation of AIN at room temperature compared to GaN
[140], increasing the strain of the barrier and so increasing ng which brings the Vg to
more negative values than the ones predicted by the model.

The Schottky barrier is essential parameter in determining both the concentration of the
2DEG underneath the contact and the threshold voltage. The barrier is also responsible



28 Chapter 2. Metallic Contacts in HEMT devices

for the leakage at the gate contact in reverse bias conditions. In fact, in order to turn off
the device a negative bias has to be applied, the amount of leakage of the gate contact
impacts the ON/OFF current ratio of a transistor.
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Figure 2.6: Gate leakage current density as a function of ®@g. Data adapted from [131]

As shown in figure 2.6, increasing the barrier height leads to a significant reduction
in gate leakage current under reverse bias conditions. A higher barrier increases the
energy carriers must overcome, thereby suppressing leakage. This reduction in leakage
is critical for improving the OFF-state performance and enhancing the ON/OFF current
ratio of AlGaN/GaN HEMTs, particularly in normally-ON devices where the gate is
reverse-biased during operation.

2.4.2 Normally-OFF devices

Achieving normally-OFF operation conditions is highly desirable for power applications.
In fact, if a high voltage is applied to the drain contact and the gate driver fails, the
channel would be ON on AlGaN/GaN heterostructures, potentially leading to a catas-
trophic failure [74]. This has caused safety concerns bringing to the development of a
few different technologically approaches.

Achieving normally-OFF operation conditions is highly desirable not only for power
switching applications, but also for integrated circuits, RF front-end modules and au-
tomotive systems [141]. In this context, enhancement-mode operation simplifies circuit
design and improves compatibility with existing electronics.

2.4.2.1 AlGaN recess

One approach is the recess of the AlGaN barrier. It is possible to obtain a positive thresh-
old voltage (normally-OFF) by accurately choosing the thickness and the Al content of
the barrier. Schottky contacts can be deposited on both fully [142] or partially [143]
recessed AlGaN heterostructures achieving normally-OFF conditions. This approach
requires a fine control of the barrier etching conditions.
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2.4.2.2 Fluorine plasma

Another proposed approach consists in a F — based plasma treatment [98]. With the
adequate plasma conditions it is possible to introduce fluorine anions (F7) in the AlGaN
barrier. The introduction of immobile negative charges causes the formation of a further
barrier at the Metal/AlGaN interface, lifting upwards the AlGaN conduction band and
progressively turning off the 2DEG. This approach not only shifts the threshold voltage
towards positive values but also it reduces the gate leakage [144, 145].

2.4.2.3 p-GaN gate

The most industrially employed approach for achieving normally-OFF operation is the
employing of a p-type doped GaN layer between the AlGaN barrier and the gate metal.
Firstly proposed in 2007 by Uemoto et al. [146] using what has been referred as Gate
Injection Transistor (GIT) composed of a p-AlGaN layer rather than a p-GaN one. The
insertion of this layer lifts up the potential at the channel, underneath the gate contact,
enabling normally-OFF operation. The system can be modelled as a p-i-n junction (p-
GaN — AlGaN — 2DEG respectively) [147] an increase in gate bias injects holes in the
AlGaN barrier layer determining an accumulation of electrons to keep charge neutrality
[146], the electrons flow to the drain contact thanks to their high mobility compared
to holes (100 higher). This operation mode is obtained once the built-in voltage of the
junction is reached, and the behavior is the one of a FET.
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Figure 2.7: Conduction band energy diagram for Alg2GaggN/GaN with 20 nm barrier
(black line), and the same structure with a p-GaN layer of 100 nm and 3 x 10 ¢cm™
p-type doping (blue line)

Without any polarization to the gate contact, the conduction band of the p-GaN/AlGaN/GaN
structure is lifted up from the Fermi level, meaning that the 2DEG is turned off, according
to figure 2.7.

The p-GaN layer is grown on top of the AlGaN layer during wafer fabrication. One crucial
aspect about the fabrication of devices with a p-GaN gate is the removal or deactivation
of the deposited p-GaN in the access regions, i.e. in the regions of the samples not covered



30 Chapter 2. Metallic Contacts in HEMT devices

by the metal gate contact [148, 149]. In fact, it is necessary to replenish the 2DEG in
these regions to have a working HEMT with a low resistivity [150].

Many approaches have been previously proposed:

e Etching. The process most commonly employed for the replenish of the 2DEG
is the etching of the p-GaN layer through Reactive Ton Etchign (RIE). Ideally it
would be desirable to have a reactive gas mix that is completely selective towards
the p-GaN (so AlGaN etch rate zero). But the material’s chemistry is very similar,
Cl-based gas mixes are employed and no selective etching can be achieved. Oxygen
is introduced a retarding agent in the etching process of AlGaN, contributing to
higher selectiveness towards the p-GaN layer [75, 151]. The process is self-aligned,
the metal gate contact is used has hard mask.

o Plasma treatments. Plasma process to oxidize the p-GalN layer using the gate
metal as a hard mask. After the gate metal deposition the only exposed regions
of p-GaN are the access regions. Performing a low-energy Og-based (or Oz-based)
plasma treatment can induce the deactivation of the p-GaN forming Mg-O and
Ga-0 species observed by XPS. What is interesting about this aspect is that the
process of deactivation or “oxidation depth” is low meaning that it can be highly
precise [150, 152].

e Ion implantation. Using an hydrogen ion beam it is possible to deactivate the
magnesium in the p-GaN layer forming neutral Mg-H complexes [153].

This etching or deactivation step is of fundamental importance, and also is the basis of
many problems arising in p-GaN gate HEMTs. Trap states in the p-GaN perimeter can
induce conduction paths along the surface [149]. Meanwhile trap states at the Metal/p-
GaN interface can induce instability in Vg [154, 155] and increase in Roy [155, 156].
Some of these aspects will be further discussed in appendix 5.

2.4.2.4 Other approaches

The deposition of p-(Al)GaN has been proved to be effective to achieve enhancement-
mode configuration, and it is the most commercially used. Another approach consists in
the deposition of p-NiO which is a transparent hole transport layer used in optoelectron-
ics [157]. It is possible to obtain p-type NiO just by tuning the deposition conditions,
generally by sputtering [158]. Guo et al. [159] have demonstrated that these devices show
a positive threshold voltage (Vg = 1.7 V) and high drain saturation current (Ip max =
500 mA /mm) with low gate leakage (I < 0.1 wA/mm) up to the breakdown at 1200 V.

The cascode configuration allows to achieve normally-OFF conditions and it consists in
connecting an enhancement-mode Si MOSFET with a depletion-mode GaN HEMT. In
this configuration, the drain contact of the Si MOSFET is connected to the source of the
GaN HEMT. When the gate contact of the MOSFET is not biased, the current in the
HEMT channel can not flow since the MOSFET connected in series is open [160]. Mean-
while, when a positive bias is applied to the gate contact of the MOSFET, a potential
difference between the source and gate contact of the HEMT is created and the cur-
rent can flow across the device. This is an easy way to create normally-OFF conditions,
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but the switching speeds are notably reduced [161, 162] undermining the advantages
of using GaN-based technology. On the other hand, by using selective epitaxy growth
(SEQG) it is possible to fabricate on the same silicon wafer both devices, integrating them
monolithically [163].

2.5 Schottky barrier height engineering

Considering the notable importance of the Schottky barrier height on the characteristics
of electronic devices one interesting aspect about Schottky contact technology is the effort
into engineering its value.

The easiest way to change the barrier would be to change the metal, but the barrier
does not follow the ideal trend defined by the Schottky-Mott rule, as shown in figure 2.3.
Previously, Lu et al. [164] have deposited tungsten by a reactive sputtering deposition
approach. The deposition of W has been carried out both in Ar environment, at constant
pressure, and using 20% and 50% of Ny achieving a stoichiometry W2N and nitrogen-
rich WN. The work function has been monitored by means of XPS analyses, and an
increase in the work function of thin films has been observed which has been reflected in
an increase in the barrier height (0.89 €V for W, 1.07 eV for W2N and 1.21 eV for WN).
A fine tuning of the barrier has been performed by controlling the atmosphere in which
the metal gets deposited, a change in stoichiometry is associated to a change in work
function, and therefore in electrical properties such as the Schottky barrier height.

Once the same metal contact is deposited, it can be annealed at different temperatures.
It has been shown [123] that increasing the temperature of annealing in Ar atmosphere
caused an increase in the value of the barrier, starting from 0.89 eV for the as deposited
sample and reaching for the annealed samples 0.92 €V (for 300 °C), 0.92 eV (for 400 °C)
and 0.88 eV (for 500 °C). Interestingly the ideality factor decreased from 1.31 to 1.07. A
further annealing at higher temperatures (1200 °C and 1150 °C) can cause a decrease in
the barrier and an increase in the ideality factor, and also a notable increase in leakage
current. This finding has been explained by an increase in concentration of interface
states for the high temperature annealed samples [123]. The thermal process can be
carried out also in a non inert atmosphere. In this case, it has been observed as a thin
layer of Ni (5 nm), annealed at 500 °C for 10 minutes in air, can produce an increasing
of the barrier up to 0.90 eV compared to 0.86 €V in case of annealing in inert atmosphere
[129].

Interestingly, it has been observed as the annealing process can strongly influences the
barrier, also if performed before than metal deposition, to modify the AlGaN surface
properties. Indeed, when the annealing process is not conducted in inert environments
but oxidizing conditions, the surface of the semiconductor can be oxidized by the process.
Higashiwaki et al. [128] have treated A1GaN/GaN heterostructures with different barrier
thicknesses (10, 15, and 20 nm) at 800 °C in Ny and Og ambient. Showing, by XPS,
that the treatment in oxygen showed a pronounced increase in Al-O species and also less
pronounced Ga-O species, due to the higher tendency of Al to oxidize. This oxidation
brought to an increase in the barrier height, the increase is higher in thinner AlGaN



32 Chapter 2. Metallic Contacts in HEMT devices

barrier due to the limited diffusion of oxygen in the barrier itself. Also, the barrier has
been recorded to increase from 0.59 to 0.78 eV after the annealing in oxygen and to
0.84 eV after the treatment with aqua-regia (HCl/HNOg3 3/1 in volume) a high oxidizing
chemical solution [126] contributing to the assumption that a local oxidation could be
a key factor in engineering the barrier. The cleaning process impacts both the forward
properties of devices (Schottky barrier height and ideality factor) and the reverse current
[165].

Also, plasma treatments can be used to locally modify the height of the barrier. Gi-
annazzo et al. [119] have conducted an oxygen plasma treatment on the surface of a
molybdenum disulfide (MoS2) based transistor and observed that the plasma treatment
brought to a broad distribution of barrier due to the incorporation of oxygen in the MoSo
multilayer surface. The plasma oxygen approach has been used also on AlGaN/GaN het-
erostructures highlighting the increased rectifying ratio (Ion/Iorp), the reduced leakage
by two orders of magnitude and finally a notable increase in subthreshold voltage swing
(from 64 to 176 mV /dec) [166].

Another approach consists in ion implantation. Roccaforte et al. [167] have irradiated
Ti/4H-SiC diodes with 8-MeV Si* ions at different fluences (up to 1 x 102 ions/cm?)
and have noticed an increase in the barrier height (> 100 meV at room temperature)
with a slight increase in the ideality factor (from 1.05 to 1.09 at room temperature).
Investigating the leakage of the diodes after irradiation it is been highlighted that the
irradiation process reduced by two orders of magnitude the leakage. Also, the energy
states (investigated by DLTS) created by the ion implantation play a significant role on
the thermal dependence of the specific on-resistance (Roy).-

Ton implantation has been employed to modify the stoichiometry of metallic films by
Ranade et al. [168]. Particularly a 150 nm film of molybdenum has been sputtered
on top of SiOg/Si. Nitrogen implantation has been performed using energies of 60 and
80 keV with doses ranging from 2 x 101 to 1 x 1016 ¢cm™2, the projected range of the
ions lays around half of the thickness of the metal molybdenum layer. The nitrogen
incorporation has been monitored through SIMS analysis and the work function through
XPS. The work function increases linearly with the nitrogen implantation dose and upon
annealing this effect is maintained but reduced in magnitude and also an XRD diffraction
shows the presence of a (110) texture of the film after the thermal treatment.

On GaN-based material the ion implantation has not been thoroughly studied, the im-
plantation of F- ions has been used both in vertical [169] and lateral devices [170] in
order to increase the breakdown voltage. The implanted regions are negatively charged
and allow for the modulation of the electric field in high voltage conditions alongside the
edges of the Schottky contacts enhancing the breakdown.

The introduction of other species has been used by Roccaforte et al. [171] by a sul-
furization process of the 4H-SiC surface. The 4H-SiC surface has been analyzed by
AFM measurements before and after an annealing process showing an unaltered mor-
phology but an increase of 300 meV of the electron affinity revealed by Kelvin Probe
Force Microscopy (KPFM). XPS measurements confirmed the presence of a S 2p peak
in the sulfurized sample. Diodes were fabricated using Ni as Schottky metal, the devices
showed a reduced spread and average value of the Schottky barrier.
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A recent approach developed by Amano et al. [172] consists in sputtering a Mg layer
on GaN and annealing at proper temperature in inert atmosphere (N3). Mg atoms
diffuse into the GaN layers, up to hundreds of nanometers, and substitute Ga leading
to its activation. This approach has been used in n-type GaN to obtain camel diodes
[173]. Regular Schottky diodes and the correspective camel diodes show a barrier height
difference of up to 350 meV [174]. The reason is that by tuning the annealing temperature
it is possible to have a p-type dopant concentration that exceeds the background n-type
dopants close to the surface. This effects leads to an increased potential profile at the
Schottky interface and so a higher barrier height [175]. This fabrication flow has been
used in N-polar GaN materials to achieve higher barrier heights. This approach has been
also employed in 5-GagO3 using a solution of magnesium acetate rather than sputtering,
the results of Ni/Au Schottky diodes show a reduced Ron and a notable increase in the
breakdown voltage [176].

2.6 Open issues in GaN technology

Although AlGaN/GaN HEMTs may have several advantages in applications, their use is
not as widespread. In fact, many technological issues are still present in the development
of commercial devices.

In RF applications, a high power-gain cutoff frequency (fmax) is essential. Achieving a
high fi,ax depends not only on the geometrical and physical properties of the device, as
shown in equation (1.4), but also on parasitic resistances that degrade the maximum
attainable value. For instance, using a 60 nm gate length and engineered ohmic contacts
a 300 GHz frequency has been obtained [177]. However, this promising frequency is often
limited by the dynamic behavior of the device.

AlGaN/GaN heterostructures are notorious to have a high concentration of defects, that
range from dislocations to point defects [178]. These defects behave as trap states, that
can get charged or emit charges with specific time constants (t) [179]. During high-
frequency operation, the charging and discharging of these traps modulate the device
electrostatics after each switching event. This modulation of the device electrostatics
leads to fluctuations in its electrical behavior and ultimately affecting RF performances.

The presence of trap states can be observed in the buffer [180], such as carbon contami-
nation from the deposition or intentionally introduced species (such as C or Fe), in the
AlGaN barrier [181] or at the surface of the AlGaN [182]. Their existence can induces
various phenomena:

o Current collapse (CC) [183]. When donor surface states [184, 185] get filled in the
access region of the AlGaN between the gate and drain contact (where the electric
field has a high peak), the surface potential is made negative leading to a partial
depletion of the 2DEG channel underneath this region [186]. This effect is known
as virtual gate [182] and leads to a decreasing drain current over time.

e Threshold voltage swing. In normally-OFF devices the presence of the p-GaN un-
derneath the gate leads to both electron trapping in the p-GalN and holes trapping
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in the AlGaN barrier [154]. Depending on the voltage applied to the gate, the
threshold voltage could be either increase or decrease [187]. This threshold voltage
variation could reach values up to 3 V compared to the unstressed device [188, 189].

e Dynamic on-resistance (Rgy). In high-temperature and high-power conditions,
HEMTs show a recoverable Ry increase when they are stressed in high drain bias
conditions in the OFF state. The increase in Roy is generally given by slow-capture
rate states that are present in the buffer of the HEMT structure [42, 190]. The
Ron value is shown to increase up to 200% of the original value with increasing
temperature [191].

The trap states are generally filled due to the high electric field present in some particular
regions of the devices. For this reason, the use of field plates has been shown to be
an effective tool to modulate the peak electric field and also to enhance the dynamic
performances of devices [192, 193].

Differently from silicon, GaN does not have a good quality native oxide. The surface
passivation could lead to limit the current collapse and also a reduction of the gate leakage
[80]. Dielectrics can be grown by MOCVD during the growth of the epi-stack (such as
SIN [194]), or afterwards (NiO [195], CeOq [196]). A commonly employed approach
consists in the use of ALD, which allows the highly controlled and conformal growth of
a variety of dielectrics such as SiOg, AlpO3, AIN, HfO2 and many others [197]. These
dielectrics are often annealed before or after the deposition of the metal (respectively Post
Deposition Annealing PDA [198, 199] and Post Metallization Annealing PMA) and show
less charge trapping [200, 201]. The use of high permittivity dielectrics is advantageous
to limit the reduction of the gate-to-source capacitance which impacts the maximum
device transconductance [194].

Recently, an approach consisting of treating with oxygen plasma the p-GaN surface of a
power HEMT before the gate metallization has been proposed. The plasma treatment
leads to the formation of 5 nm of an oxide layer which contributes to increase the value
of the threshold voltage and notably reduce the gate leakage current and also increases
the breakdown voltage [202, 203]. Ozone (O3) plasma treatments have also proved to be
effective in the enhancement of reliability of p-GaN HEMTs [204].

An oxygen plasma pretreatment has also allowed to obtain normally-OFF conditions in
a recessed MIS-HEMT configuration, where the AlGaN barrier was thinned to 9 nm and
subjected to an oxygen plasma before the dielectric deposition [205].

The deposition of HfO2 by PE-ALD has been proposed as a highly promising gate di-
electric for GaN-based devices, leading to low concentration of interface states and low
leakage [206]. The use of dielectrics is highly effective in suppressing gate leakage, but
their integration comes with a negative shift of the threshold voltage and this shift de-
pends both on the dielectric constant and the thickness of the insulator layer [207].

Gate leakage itself has a direct impact on device reliability. Under positive gate bias tress,
the generation of defects at the metal/semiconductor interface leads to an increased gate
leakage and so a degradation of the ON/OFF ratio [208]. This structural degradation
has been associated with a strain relaxation of the AlGaN barrier [5] phenomenon which
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has been defined “inverse piezoelectric effect” [209].

In forward bias, the generation of percolation paths through defects leads to a increased
gate leakage and it is linked to a reduced output power of devices [210]. In fact, the
increased gate leakage in forward bias is linked to a reduced maximum achievable drain
current by the same device.

In p-GaN HEMTs defects play a central role in regulating the gate leakage. Particularly,
trap states in the p-GaN enhance the leakage but also leading to instability of electrical
parameters such as threshold voltage [211, 212]. As gate leakage and parameter insta-
bilities are strongly correlated with electrical conduction, a precise identification of the
conduction mechanism is essential. This provides insight into the physical origins of the
leakage but also enables a more accurate extraction of parameters such as the lifetime of
the device [213].

The investigation of the conduction mechanisms is not only of theoretical interest but it
also has practical relevance. In fact, by analyzing the dominant transport mechanism it
is possible to link the electrical characteristics of a contact to the underlying material
quality and processing steps. The studies of the dominant conduction mechanism provide
a diagnostic tool for material and technological optimization.

In this context, the study of metallic contacts, and in particular Schottky contacts, is
interesting to understand how defects, processing conditions, and geometry affect device
performance and reliability. The following chapters will address these issues by focusing
on the conduction mechanisms in Mo/AlGaN/GaN and WNy/AlGaN/GaN Schottky
contacts and on gate leakage in p-GaN HEMTs.






Chapter 3

The role of inhomogeneities in
Mo/AlGalN/GaN

Molybdenum Schottky contacts on AlGaN/GaN heterostruc-
tures exhibit conduction behavior that closely follows thermionic
emission, an uncommon feature in the AlGaN/GaN system.
This near-ideal behavior enables a detailed analysis of interface
inhomogeneities.

In this chapter, the electrical characteristics of Mo/AlGaN/GaN
Schottky diodes are analyzed through I-V-T measurements. The
observed deviations from ideality are interpreted using Tung’s
model, linking the presence of local barrier fluctuations to dis-
locations in the heterostructure.

3.1 Modelling of the conduction mechanisms in Schot-
tky contacts

3.1.1 Slight deviations from ideal TE conduction

An ideal Schottky contact should, regardless of area, temperature or applied voltage,
follow the behavior predicted by the Thermionic Emission (TE) model [214]. This model
describes the current density Jpg measured at the Schottky contact as exponentially
dependent both on the Schottky barrier height (®pg) and the bias applied (Vg), given by

37
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Where A* is the Richardson’s constant (32 A K? cm™2 for electrons in AlGaN/GaN
heterostructures [68]), T is the absolute temperature, n is the ideality factor, and Rg is
the series resistance.

(3.1)

For an ideal Schottky contact the ideality factor is 1 and also independent of temperature.
However, real Schottky contacts often exhibit a slightly higher than 1 value of the ideality
factor, accompanied by a weak thermal dependence. Depending on the semiconductor
the observed ideality factor, at room temperature, can range from values < 1.05 on Si
[215], 1.05 ~ 1.10 on SiC [216], and > 2 on AlGaN/GaN heterostructures [217]. The
investigation of gold Schottky contacts on gallium arsenide by Padovani and Sumner
[218] showed that a parameter, defined as “Tg-anomaly” can be introduced to keep into
account of this thermal dependence of the ideality factor. The Ty-anomaly allows to
keep into account of the higher than 1 values of n and also its weak thermal dependence.

T
n=1+-2

d (3.2)

According to equation (3.2), the ideal TE conduction corresponds to To = 0 K, where
the ideality factor has a unitary value at any temperature. As Tg increases, both the
ideality factor and its thermal sensitivity increase. This deviation from the ideal TE
emission is generally associated to defects in the semiconductor or at its interface with
the metal [219].
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Figure 3.1: Thermal dependence of the ideality factor (a) and Tg-plot (b) for different
values of Ty

Figure 3.1 shows the effect of increasing the value of T on the ideality factor (a) and
its thermal dependence (b). For the same temperature a contact with a higher T shows
a higher ideality factor. Furthermore the ideality factor will be characterized by a more
pronounced thermal dependence.
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An important aspect to highlight is that the introduction of the Ty-anomaly formally
assumes that thermionic emission remains the main dominant conduction mechanism,
i.e. carriers still overcome the Schottky barrier. In fact, in a To-plot [214] (defined as a
plot reporting nkgT as a function of kgT) an ideal thermionic emission shows a linear
behavior with a unitary slope. Figure 3.1(b) shows the Tg-plot for different values of Ty.
The linearity and slope of the Ty-plot confirms that there is no change in conduction
mechanism, but rather this deviation from ideality is linked to interface-related effects.

The introduction of the Ty-anomaly allows for a first-order correction to ideal thermionic
emission behavior by accounting for a slight thermal dependence of the ideality factor. It
effectively describes Schottky contacts where conduction is still dominated by thermionic
emission. The Ty-plot confirms this by showing that ideal and near-ideal contacts exhibit
parallel trends, with deviations only in the offset.

However, a key limitation of the Ty-based approach is that it only addresses changes
in the ideality factor, without accounting for the temperature dependence of the barrier
height itself, which is often observed in real devices [220, 221].

This indicates the presence of more complex physical phenomena that can be explained
by considering the inhomogeneity the potential at the metal/semiconductor interface as
the source of these deviations.

3.1.2 Werner’s model

The concept of barrier inhomogeneity was first introduced in the early 1980s [222]. From
measurements conducted on Al contacts on p-type InP, a significant discrepancy between
the barrier values extracted from C-V and I-V measurements was observed. This discrep-
ancy was previously attributed to additional (tunneling based) mechanisms concomitant
with thermionic emission [223] or interface states [224].

Experimental techniques such as ballistic-electron emission microscopy (BEEM) [225]
provided spatially resolved current maps, which revealed a non uniform Schottky barrier
at the metal/semiconductor interface. The local variation in barrier height were found
to follow a gaussian distribution, where the shape of the distribution is highly dependent
on pre-treatment of the surface before the Schottky metal deposition.

These experimental evidences led to the development of analytical models considering the
punctual value of the Schottky barrier at the metal /semiconductor interface as oscillating,
following in fact a gaussian distribution. Giittler and Werner in 1990 [226] studied the
properties of Schottky contacts of various metallic silicides systems on n-type silicon.
Most silicides do not grow epitaxially, but as polycristalline, so the interfaces are not
atomically flat which results in a local variation of the electric field and also a band
bending which causes the barrier variations. This spatial inhomogeneity of the potential
is modelled as a gaussian distribution of the Schottky barrier [227].

Considering this condition, the barrier measured in a microscopic metal/semiconductor
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contact ((DjB) will be given by [226]

@
J _
ol = 0f - 2kBBT (3.3)

Where GDOB is the center of the barrier distribution, which is considered the homogeneous
value of the barrier, and oy is the standard deviation. According to equation (3.3) the
measured barrier will be always lower than the homogeneous one.

This model assumes a continuous potential distribution at the interface between the
metal and the semiconductor. The fluctuations cause a bending of the bands and by con-
sequence of the barrier which occur on a length scale of around ~ 1 um. By introducing
this spatial fluctuations, the model allows to explain both the thermal dependence of real
Schottky contacts and also the overall current conduction mechanism, which still follows
the thermionic emission model but with the inclusion of a non homogeneous barrier.
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Figure 3.2: Gaussian distribution of barriers CDjB (a) and value of the barrier as a function
of temperature (b) for different values of o¢

Figure 3.2(a) reports the shape of the gaussian distribution of barrier heights. The
distribution is centered at a homogeneous value of the barrier at (DOB = 1000 meV. The
higher the value of O, and the wider the distribution will be. Furthermore, according

to equation (3.3), the value obtained from measurements will show, for the same CDOB, a
lower barrier for a more inhomogeneous contact (higher o, ). Consequently, regions with
a lower barrier contribute more to the overall conduction, even though the probability
is centered around the homogeneous value. This effect is related to the exponential
dependence of the current conduction on the barrier, according to equation (3.1).

The model proposed by Giittler and Werner [226, 227] effectively describes the tempera-
ture dependence of the Schottky barrier height by introducing a gaussian distribution of
local barrier heights [228, 229]. However, despite its capabilities in fitting experimental
data, this model presents some analytical limitations. In particular, it assumes that the
spatial inhomogeneity of the barrier occurs over large lateral scales. Considering point or
line defects in semiconductors, this assumption is not fully compatible since these defects
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are typically confined to tens of nanometers at maximum.

More importantly, the model does not account for the electrostatic interaction between
localized low-barrier regions and the surrounding uniform potential. It treats each local
barrier independently, neglecting the fact that regions with lower barrier height can
become preferential conduction paths and distort the local electric field distribution. The
model assumes a parallel conduction between diodes that are characterized by different
values of Schottky barrier.

To address these issues, a more rigorous model was introduced by Tung [230], which
considers the electrostatic coupling between inhomogeneities and the homogeneous po-
tential, and offers a more accurate description of current transport in Schottky contacts
with non-uniform potentials.

3.1.3 Tung’s inhomogeneity model

A more rigorous model has been proposed, in the early 1990s by Sullivan et al. [219] and
Tung [230]. Their model allows for a coherent analytical explanation of all of the experi-
mental deviation from ideal thermionic emission. The model was developed analytically,
but also with the support of computer simulations.

At the basis of the model there is the fact that every metal/semiconductor contact is
affected by atomic inhomogeneity at the interface, such as grain boundaries, multiple
phases, facets, defects, etc. [219]. These features locally reduce the value of the barrier,
and these low-barrier regions are defined as “patches”. The patches are embedded in a
homogeneous potential region (with a barrier value of (I)OB)

To understand the electrostatic implications of localized inhomogeneities at the interface
between the metal and the semiconductor, a circular patch embedded in a homogeneous
background has been considered. From the potential point of view, this patch represents
a region in the semiconductor where the potential has a dip of value A compared to the
homogeneous background which has a barrier of (D%.

Figure 3.3(a) depicts a schematic potential profile contours for a contact that has a
low-barrier patch in a high-barrier region. The three lines represent the potential at
three different depths inside the semiconductor, the darker the line the further from the
metal/semiconductor interface. As the potential lines illustrate, the conduction band
initially bends downwards beneath the patch, due to the local reduction in potential.
However, the potential does not decrease monotonically. Instead, it exhibits a local max-
imum at a certain depth below the metal /semiconductor interface. This local maximum,
saddle point, acts as an energetic bottleneck for current flow, effectively increasing the
barrier (d)erf) that majority carriers must overcome to cross the patch. The surrounding
high-barrier region creates an electrostatic constriction that blocks or restricts current
injection into the low-barrier patch. This phenomenon is defined as pinch-off. This effect
is present only when the size of the patch is comparable with Debye’s length [230]. If the
patch size is too large, no saddle point will be formed.
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Figure 3.3: Schematic potential contours (a) and conduction band profile (b) near a low-
barrier patch embedded in a high-barrier Schottky contact

The occurrence and strength of the pinch-off effect depend on several parameters, most
importantly:

o Lateral dimension. The smaller the size of the patch and the stronger will be the
pinch off effect. Over a critical size, the pinch off effect is not present.

o Barrier difference. The higher the difference between the barrier of the patch and
the homogeneous region, the stronger will be the pinch off effect.

When the patch is small in size the pinch-off effect dominates, leading to a better descrip-
tion given by Tung’s model. Meanwhile, when the size gets progressively larger, Werner’s
model is adequate with a simpler statistical analysis.

The effective barrier height (D%,ff governing the current flow through a patch is thus not
the intrinsic barrier of the patch itself given by the potential difference at the surface
((D% = (D%—A), but rather the value of the potential at the saddle point, as reported
in figure 3.3(b). This is the true energy that carriers must overcome. The conduction
mechanism across the patch is still thermionic emission. Since this effective barrier
depends both on the patch’s size and the potential difference between the patch and
the homogeneous region, Tung’s model defines a region parameter to account for these
factors

2\ 1/3
v=3 (AfO) (3.4)

This parameter determines the degree of inhomogeneity in the contact and plays a central
role in predicting how strongly a given patch is pinched off. On the region parameter
depends both the effective barrier height and the ideality factor.

Tung’s model has been widely adopted to explain barrier inhomogeneities in Schottky
contacts across different semiconductors. Several studies have directly observed inho-
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mogeneities through nanoscale characterization techniques. Experimental evidences has
confirmed the presence of a Gaussian-shaped distribution of the local barrier heights
[231-233], supporting the validity of the model and its use to explain deviation from
ideal TE conduction [234-236].

A more detailed explanation of Tung’s model is provided in appendix A.

What is essential to highlight here is that Tung’s model does not merely describe the total
current as a parallel sum of independent contributions from homogeneous and low-barrier
regions. Instead, it introduces a physically grounded framework in which the interaction
between local inhomogeneities and the surrounding electrostatic environment plays a
central role in determining the effective barrier height and, consequently, the overall
current transport. This makes the model a powerful tool for explaining the non-ideal
behavior observed in real Schottky contacts, such as increased ideality factors, barrier
height discrepancies between I-V and C-V measurements, and underestimation of the
Richardson constant [219, 230].

3.1.4 Strong deviations from ideal TE conduction

While slight deviations from ideal thermionic emission can be attributed to factors such
as barrier inhomogeneity or interface states, more substantial deviations indicate a fun-
damental change in the dominant transport mechanism.

In particular, when the observed ideality factor significantly exceeds unity and its ther-
mal dependence can not be longer explained by the Tgp-anomaly, thermionic emission
alone fails to model the current conduction, indicating the possible presence of tunneling
phenomena.

In these regimes, carriers do not overcome the Schottky barrier but rather tunnel through
it. As a consequence, the current transport is no longer thermally activated and exhibits
a weaker temperature dependence [31]. The strength of the tunneling conduction can
be quantified by the characteristic tunneling energy Eqq, equation (2.2), and the ideality
factor can be expressed as [68]
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According to equation (3.5), the value of n has a direct dependence on the value of Eqg.
On AlGaN/GaN heterostructures, this rationalization has allowed to model the thermal
dependence of the ideality factors allowing to find values of Egg that range from 50 meV
[237] to 180 meV [238].

Figure 3.4(a) illustrates the temperature dependence of ideality factors in presence of
tunneling mechanism. As shown, higher values of Egg result in a higher ideality factor
at the same temperature, confirming the increasing contribution of tunneling to the
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Figure 3.4: Thermal dependence of the ideality factor (a) and Tg-plot (b) for different
values of Eqg

overall current. In the Ty-plot, reported in figure 3.4(b), a peculiar behavior emerges:
at low temperatures the product nkgT tends to remain constant. The onset of this
constant regime occurs at higher temperature for greater values of Egg. With increasing
temperatures, nkgT tends to the behavior expected for thermionic emission, but with a
smaller slope than the ideal TE providing a further evidence of the tunneling contribution
to the overall conduction.

Unlike the Tg-anomaly, where the nkgT lines are parallel to the ideal TE case, the
presence of a tunneling contribution results in a Ty-plot with non parallel lines, exhibiting
a thermally insensitive behavior at low temperatures.

3.1.5 Review of Schottky barrier inhomogeneity

The assumption of an inhomogeneous Schottky barrier has been used to model a variety
of anomalous behavior experimentally observed in I-V characteristics on different mate-
rials. These anomalies have been mentioned, such as discrepancy between I-V and C-V
determined barrier heights, different values of Richardson’s constant or high ideality fac-
tors. Another common feature observed in inhomogeneous barrier is the appearance of
a kink in the I-V curve, arising from the coexistence of thermionic emission conduction
both through the homogeneous region and through the low barrier patches.

Lahnor et al. [239], in accordance with Tung’s model, observed the presence of a kink
in Pt-silicide Schottky contacts on Si, resulting in an extra current at low bias and low
temperatures (Vg < 0.5 V and T < 150 K). The high bias region follows the thermionic
emission conduction, while the low bias region has been described by the Tung’s model,
with the assumption of a distribution of five different patches, characterized by five values
of yv. As the temperature increases the kink becomes less pronounced due to the higher
weight of the homogeneous TE conduction over the patches’ conduction. The lateral
extent of the patches is between 70 and 250 nm, which is consistent with topographic
features observed after annealing, characteristic to the silicide contacts.



3.1. Modelling of the conduction mechanisms in Schottky contacts 45

On SiC, inhomogeneity studies have been used to rationalize deviations from ideality from
the thermionic emission [240-242]. Roccaforte et al. [243] have studied Ni and Ti Schot-
tky contacts on 4H-SiC. According to the analytical application of Tung’s model and con-
sidering the one patch approximation, the inhomogeneous contacts can be described by a
value of the region parameter of y = 1.31 x 1074 cm?/3 V1/3, v=252x10"% cm?/3 V1/37
respectively. Moreover, by estimating the effective patch area and concentration, the ac-
tive area contributing to the total current was only 5% of the geometrical area of the
diode. A corrected Richardson’s plot using this active area yielded Richardson constant
values much closer to theoretical expectations.

Thermal processing itself may also induce inhomogeneities. Calcagno et al. [124] demon-
strated that high-temperature annealing of Schottky contacts on SiC increases the degree
of inhomogeneity. In fact, by analyzing the thermal dependence of the ideality factor
in Ni/SiC Schottky diodes annealed at 600 and 900 °C, a value of T can be estimated
for both cases. The contacts annealed at 900 °C show a Ty which is 3.8 times higher
compared to the contacts annealed at 600 °C, the inhomogeneity is assumed to increase
by 3.8 times due to the higher thermal budget.

Inhomogeneities can also be intentionally introduced for example using nanoparticles.
Various synthesis approaches allow precise control of nanoparticle size. According to
Tung’s theory, by carefully selecting both the metal, so as to maximize the potential
difference A, and the nanoparticle dimensions during fabrication, it is possible to create
patches that are pinched off. This approach has been demonstrated to lead to kink effects
in the I-V characteristics of Au/InP contacts embedded with Ag nanoparticles having an
average diameter of 17 nm [244]. Also, Ruffino et al. [245] have systematically studied
multiple samples where gold nanoparticles characterized by small radii (0.7 — 3.5 nm)
and concentrations (5 x 101t —5 x 10!3 ¢cm™2) have been covered with a contact of 100
nm of Pd on SiC. The control of the size and concentration of the nanoparticles has been
achieved by varying the annealing time and temperature. It has been found that as the
mean nanoparticles concentration increases, with decreasing radius, the effective barrier
height increases and the ideality factor tends to 1. This behavior indicates that the Au
nanoparticles at the Pd/SiC interface can be considered as sources of inhomogeneity,
according to Tung’s model.

Concerning AlGaN/GaN heterostructures. The topic of inhomogeneities has not been
rigorously modelled. In fact, Fontseré et al. [246] have performed some conductive
AFM analysis on the surface of the gate contact of an AlGaN/GaN HEMT, showing
the presence of some current hotspots at the gate metal surface. Furthermore, in the
gate-drain spacing, the current map shows that the presence of grain boundaries is also
an inhomogeneity source, as confirmed by the current peak at the dips between two
grain boundaries . An inhomogeneous current distribution is given both by the presence
of structural defect of the semiconductor and also observable at the gate metal surface.
This work provides a clear visualization that both the metal and the semiconductor
contribute as inhomogeneity sources.

The study of inhomogeneity on AlGaN/GaN has lead some authors to identifying different
gaussian distributions of Schottky barriers depending on the temperature. Two [247] and
three [238] gaussian distributions of barriers have been found. These distributions are
found statistically, either by employing Werner’s model or a statistical analysis conducted
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over a high number of devices.

Recent studies have highlighted that, in addition to barrier inhomogeneities, quantum
mechanical effects at the metal/semiconductor interface play a significant role in reduc-
ing the effective Richardson constant. In particular, numerical simulations that include
wavefunction mismatch and quantum reflections at the metal/GaN interface show that
these phenomena can lead to a tenfold reduction of A* compared to its ideal theoretical
value [248].

In this context, the study of Mo/AlGaN/GaN Schottky contacts presented in this thesis
offers a valuable contribution. By combining detailed electrical characterization both at
the micro and nanoscale, this analysis provides an in depth study of inhomogeneities
on AlGaN/GaN heterostructures. The behavior of molybdenum, a relatively uncommon
gate metal for GaN-based devices, is investigated not only from a device performance
standpoint, but also as a model system to probe interface physics.

3.2 Device fabrication

AlGaN/GaN heterostructures grown on Si substrate characterized by a 16 nm AlGaN
barrier thickness and 26% concentration of Al have been used. Ti/Al/Ti annealed at 600
°C for 1 minutes in N9 atmosphere has been used as ohmic contacts.

Molybdenum has been chosen as a Schottky contact due to its promising properties and
the opportunity to contribute to a less explored area of GaN-based electronics [249-253].
While its use is timid compared to more common choices like Ni/Au bilayers, existing
studies highlight the properties of Mo Schottky contact, showing good thermal stability
[254] and mechanical strength [249]. While the application of molybdenum on GaN is
not yet widespread, its successful use as a gate metal in other semiconductors such as
SiC demonstrates its potential for microelectronics [255].

The Schottky contact consists of a 100 nm thick Mo layer deposited by magnetron sput-
tering in an EvoVac PVD system (Angstrom Engineering) in Ar atmosphere at a base
pressure of 5 x 1072 mbar at a rate of 0.3 nm/s with 300 W of output power. Schottky
diodes have been defined by optical lithography and standard lift-off method, the anode
consists of a circle having a diameter of 100 wm and it is surrounded by a large area
ohmic contact.

Schottky diodes have been fabricated by optical lithography and standard lift-off method,
the anode consists of a circle having a diameter of 100 pm surrounded by a large area
ohmic contact, a schematic structure of the devices is reported in figure 3.5.
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Figure 3.5: Schematic structure of the device in cross (a) and top view (b)

3.3 Electrical characterization

Figure 3.6 shows the experimental C-V measurement conducted on the Mo/AlGaN/GaN
Schottky diodes normalized by the contact’s area. From the value of the capacitance in
accumulation regime, it is possible to extract the thickness of the AlGaN layer, which is
of about 16 nm according to equation (1.9). Furthermore, by integrating the C-V curve
and normalizing it by the contact’s area and the fundamental charge, it is possible to
obtain the 2DEG concentration ng, as given by [96, 256-258]
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Figure 3.6: C-V measurement at 25 °C of Mo/AlGaN/GaN Schottky diodes conducted
at 100 kHz (a) and extracted 2DEG concentration (b)

As reported in figure 3.6, the 2DEG concentration at 0 V is ng = 6.12 x 1012 ¢cm™2, while

the threshold voltage obtained by the x-axis intercept in the linear region is Vg = —
1.84 V.
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Figure 3.7 reports the experimental I-V characteristics of the diodes. The measurements
have been conducted by sweeping in forward bias the anode contact from 0 V to 2 V,
while the circular cathode electrode was kept grounded. The anode current has been
normalized by the area’s contact and plotted against the anode bias. The measurements
have been performed in a temperature range that goes from 25 °C to 150 °C with a step
of AT = 25 °C.
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Figure 3.7: Forward J-V curves at different temperatures of Mo/AlGaN/GaN Schottky
diodes

According to the TE model, equation (1.1), it is possible to perform a linear fit in the
linear region of semilog J-V curve and obtain the Schottky barrier height and the ideality
factor, from the intercept and the slope, respectively (section 3.1.1).
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Figure 3.8: Values of @y and n at different temperatures (a), correlation of ®pg and n,
extraction of (D(])3 =1.04 eV (b)

Figure 3.8(a) reports the barrier height and ideality factor obtained for each temperature.
Both ®g and n exhibit a thermal dependence. Compared to other AlIGaN/GaN Schottky
contacts this thermal dependence is weak. The barrier increases (from 0.85 to 0.89 eV)
while the ideality factor decreases (from 1.26 to 1.20) with increasing temperature.

According Tung’s model, inhomogeneous Schottky contacts display a linear correlation
between the barrier and the ideality factor [230, 245]. This correlation, reported in
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figure 3.8(b), allows to extract an homogeneous barrier height for n = 1 which is @} =
1.04 eV. This value represents the Schottky barrier height of a homogeneous contact on
AlGaN/GaN.

Molybdenum’s work function is reported to be in the range of 4.9 ~ 5.0 €V [168]. Then,
according to the Schottky-Mott rule (O = dm — Xa1Ggan), o0 AlGaN/GaN heterostruc-
tures, considering an electron affinity of X ajqan = 4.1 €V [259], a Schottky barrier height
about 0.8 ~ 0.9 eV is expected.

The weak thermal dependence of the ideality factor can be modelled according to the
Tp-anomaly. Using Equation 3.2 it’s possible to fit the experimental ideality factors as a
function of temperature, obtaining a value of Ty = 80.2 K, as shown in figure 3.9(a).
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Figure 3.9: Thermal dependence of the ideality factor, extraction of Tg = 80.2 K (a) and
To—pIOt (b)

The fact that the ideality factor has a thermal dependence explained by the Ty-anomaly
is a clear indication that thermionic emission is dominant transport mechanism. This is
confirmed by the Tg-plot shown in figure 3.9(b), where the experimental data lies on a
line which is linear and parallel to the ideal TE conduction, only shifted upwards.

To exclude any contribution from tunneling phenomena, the experimental ideality fac-
tors are compared with theoretical curves calculated according to equation (3.5), which
represents the behavior expected in tunneling conduction.

As reported in figure 3.10, the thermal dependence of the experimental ideality factors
does not match with the theoretical behavior of tunneling-based transport mechanism.
The experimental values present only a weak thermal dependence, in contrast with that
predicted by tunneling.

Moreover, the thermal dependence of the barrier height and its increase from 0.85 to
0.89 eV, is consistent with the presence of an inhomogeneous barrier, as described by
equation (3.3).

The value of the homogeneous barrier extracted from the fit of figure 3.11 is q)% =0.99
eV, which is similar to the value obtained from the linear ®g/n correlation reported
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in figure 3.8. Besides, the value of the standard deviation of og, = 85 meV is in the
low-range of the values reported in literature, which vary from 60 meV [247] to 150 meV
[260].

The statistical approach allows to find consistent values of the homogeneous barrier and
asses a low degree of inhomogeneity, given by the low standard deviation of the gaussian
distribution of barriers.

The obtained results highlight the interesting properties of Mo Schottky contacts. In
fact, the electrical characteristic of Schottky contacts are very sensitive to process con-
ditions. Indeed, several factors as Schottky metal deposition, thermal budget, AlGaN
surface cleaning, or A1GaN barrier grown technique (MOCVD or ALD). And all of these
factors may play a significant role in determining the conduction mechanism at the
Schottky/AlGaN interface. Table 3.1 summarizes different Schottky contacts and the
key process conditions that can influence their electrical behavior.

Although low ideality factors have been previously reported, their thermal dependence
shows a tunneling contribution that can be described by a value of characteristic tun-
neling energy Egg that ranges from 30 to 85 meV. This underlies a significant tunneling
contribution to the conduction at the Schottky/AlGaN interface, which is generally asso-
ciated to the high defect concentration that characterizes these heterostructures [9]. Low
temperature Post Metallization Annealing (PMA) has been used to modify the electri-
cal properties of the devices, leading to a reduction of the leakage current [68], or the
decrease of both ideality factor and Egg value [68, 262]. Nevertheless, even after PMA,
tunneling remains the dominant transport mechanism in these devices.

On the other hand, Mo/AlGaN/GaN diodes fabricated by sputtering, show an the ideality
factor of 1.26 at room temperature, which is in the low range of the values reported in
literature. More importantly, in this case, the ideality factor weakly decreases with
increasing temperature following a behavior that is not related to tunneling but rather
to thermionic emission, as confirmed by the Ty-plot reported in figure 3.9.

According to the Richardson’s plot, a correlation of Jg/ T2 as a function of q/kpT allows
for the extraction of both the effective Schottky barrier height and the Richardson’s
constant [224], as given by

In (TSQ) = In(A*) - kB% (3.7)

Where Jg is the saturation current density, determined by the extrapolation at Vg = 0 of
the forward J-V characteristics. From the fit of the experimental data. Figure 3.12(a), an
effective barrier height of 0.76 €V, and a Richardson’s constant of 0.48 A cm 2 K2 were
obtained. The value of the Richardson’s constant is underestimated compared to the
theoretical one for electrons in AlGaN/GaN heterostructures (32 A cm 2 K2 [68]).This
discrepancy is often attributed to the presence of barrier inhomogeneities. Considering a
statistical distribution of barrier heights, it is possible to introduce the inhomogeneities
in the calculation of the Richardson’s plot. The correction of the effective barrier height,
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Table 3.1: Summary of reported Schottky contacts on AlGaN/GaN heterostructures with
different processing conditions and their corresponding conduction mechanisms

Conduction
Metal AlyGa;.x N PMA n Mechanism Reference
Ni/Au x = 0.22 TU
(40/80 nm) t = 23 nm ) 346 Egp = 86 meV [112]
Ni/Au x = 0.27 TU
(50/300 nm) t =18 nm ) 243 Egp = 70 meV [100]
Ni/Au/Ni B TU
(45/200/20 nm) 0~ 20mm ) 301 Ego = 50 meV [237]
x = 0.85
Pt t =5 nm ) 1.27
TU [261]
(50 nm) x = 0.85 Ll
t = 10 nm ) '
~5 TU
x = 0.30 Low bias Egg = 180 meV
Pd/Au t— 15 nm - L8 TE [261]
High bias Top =151 K
1.59 Tu
WC x = 0.26 ) ’ Egp = 36 meV [68]
(100 nm) t = 16 nm 100 °C TU
00 1.50 Eqo — 33 meV
1.73 Tu
Ni/Au x = 0.16 ) ' Ego = 38 meV [262]
(40/300 nm) t = 16 nm 100 °C Lo TU
00 23 Eo[) = 27 meV
2.9 TU
x = 0.26 Low bias  Egg = 75 meV [263]
W-based t = 26 nm ) 2.59 B Appendix 4
High bias
Mo x = 0.26 TE [264]
(100 nm) t=16nm  Nome 1.26 To=82K  Appendix 3
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taking into account of the gaussian distribution, characterized by an average value of (D%
and a standard deviation of o, leading to [265]

Js) 0’05 q®3
In(=2)-—2_—mA*)-—2 3.8
<T2 2 (kpT)? (A7) kpT (38)

According to Equation 3.8, a linear fit allows to extract the value of the homogeneous
barrier from the slope and the Richardson’s constant from the intercept with the y-axis.
Figure 3.12(b) reports the results of this procedure leading to an homogeneous barrier of
CDOB = 0.99 ¢V and a Richardson’s constant of A* = 30.4 A cm2 K~2. The homogeneous
value is consistent with the values obtained from the ®@pg/n correlation (figure 3.8) as
well from the analysis of the barrier inhomogeneity (figure 3.11).
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Figure 3.12: Richardson’s plot, an effective barrier (I)%ff = 0.76 €V (a) and a Richardson’s
constant of A* = 0.48 A ecm 2 K 2 have been found. The modified Richardson’s plot (b)
estimates an homogeneous barrier of <D0B = 0.99 eV and a Richardson’s constant of A*
=304 A cm 2 K2

The correction of the Richardson’s plot taking account of the inhomogeneity of the contact
leads to a closer extraction of the Richardson’s constant with the theoretical one. This
analysis highlights the significant impact of the barrier inhomogeneities on the electrical
characterization of the Schottky contacts, and demonstrates how a physically accurate
model enables the extraction of meaningful and reliable material parameters.

3.4 Modelling of the forward conduction

The electrical characterization according to the thermionic emission model allows to con-
firm that this mechanism is the dominant one in the conduction across the Schottky
barrier. The slight deviations from ideality are taken into account and explained consid-
ering the Tp-anomaly and a gaussian distribution of barrier heights. In order to model
the conduction mechanism, Tung’s model has been employed. Furthermore, as a confir-
mation of this inhomogeneity, conductive AFM measurements have been performed on
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the surface of the AlGaN layer, in order to visualize an inhomogeneous conductive layer.

3.4.1 Tung’s Inhomogeneity Model

The region parameter (y) defines the degree of inhomogeneity of the Schottky contact,
and directly influences the ideality factor and the barrier height. As discussed in sec-
tion 3.1.5, two approaches have been proposed in literature to model the current of
inhomogeneous Schottky contact using Tung’s model:

¢ Single-patch approximation. A simplified approach in which the current is assumed
to be dominated by one representative type of patch, characterized by a single value
of y [243].

e Statistical, or gaussian, distribution. A more rigorous approach where a gaussian
distribution of values is assumed to reflect the variation of patch types across the
contact [214].

In principle, each value of vy can be associated with a specific patch, representing a
particular magnitude of local barrier lowering. Since real contacts exhibit a variety of
interface and bulk defects, each potentially altering the potential in a different way, the
second approach would be the most physically accurate representation.

In this statistical view, the patches are distributed around a most probable value of vy.
The concentration of patches is centered around this value in a gaussian distribution,
the higher the barrier lowering (so higher value of y) the lower the concentration of this
particular patch type. Patches with high vy correspond to a larger potential difference
from the homogeneous region, and their presence is statistically lower.

However it is common to adopt the single patch approximation, which assumes that one
class of inhomogeneities is predominant over all of the others and dictates the overall
current conduction.

The approach used to model the Mo/AlGaN/GaN Schottky diodes is the statistical one.
Particularly the analysis assumes, arbitrarily, that 10 different patches types are present.
The concentration of each patch type, so each value of y, lays on a gaussian distribution.
The center py and the maximum N, of the gaussian distribution have been used as fit
parameters. While the standard deviation of the distribution oy can be analytically
derived according to Tung’s model. Assuming a low barrier having a circular geometry,
the standard deviation is given by [219]

oy = Tokgn?/3V1/> (3.9)

Where Vi, is the band bending and 1 is an electrical parameter. The patch concentration,
obtained by dividing the total number of patches by the geometrical area of the analyzed
diode is 2x 109 em™2, which lays in the range of typical dislocation concentrations present
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in AlGaN/GaN heterostructures (10%-10'9 cm™2) [12]. The contribution of these patches
is lower than 5%.

The average value of the distribution of vy is uy, = 1.0 x 1074 em?/3 V3. In previous
works the modeling has been performed using just one value of y and not a distribution.
Nevertheless, the values reported for GaN [260] is uy = 5.96 x 1074 cm?/3 V3 while
for 4H-SiC [243] are py = 1.31 x 10~% em?/3 V1/3 and p, = 2.52 x 1074 cm?/3 Vv1/3
using Ni and Ti as Schottky contacts, respectively.
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Figure 3.13: Gaussian distribution consisting of 10 patches centered along p, =
1.0 x 1074 em?/3 V1/3 with a maximum of Np = 1.5 x 10% and a standard deviation
of oy = 1.4 x 104 cm?/3 V1/3

The current flowing through the laterally inhomogeneous Schottky contact can be mod-
elled by considering the contribution through the low-barrier patches. In fact, although
the barriers have a gaussian distribution [266], it is reasonable to assume that the higher-
barrier patches contribute in negligible magnitude to the overall conduction [243]. The
current transport can be described as [103, 219, 230]

10 qq)erf. qVp
ff 2 )1
Ipatches = ;A;a A*T exp ( kg T ) exXp (nikBT> (3.10)

According to equation (3.10), the experimental current has been fitted considering as
fitting parameters the mean value of the distribution () and its maximum (Np). The
result of this fit for 25 °C and 150 °C is reported in figure 3.14.

Figure 3.15 presents a 3D schematic representation of the inhomogeneous Schottky bar-
rier. The presence of inhomogeneities leads to the formation of dips in the potential
profile at the Mo/AlGaN interface. These dips, referred to as “patches”; play a domi-
nant role in the conduction mechanism. Nevertheless according to Tung’s model, based
on the I-V-T analysis of the Mo/AlGaN/GaN diodes, these patches account for less than
5% of the geometrical area.
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Figure 3.14: Fit of the experimental data according to Tung’s model at 25 °C (a) and
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tky barrier inhomogeneity
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3.4.2 Nanoscale conduction by C-AFM

Since the barrier inhomogeneities, according to Tung’s model, are expected to occur
at nanometric scale, the measurements on the diodes (micrometric scale) only provide
an indirect indication of their presence. For this reason, conductive atomic force mi-
croscopy (C-AFM) was employed to directly visualize the local conduction properties
of Mo/AlGaN/GaN contacts. C-AFM measurements were carried out in contact mode
using a Bruker Dimension Icon AFM system equipped with a TUNA module for cur-
rent detection. The conductive probes employed were SCM-PIT-V2 tips, consisting of
antimony-doped silicon with a nominal tip radius of approximately 20 nm.

All scans were performed in contact mode over a 1x 1 um? area, with an image resolution
of 256 x 256 pixels. Current maps were acquired by applying different sample biases,
enabling a spatially resolved analysis of current conduction.

Instead of analyzing each current map independently, a post-processing routine was de-
veloped to reconstruct a local I-V curve for each pixel. This was done by collecting the
current values measured at each applied bias for that specific pixel.

By fitting the individual I-V curves with the thermionic emission model, the local barrier
value for each pixel has been extracted. This approach effectively transforms the current
maps into a three-dimensional dataset, where each pixel provides detailed and local
information on the Schottky barrier height.
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Figure 3.16: TUNA images acquired in the same region with increasing sample bias (a,

b, ¢), performed as shown in (e), and extracted Schottky barrier height map (f)

As figure 3.16(a~c) reports, the current measured in the scanned area is inhomogeneous.
The current maps display regions of higher conduction (darker spots) embedded within
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a more uniform low conducting background. Interestingly, the density of the high con-
ductive spots increases as the applied sample bias increases.

This behavior aligns with the predictions of Tung’s model for inhomogeneous Schottky
contacts. Specifically, it suggests the presence of a gaussian distribution of low barrier
regions (patches) at the metal/semiconductor interface, from which a higher current flow
is expected. At low bias, only the patches with the lower barrier height (and so with the
higher region parameter) contribute to the current conduction. These patches, according
to the gaussian distribution shown in figure 3.13, have a lower concentration due to
statistical reasons. As the bias increases, patches with lower region parameters and
higher barrier heights, will start to conduct. And these patches, following the gaussian
distribution, have a higher concentration.

The lateral size of these low barrier regions observed by C-AFM is approximately 20 nm
and the concentration of these regions is in the order of 3 x 109 cm™. Accordingly, the
size of the patches derived from Tung’s model applied in section 3.4 is 20 nm in diame-
ter with a concentration of 2 x 109 cm™2. The nanoscale analyses show good agreement
with what was estimated by the electrical measurements on the microscopic Mo Schottky
diodes on AlGaN/GaN. This lateral extension is consistent with what previously reported
as electrically active dimension of dislocations on AlGaN/GaN [267] and as concentra-
tion of these defects [12]. Although both the lateral size and the concentration match
dislocations in AlGaN/GaN heterostructures grown on Si, a direct correlation can not
be made, since the topographic maps obtained by AFM are noisy considering the large
radius tip (20 nm) and the fact that TUNA maps are acquired in contact mode.

In summary, Mo/AlGaN/GaN Schottky contacts exhibited a nearly ideal TE behavior
which allowed for a precise evaluation of barrier inhomogeneities. Thorugh I-V-T mea-
surements, the deviations from ideal TE beahvior were rationalized according to Tung’s
inhomogeneity model. C-AFM measurement allowed to visualize these deviations as lo-
calized low barrier regions. The lateral extension and concentrations of these regions
are consistent with eachother. This approach highlights the importance of considering
defects in the study of deviations from ideal conduction mechanisms.

These result demonstrate that Mo is a promising gate metal for GaN technology and
establish a link between the correlation of conduction mechanisms and material quality.
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WNy/AlGaN/GalN and
tailoring of the barrier height

Fine tuning of the Schottky barrier is a valuable approach to
reduce gate leakage in AlGaN/GaN HEMTs without compro-
mising the saturation current. Reactive sputtering provides a
versatile method for tuning the stoichiometry of the metallic
thin film, by controlling the environment during metal deposi-
tion.

This chapter investigates WNy/AlGaN/GaN Schottky diodes
fabricated via reactive sputtering. Electrical measurements are
performed to monitor the impact of the deposition environment
on the electrical parameters (barrier height). Furthermore the
conduction mechanism is studied with a focus on the interplay
between thermionic emission and tunneling.

4.1 Overview of Schottky contacts on AlGaN/GaN

4.1.1 Tuning of the Schottky barrier

According to the Schottky-Mott rule, the barrier height formed at the metal/semiconductor
interface is solely dependent on the work function of the metal and the electron affinity
of the semiconductor [76]. In reality, many factors play an important role into the final
value of the barrier, such as interface quality, defect states and processing conditions [77,
118].

99
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In AlGaN/GaN heterostructures, controlling the Schottky barrier height is particularly
critical. The gate contact in HEMT devices plays a central role in modulating the channel
charge and enabling the transition between the ON and OFF states. A low Schottky
barrier may lead to excessive gate leakage in reverse bias, reducing the ON/OFF current
ratio and increasing standby power dissipation [131]. On the other hand, an excessively
high barrier could increase the threshold voltage or compromise forward conduction [16,
17].

As discussed in section 2.5, several strategies have been employed to modify the barrier
height. Among them, one effective approach for fine tuning the barrier height involves
adjusting the reactive gas environment during the metal deposition.

Many studies have shown that changing the reactive/inert gas ratio during the sputtering
process has an impact on the stoichiometric composition and properties of the deposited
thin films [268-270]. Transition metals have a tendency to react with nitrogen forming
metal nitrides. The tendency of this reaction, occurring in the plasma phase of the
sputtering deposition is strongly influenced by thermodynamics aspects. Hones et al.
[268] have compared Cr, Mo and W and their respective nitrides formations. Since Cr
has the highest (negative) formation enthalpy (—118 kJ/mol) compared to Mo and W
(=70 and —72 kJ /mol respectively), CrN tends to form at lower nitrogen partial pressures
compared to MogN and WoN. Generally the nitridation reaction reaches a saturation
value determined by the formation of different crystalline phases [269].

Mo and W have attracted significant attention due to their electrical and thermal prop-
erties [125, 255]. As refractory metals they exhibit high melting temperature [11]. Mo
Schottky contact on 4H-SiC have demonstrated low ideality factors and similar inho-
mogeneity values compared to the as deposited contact, even after annealing at 950 °C
[255]. Furthermore, employing a sputtering deposition approach, the barrier of Mo con-
tacts has been tuned by regulating the nitrogen content during the deposition phase,
achieving values in the range of 0.68 — 1.03 eV [271].

4.1.2 Conduction mechanisms in AlIGaN/GaN heterostructures

The engineering of the Schottky barrier height is a key factor to optimize the perfor-
mance of gate contacts in HEMT devices. If the conduction across the barrier follows
a thermionic emission, then the current will be exponentially dependent on its value.
Particularly in AlGaN/GaN heterostructures, the defects that come from the strained
epitaxial structure, such as threading dislocations, have a fundamental role into deter-
mining the overall conduction across Schottky contacts.

Numerous studies have investigated the conduction mechanisms in AlGaN/GaN het-
erostructures. In reverse bias, the electric field at the Schottky interface plays a critical
role. Analytically both the electric field given by the gate polarization and the combi-
nation of spontaneous and piezoelectric polarization have to be considered. At low gate
bias Poole-Frenkel emission dominates, representing a field-assisted hopping through trap
states. As the electric field increases and the metal/AlGaN barrier becomes triangular,
Fowler-Nordheim tunneling becomes significant [96, 272-279]. In case of highly defective
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materials, trap-assisted tunneling can also be observed [280]. In some cases the gate
leakage current saturates after a certain bias applied, and the conduction is governed
by defects at the AlGaN surface [68, 281]. This current can be notably abated with the
engineering of a thin dielectric layer [282, 283]. When a dielectric is interposed between
the metal and the semiconductor (MIS) the most likely conduction mechanism is the
Poole-Frenkel conduction [195, 256, 284].

Surface treatments, such as CF4 plasma exposure prior to Schottky metal deposition,
have been shown to affect the leakage current by modifying trap properties, effectively
shifting their energy levels and suppressing conduction dominated by shallow traps [285].

In forward bias the interplay of multiple mechanisms has been generally observed in Al-
GaN/GaN heterostructures. Many studies have shown that thermionic emission alone
fails to model the conduction mechanism across the Schottky contact and that the elec-
trical parameters often show that tunneling is the main contributor to the overall con-
duction [100, 101, 112, 237, 261, 279, 286—288]. Several models have been invoked to
explain the electrical behavior of Schottky contacts in heterostructures, where tunnel-
ing through dislocations, considering their high concentration, is the most commonly
considered mechanism [114-116].

4.1.3 Review of non-ideal conduction in AlGaN/GalN Schottky
contacts

The thermionic emission theory has traditionally been employed to model the current
transport across the Schottky barrier. This model has been developed for ideal contacts,
and successfully describes the behavior of ideal contacts, although several corrections have
been made to take into account of the deviation from thermionic emission conduction,
as discussed in section 3.1.

In the case of AlGaN/GaN heterostructure, thermionic emission alone typically fails to
describe the conduction mechanism across the Schottky barrier. The deviations from
this ideal mechanism are too strong and arise from structural defects, such as threading
dislocations introduced during the epitaxial growth on foreign substrates. These defects
can create preferential paths for carriers to tunnel across thereby notably influencing the
conduction mechanism that will follow a tunneling trend. Indeed, tunneling-based models
are widely used to model experimental I-V characteristics in heterostructures. Also, in
high defective materials, dislocation-assisted tunneling often emerges as the dominant
conduction mechanism over a wide range of temperature and bias [100, 112, 113, 288].

Arslan et al. [289] have fabricated AlInN/AIN/GaN heterostructure on AlpOg. Through
XRD measurements they have assessed that the total concentration of dislocations,
both screw and edge types, is 5.9 x 108 cm 2. Ni/Au (40/50 nm) Schottky diodes on
AlInN/GaN exhibited an increase in barrier height and a decrease in ideality factor over
a wide temperature range (80 — 375 K). Fitting of the experimental I-V curves yielded
a characteristic tunneling energy of Egg = 64 meV and a dislocation density in good
agreement with that obtained from XRD measurements.
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A similar approach was adopted by Donoval et al. [101, 288] for Ni/Au Schottky con-
tacts on AllnN/GaN heterostructure with a dislocation density of 1.0 x 10 cm 2. Mea-
surements over a wide range of temperature (300 — 820 K) and modelling showed that
tunneling dominates the conduction mechanism over the wide bias range explored even
at high temperatures.

Yan et al. [100] reported that Ni/Au Schottky contacts on AlGaN/GaN exhibit dominant
tunneling behavior due to the high density of dislocations. The temperature dependence
of the I-V curves in the temperature range of 298 — 473 K further confirmed tunneling
as the main conduction mechanism.

In these cases, the high dislocation density typical of III-N heterostructures provides
alternative pathways for carrier transport. For this reason, the tunneling conduction is
dominant over a wide range of applied bias and temperature.

Also, for AlGaN/GaN heterostructures, other models have been proposed. anomalous
I-V characteristics have been rationalized employing the "two diodes model” [290]. The
deviations from the ideal TE behavior are explained considering the system as composed
of two “back-to-back” diodes, the first one (metal/AlGaN) being forward biased while
the second one (AlGaN/GaN) reverse biased. This approach considers the presence of
two Schottky barriers, and allowed for the extraction of a value of the Schottky Barrier
Height coherent with the Schottky-Mott relation.

4.2 Device fabrication

AlGaN/GaN heterostructures grown on Si substrate characterized by a 16 nm AlGaN
barrier thickness and 26% concentration of Al have been used. Ti/Al/Ti annealed at 600
°C for 1 minutes in Ny atmosphere has been used as ohmic contacts.

Schottky contacts were deposited using the same metal, while varying the ratio between
a reactive gas and an inert gas during the deposition phase. Five different deposition
conditions have been investigated, resulting in to five different gate contacts (sample A
having the lowest reactive gas content, to sample E with highest reactive gas content).
These contacts make up the gate terminal of the HEMT and the anode contact of the
Schottky diodes.

Schottky diodes have been fabricated by optical lithography and lift-off method, the
anode is designed as a circular contact with a diameter of 100 pm surrounded by a large
area ohmic contact.
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Figure 4.1: Schematic structure of the device in cross (a) and top view (b) and No
concentration used for the fabrication of the 5 different samples (c)

4.3 Reactive sputtering for Schottky barrier engineer-

ing

The fabricated devices have been characterized by Capacitance-Voltage (C-V) measure-
ments and Current-Voltage measurements at different temperatures (I-V-T).

The C-V measurements have been conducted by grounding the cathode (Ohmic contact)
and applying a bias to the anode (Schottky contact) of a diode from —6 V to 0 V,
applying a small DC signal of 50 mV with a frequency of 100 kHz. The result of these
measurements for the different samples are reported in figure 4.2.

The concentration of the 2DEG can be extracted from the C-V measurement performing
an integration of the C-V curve and normalizing it by the electron charge and the area
of the anode [96, 256-258] according to equation (3.6). Meanwhile, performing a linear
fit in the increasing region of the ng/V plot allows for the extraction of the threshold
voltage Vryr as the bias value for which the fit intersects the x-axis.

An evident trend is present in figure 4.2, increasing the reactive gas content during the
deposition phase (sample A — sampleE)causesadecreaseinthens (c) and a predictable
increase in Vpy (d), as foreseen by Ambacher’s model [17, 18].

I-V measurements were also performed on the fabricated devices. The anode has been
biased from 0 V to +2 V by keeping the cathode at 0 V. The current flowing through the
anode was measured and normalized by the geometrical area of the contact, as shown in
figure 4.3(a).

According to the TE model, equation (3.1), by performing a linear fit in the linear
region of the semilog J-V curve, it is possible to obtain the ideality factor from the
slope of the fit, while from the intercept with the y-axis the barrier height. In this
analysis the TE model was applied to the second linear region (bias of 1.0 — 1.5 V)
since in the first linear region at low bias (< 1.0 V) there’s a dominant tunneling con-
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tribution to the conduction. This choice was made because the second region reflects
more a thermionic emission mechanism, this aspect will be discussed with more detail
in section 4.4. The result of this procedure is reported respectively in figure 4.3(b)
and (c). The ideality factor has an average of 2.68 over all the samples, while the bar-
rier height linearly increases from with the increase in reactive gas content (sample A
— sampleE).FromtheC — Vmeasurementthere’sareductioninng and an increase in Vpy,
while from the I-V measurements there’s an evident linear increase in Op.

[-V measurements at different temperatures were performed on all samples, and for each
temperature the barrier height and the ideality factor were extracted following this pro-
cedure. The correlation of these two parameters, reported in figure 4.4 only for sample
A and sample E, allows for the extrapolation of the homogeneous barrier height [230].
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Figure 4.4: ®g/n correlation and extraction of d)% for sample A and sample E

The increase in the value of the barrier is also observed in the corresponding homogeneous
values. For sample A a homogeneous barrier of 1.19 eV is obtained, while for sample E
1.32 €V, which consists in an increase of 130 meV.

To evaluate the impact of Schottky barrier height tuning on HEMT performance, devices
fabricated with gate contacts from sample A and sample E were compared.
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Figure 4.5: HEMTs output characteristics Ip-Vp at a gate bias of 1 V of samples A and
E, the measurements have been conducted at a gate bias of 1 V
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In accordance with Ambacher’s model [16, 17], the increase in barrier height observed
from sample A to sample E is reflected in a decreased 2DEG concentration, and in turn
into a saturation drain current. Figure 4.5 reports the output characteristics of these
two samples, the drain saturation current is reduced by 8% due to the decrease in ng.
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Figure 4.6: HEMTs transcharacteristics Ip-Vg (a) and respective gate leakage (b) of
samples A and E, the measurements have been conducted at a drain bias of Vph = 0.5V

Furthermore, this increase in barrier height shows an increase in threshold voltage from
the electrical measurements on the diodes which is further confirmed by the transchar-
acteristics of the HEMTs reported in figure 4.6. But most importantly, the approach
allows to reduce the gate leakage by more than one order of magnitude.

In conclusion, tuning the Schottky barrier through reactive sputtering enables a trade-off
between ON-state performances and gate leakage current. While the saturation drain
current is slightly reduced by 8% due to the increase in barrier height, the gate current is
also suppressed by over an order of magnitude, significantly improving energy efficiency.

4.4 Analysis of conduction mechanisms

Figure 4.3 reports the forward J-V characteristics exhibit an unusual shape, characterized
by two distinct linear regions in the semilogarithmic plot. This non-ideal behavior cannot
be fully explained by a single conduction mechanism, such as thermionic emission alone.
In order to gain deeper insight into the transport physics at the Schottky interface, an
analysis of the conduction mechanisms was carried out.

For the sake of simplicity only one of the samples (B) will be shown. Figure 4.7 reports
the semilogarithmic plot of the experimental J-V obtained at temperatures that range
from 25 °C to 150 °C. At low bias the current density grows exponentially, defined as
Region I. However, at a certain bias point, the curves bend downwards and then grow
again exponentially, defined as Region II. The transition between the two regions becomes
less pronounced with increasing temperature.

In Region II the TE model has been applied, according to which it is possible to obtain
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Figure 4.7: I-V-T measurements of sample B in temperature range of 25 — 150 °C

the thermal dependence of both the ideality factor and the barrier height, reported in
figure 4.8(a). The barrier increases from 0.77 to 0.93 eV, while the ideality factor decreases
from 2.59 to 1.97. Also, figure 4.8(b), a linear correlation between ®@p and n allows to
extract a value of barrier for an homogeneous barrier of 1.22 eV [230].
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Figure 4.8: ®p and n of sample B extracted with the TE model applied in Region II (a).
Linear correlation between ®@p and n, homogeneous value of the barrier of 1.22 eV (b)

To show the inadequacy of the TE model in Region I, the same approach has been
applied in the low bias region. The ideality factors in this region are very high (~ 3) and
also their thermal dependence does not follow the one of a non-ideal thermionic emission.
Particularly, by plotting nkgT/kgT [214] for the two regions and for an ideal TE behavior
it is possible to notice two different behaviors, reported in figure 4.9. Region II has the
same linearly increasing trend as the ideal TE but shifted upwards due to the higher
ideality factors. While Region I has a thermally insensitive nkgT which is generally
associated to tunneling mechanisms [230, 237, 289].

For this reason, in Region I a tunneling model has been employed

Jgp = Jgexp (qu) (4.1)
Eg
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Figure 4.9: Experimental values of nkgT/kgT extracted in the two regions of the J-V
curves (full symbols) and the values for ideal Thermionic Emission (black line)

Where Jg is the tunneling saturation current density, Eqg is the tunneling parameter that
can be correlated to the ideality factor extracted according the TE theory using Egg
which is defined as a characteristic tunneling energy

Eo  Ego Eoo
= = th 4.2
T GT T kTl (kBT (42)

Once the ideality factor has been extracted in Region I, the value of Egg that best fits
with the experimental data can be found according to equation (4.2). Theoretical curves
of n can be obtained by choosing arbitrary values of Egg (from 50 to 80 meV), and
the value of Eqgg that best fits the data can be obtained to be 75 meV, as reported in
figure 4.10. As shown also in figure 3.4, the higher the value of Egg and the higher will
be the thermal dependence of the ideality factor, the stronger the deviation from the
ideal TE behavior. While the lower the value of Egg, and the behavior will be closer to
a classical thermionic emission. Previously reported values of Egg on AlGaN/GaN range
from 25 [68] to 85 [112] meV.
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Figure 4.10: Temperature dependence of the ideality factor extracted in Region I
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This fitting procedure has been carried out to all samples, allowing to extract the value
of Eqg for each deposition condition.
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Figure 4.11: Temperature dependence of the ideality factors extracted in Region I for
all of the samples, a wide range of Egg values has been obtained, reported also some
previous works on AlGaN/GaN from [68, 100, 113]

Interestingly, previous studies on n-GaN have shown that the choice of metal can influence
the value of the characteristic tunneling energy. Ni contacts exhibit an Egg of 17 meV
whereas Pt contacts reach values of 20 meV [291]. In the present case, however, the same
metal has been used, while the variation lies in the deposition environment. This suggests
that the plasma chemistry experienced by the AlGaN surface prior to metal deposition
plays a role into the big change in the observed values of Eqg, reported in figure 4.11.

Once all of the parameters such as tunneling parameter (Eg), Schottky barrier height
(Op), and ideality factor (n), have been extracted for each measurement temperature,
it is possible to rationalize the overall conduction mechanism of sample B. Reported in
figure 4.12 is the J-V curves at 25 °C and 150 °C, respectively (a) and (b). As can be seen,
the TE increases its contribution to the overall conduction with increasing temperature.
The two mechanisms intersect at one bias point, defined herein as “Overlap Bias”, the
bias value at which the two mechanisms have the same weight to the overall conduction
of the device. Reported in figure 4.12 is the dependence of the Overlap Bias over the
whole explored thermal range. When the temperature is raised from 25 °C to 150 °C,
the Overlap Bias shifts towards lower values, meaning that the weight of the thermionic
emission over the tunneling conduction gets progressively higher.

Regarding the series resistance, the fitting procedure consisted in calculating the poten-
tial (Vg) associated with each conduction mechanism, based on the electrical parameters
extracted from the J-V analysis and including also the contribution of the series resistance
(as Vg — IRg). The series resistance values were obtained by fitting the experimental
J-V curves, using Rg as a fitting parameter. Since both mechanisms occur at the same
metal /semiconductor interface, the extracted resistance values were converted into the
same specific resistance (Q x cm?). This conversion took into account the different effec-
tive areas associated to each conduction mechanism. The results show that thermionic
emission dominates the overall conduction, accounting for 99.8% of the total area, while
tunneling contribution is marginal, representing only the 0.2%.
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Figure 4.12: J-V curves measured at 25°C (a) and 150°C (b) and fittings according to
TE model (red lines) and TU model (blue lines), and the thermal dependence of the
Overlap Bias (c)

Furthermore, the tunneling model predicts that the conduction is governed by a multistep
tunneling with the involvement of dislocations [114-116] according to which the current
density reported in equation (4.1) has the following form

Ip = qDvpexp (m) (4.3)

Eg

Where D is the dislocation density, vp is the Debye frequency (1.68 x 1013 g1 for Al-
GaN/GaN heterostructures [112]) and py, is the chemical potential [31]. From this equa-
tion, known the saturation current extracted from the y-intercept linear fit performed in
Region I and the value of the tunneling parameter Eg, it is possible to extract a value of

dislocation density equal to 9.0 x 108 cm™.
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Figure 4.13: Values of Overlap Bias for all the fabricated samples

Increasing the reactive gas content during the deposition phase makes the overlap bias
shift towards higher bias values. This is due to the increase of barrier height that char-
acterizes the thermionic emission conduction in Region II.
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4.5 Nanoscale analyses

In order to investigate the origin of the tunneling contribution observed in the macro-
scopic electrical measurements a set of nanoscale analyses has been performed. Particu-
larly AFM and C-AFM were conducted on the surface of the AlGaN in order to visualize
the morphology and the electrical uniformity.

Particularly AFM and C-AFM, and, in-plane Scanning Transmission Electron Microscopy
(STEM) were conducted on the surface region of the AlGaN, to visualize the morphology
and the electrical uniformity, and the structural quality of the material, respectively.

Figure 4.14(a) reports the morphological AFM acquired in tapping mode where it is
possible to see the presence of both grain boundaries and morphological depressions
which are presents along the crystal domains. These dips are common epitaxial defects
that propagate along the material up until the surface, and generate on top of screw
dislocations [292]. The corresponding current map was acquired under a sample bias of
1.6 V. The image shows a background of low current with some high conductive regions,
the conduction is clearly not spatially uniform as shown in figure 4.14(b). The high
conductive regions account for approximately 0.2% of the total scanned area, this result
is consistent with what has been obtained from the electrical analysis on the diodes.
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Figure 4.14: Morphological AFM conducted in tapping mode (a) and C-AFM (b) con-
ducted on the surface of the AlGaN

To further explore the structural quality of the material, in-plane STEM was performed.
The STEM image reported in figure 4.15 reveals the presence of grain boundaries with
a high density of dislocations, particularly concentrated at the junctions between adja-
cent crystal domains. Dislocations are also observed within the interior of each grain.
The estimated dislocation density is on the order of 4.0 x 10° em™, which is consistent
with typical values reported for MOCVD-grown AlGaN/GaN heterostructures, generally
ranging between 1.0 x 10 and 5.0 x 10° cm™ on both silicon [293] and sapphire [294]
substrates.

A correlation emerges when comparing these nanoscale analyses to the results of the
macroscopic I-V measurements. From the modeling of the forward current, it was found
that the thermionic emission mechanism accounts for 99.8% of the total conducting area,
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Figure 4.15: In-plane STEM image of the AlGaN/GaN heterostructure

while the tunneling mechanism contributes only 0.2%. This ratio of contributions aligns
with the high conductive regions identified from the C-AFM image (figure 4.14), providing
a direct link between localized electrical behavior and structural inhomogeneity.

Although the fraction of conductive regions detected by C-AFM (~ 0.2%) is comparable
to the estimated tunneling contribution to the forward current, this correlation should be
considered as qualitative. The tunneling contribution derived from I-V-T measurements
weakly varies with temperature, and C-AFM measurements provide a single low-bias
picture of this contribution. Moreover, since the C-AFM investigation was performed on
the heterostructure prior to gate deposition, the comparison does not include possible
process related tunneling effects. Nevertheless, the similar order of magnitude suggests
that localized defects, such as dislocations, could play a key role in the onset of tunneling
leakage.

In summary, tungsten nitride Schottky contacts on AlGaN/GaN heterostructures showed
that the environment in which the metal is sputtered strongly affects the electrical prop-
erties of the contact. By tuning the nitrogen content in the sputtering atmosphere it was
possible to modify the barrier height at the metal/semiconductor interface.

The I-V-T analyses revealed the coexistence of two mechanisms, a tunneling contribution
at low bias and a thermionic emission contribution at higher bias. From the series
resistance analysis, the tunneling current was found to originate from 0.2% of the area
of the contact. Nanoscale analysis confirmed that the leakage is not uniform on the
semiconductor surface and it presents some hot spots that account for 0.2% of the scanned
area.

The tunneling contribution was modelled according as a dislocation assisted tunneling,
and the dislocation density extracted is consistent with the one experimentally observed
through STEM analysis.

These results demonstrate that reactive sputtering can be effectively employed in device
fabrication to finely tune the barrier height, while the conduction mechanism analysis
provides a direct link between deposition conditions, defects and device performance.



Chapter 5

Geometric effects on gate
leakage in p-GalN HEMTs

In p-GaN gated HEMTs, gate leakage remains a critical re-
liability concern due to the introduction of electrically active
defects during the fabrication process, particularly along the
gate perimeter.

This chapter investigates the ON-state gate leakage in p-GaN
HEMTs, focusing on the role of device geometry in modulat-
ing leakage current. By analyzing devices with different gate
lengths, it is possible to decouple the contributions from gate
area and perimeter. This separation enables a more accurate
extraction of Schottky parameters and highlights the role of the
perimeter. A dual model approach, based on thermionic field
emission and Poole-Frenkel emission, is employed to gain in-
sight into the conduction mechanisms and provide guidance for
process optimization.

5.1 Overview of gate leakage in p-GalN HEMTs

5.1.1 Schottky contacts on p-GalN

The Schottky/p-GaN interface plays a crucial role regulating both the threshold voltage
and the gate leakage of the devices. As normally-OFF devices, they exhibit a positive
threshold voltage., and Schottky contacts are often obtained by using low work function
metals (such as Al, Ti, TiN [9]). Metals such as Zr and Cr have also been proposed since,
having a low work function, they exhibit high barrier heights [295].

73
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Since in p-GaN HEMTs the p-GaN has to have high holes concentrations (10'8-101°
cm‘3) in order to achieve the normally-OFF conditions, the Schottky barrier has to be
high in order to avoid tunneling phenomena and excessive leakage current.

Vanadium has been proposed as a an alternative Schottky contact to p-GaN by Padma et
al. [296] due to its low metal work function of 4.3 €V. It has been shown that by annealing
the contact in nitrogen atmosphere the barrier height notably increases, from 0.82 eV for
the as deposited contact to 0.94 eV for the contact annealed at 400 °C. Furthermore the
ideality factor decreases from 1.92 to 1.14. The XRD analysis shows the formation of a
V5N phase after the annealing process at 400 °C.

Other unusual metallization schemes have been proposed by Fukushima et al. [297] that
used rare earth metals (Dy, Er and Gd) as Schottky contacts to p-GaN. Since these
metals have low work functions (3.1 ~ 3.2 V), when used as contacts on the p-GaN they
have high Schottky barriers.

The thermal budget applied during device fabrication plays a crucial role in determining
the final electrical properties of Schottky contacts. A systematic study by Greco et al.
[298] investigated this effect using a Ti/Al (30/170 nm) Schottky stack, comparing two
fabrication approaches: gate first and gate last. In the gate-first approach, the Schottky
contact is deposited and subsequently annealed together with the ohmic contact stack.
The thermal treatment is conducted at 800 °C for 60 s in Ar. In contrast, the gate-
last approach involves the fabrication and annealing of the ohmic contacts first, followed
by the deposition of the Schottky gate, which undergoes no thermal treatment. The
electrical results showed a significant degradation in gate performance in the gate first
fabrication approach. Specifically, the gate leakage increased and the ON/OFF current
ratio reduced. On the other hand, the gate-last process preserved the Schottky contact
integrity, resulting in lower leakage and a higher ON/OFF ratio. Current measurements
on back-to-back Schottky structures revealed a substantial reduction in Schottky barrier
height following the high temperature annealing. The barrier was estimated to be 2.08
eV in the gate last sample and 1.60 eV in the gate-first one. This confirms that thermal
processing can significantly degrade the barrier.

5.1.2 Gate contact: reliability and conduction mechanisms

One critical issue about the gate leakage in p-GaN HEMTs is the reliability [299]. In
fact, it has been shown that it exists a relationship between the gate leakage current and
the time to failure (TTF) [300]. The lower the gate leakage current and the higher will
be the TTF. This relationship is valid for a wide range of gate bias values and it allows
to find a trade-off between a safe operating voltage and the lifetime of the device at a
fixed temperature [147].

A novel structure has been proposed consisting of a p-n junction (PNJ) AlGaN/GaN
HEMT. Tt consists in growing a thin (30 nm) n-GaN layer on top of the p-GaN (110 nm).
This layer allows for the formation of a ohmic contact on the gate region, and it has been
shown to lead to reduced gate leakage and increased breakdown voltage [301].
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Another novel approach has been recently patented by STMicroelectronics [302] consist-
ing into a p-GaN ring around the gate contact. This ring leads to a reduced gate leakage
and also an increased breakdown voltage.

Under constant stress conditions, there is a positive charge accumulation at the interface
between p-GaN and AlGaN which induces a barrier height reduction leading to a catas-
trophic increase in the leakage current and failure of the tested device [300, 303]. In order
to increase the catastrophic failure voltage the gate can be insulated with a dielectric
[304].

Concerning the modelling of the gate contact it can be decomposed in two junctions
[147], as reported in figure 5.1. The metal/p-GaN is a Schottky junction (D1) between
the metal and the p-GaN layer and in working conditions (Vg > 0 V) it is reverse
biased. This first junction governs the forward leakage current. The second junction is
a p-i-n junction, composed by the p-GaN/AlGaN/GaN junction (D2), where the n part
is composed by the 2DEG at the heterointerface. In working conditions this junction is
forward biased.

D1 metal/p-GaN ESCLci
p-GaN Schottky junction

Al,Ga, N D2 p-GaN/AlGaN/GaN
2DEG p-i-n junction

Gate Current

GaN

Gate Bias

Figure 5.1: Schematic of the p-GaN gate and equivalent circuit of the system in forward
bias polarity and schematic of the gate current as a function of gate bias (in semilog
scale)

The gate leakage current is a critical indicator of device reliability in p-GaN HEMTs, and
for this reason it has been widely studied in both bias polarity. When the gate is neg-
atively biased the leakage is generally attributed to Poole-Frenkel emission particularly
along the perimeter of the device where edge effects cause a peak of electric field [149].

In forward bias conditions, considering the double junction of the gate contact, different
conditions can be obtained depending on the gate bias, as schematically reported in
figure 5.1:

o At low forward bias (Vg < 2 V) the dominant conduction mechanism is thermionic
emission [149] and this current level is highly dependent on the barrier height and
not on the Mg doping concentration [300].

o At moderate forward bias (2 V < Vg < 5 V) the conduction can be described by
a power law equation according to a space-charge-limited current (SCLC) model
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[213, 305]. In this condition, electrons from the 2DEG can be injected into the
AlGaN, these electrons can either recombine with holes injected from the p-GaN
layer or be trapped in defect states in the AlGaN layer [154, 306].

o At high forward bias (Vg > 5 V) the conduction can shift towards a tunneling-
based mechanism, it has been previously reported that it can follow a trap assisted
tunneling [149] or thermionic field emission [213]. In this bias regime, holes injection
at the metal /p-GaN interface leads to a notable increase in the gate leakage current
[141].

The current conduction of the gate contact has also been modelled according to a par-
asitic contribution along the perimeter of the contact itself. In this case, the leakage
is consistent with a Poole-Frenkel emission mechanism, where trap-assisted conduction
occurs under high electric field values at the gate edge. A low-resistance percolation path
along the perimeter can notably impact the gate current [307] and it is influenced by the
presence and quality of a passivation dielectric [308].

Stockman et al. [148] have compered a reference device with one incorporating an im-
provement Schottky interface and another further with improvement of the p-GaN side-
walls. This study shows as the suppression of the gate leakage along the p-GaN sidewalls
is essential to achieve low gate leakage in forward and reverse bias conditions. The hole
current flowing along the p-GaN sidewall induces trapping in the AlGaN barrier leading
to a decrease in the threshold voltage [148, 149]. The improvement of the metal/p-GaN
interface leads to a lower rate of hole injection from the metal to the p-GalN, not opti-
mized sidewall of the p-GaN contact (roughness, interface states) create conductive path
leading to trapping of holes in the AlGaN barrier.

One of the possible approach to suppress the gate leakage consist in the introduction of a
metal/graphene gate. It has been shown by Zhou et al. [309] that interposing graphene
has a beneficial effect both on reducing the gate leakage and increasing the threshold
voltage of the device compared with the one without the graphene layer.

There is a direct correlation between the gate leakage and the time to failure. Lower
gate currents are linked to a higher lifetime of the device [149, 300]. Once the devices
reach failure, the Schottky junction is degraded and the metal/p-GaN junctions behaves
as ohmic rather than Schottky, while the p-i-n junction does not alter its behavior [310,
311]. The gate current is influenced by trapping phenomena (both electrons and holes)
that can induce threshold voltage instabilities [154, 312, 313].

5.2 Device Fabrication

Normally-OFF p-GaN/AlGaN/GaN FATFETs grown on Si substrates have been used in
this work. The gate structure consists of 100 nm of p-GaN with a nominal Mg doping
concentration of 2 x 1019 ¢cm™. The AlGaN barrier layer is characterized by a thickness
of 16 nm and Al concentration of 23%. The gate contact used is TiN, while Ta-based
stacks were used as ohmic contacts.
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FATFETs characterized by having a rectangular gate contact of dimensions W = 200
um and Lg of variable sizes (from 20 pm to 120 pm) as reported in figure 5.2 have been
characterized through Iggg measurements at temperatures ranging from 25 °C to 150
°C. The measurements consist in grounding both the ohmic contacts of the device and
sweeping the gate bias only in forward direction from 0 V to 10 V.

Three different devices architectures have been tested, the size of the p-GaN contact is
always the same, as well as the distances between the Schottky and ohmic contacts, but
the etching process employed for the removal of the p-GaN in the access regions has been
optimized going from sample A to sample C. The optimization of the etching process is
linked to a reduced gate leakage current.

(a) (b)
L/p-GaN

Figure 5.2: Schematic structure of the device in cross (a) and top view (b)

5.3 Electrical characterization

Iqgs measurements have been conducted on all three samples. The gate current has
been normalized by the area of the contact and the measurements have been conducted
in a thermal range from 25 °C to 150 °C, all of the different sizes of FATFETs have been
measured. Figure 5.3 reports the measurements for 25 °C and 150 °C for all the samples
and all different gate sizes. As can be seen, there is a notable current density dispersion.
This effect gets more pronounced at higher voltages and less pronounced with increasing
temperature.

Since the metal/p-GaN interface is identical for all the tested FATFETS, and the only
variable is the gate contact size, the gate current density would be expected to remain
constant regardless of contact area. However, the observed dispersion in current density
indicates the presence of a perimeter related contribution. Moreover, the bias dependence
of this dispersion suggests the involvement of an electric field-dependent conduction mech-
anism.
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Figure 5.3: Iagg measurements of sample A, B, and C at 25 °C and 150 °C

5.3.1 Isolation of the area and perimeter contribution

Accurately distinguishing between the contributions of the perimeter and the area to
overall conduction is essential for extracting trustworthy material parameters, espe-
cially in high-performance HEMTs. Techniques such as back-to-back Schottky structures
[298], employed at low bias, provide valuable insights into the barrier properties. When
perimeter-related leakage is significant, these assumptions no longer hold, leading to in-
accurate estimation of parameters such as the Schottky barrier height. To overcome this
limit, a model that allows to isolate the area and perimeter contribution to the overall
conduction can be employed enabling the extraction of a more accurate value of the bar-
rier, needed also for TCAD simulations of devices. These insights are critical for both
understanding material behavior and improving process and device design.

Considering the rectangular geometry of the measured FATFETSs, where one side is al-
ways 200 um while the other side has a variable length, it is possible to estimate the
perimeter of the contact, its area and the corresponding perimeter/area ratio. In fact,
the perimeter/area ratio gives an indication of what may be the weight of the perimeter
contribution for one fixed contact geometry.

Figure 5.4 reports how the perimeter, area and perimeter /area ratio change for the geom-
etry presented by the FATFETs. The perimeter/area ratio has a hyperbolic dependence
on the variable side Lg, while the perimeter weight over the area becomes more and more
pronounced with decreasing size.

Taking this geometrical consideration, some authors have previously proposed [314, 315] a
model where using devices of multiple dimensions allows to isolate the area and perime-



5.3. Electrical characterization 79

10" : : 2000

T
Perimeter

Area
Perimeter/Area {1500

NE :‘
5 s
©

A 9
g— 10 5 g_
0 1000 & o

= o

= <«
o103} g 1
(0] >
E E B
) o
o o

T — : - 0
0 50 100 150 200

L (um)
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angular contact having one side of constant dimensions (200 pum) and one slide variable
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ter contribution to the overall measured current. The model has been developed for
rectangular shaped contacts, but has also been adopted for circular geometries. The ex-
perimental current density is expressed as a function of a bulk contribution Jg (A/cm?),
current flowing through the area of the contact, and a perimeter contribution Jp (A/cm).
These two contributions are linked by the perimeter/area ratio, following

Iexp . E
A —JB—|—<A>JP (5.1)

According to equation (5.1) the experimental current can be normalized by the geomet-
rical area of the contact. By reporting this value for the perimeter/area ratio, a linear
fit allows to find the bulk current density from the y-axis intercept, while the perimeter
contribution from the slope.

Figure 5.5 reports the application of this model for selected bias values (6, 7, and 8 V)
at the lowest (25 °C) and highest (150 °C) measurement temperature, considering only
sample B for clarity. It has been performed only on the four largest devices (Lg > 60
um) and a linear fit is used to isolate the bulk and perimeter contributions. In fact, as
shown in figure 5.4, when Lg decreases, the perimeter/area ratio increases exponentially,
making it reasonable to assume that, for small values of Lg, the perimeter contribution
dominates and the model is no longer applicable for this geometries.

At 25 °C, as the gate bias increases, the extracted bulk current density tends to decrease,
even reaching negative values at 8 V. At the same time there is a noticeable increase in
the slope of the linear fits, suggesting a growing dominance of the perimeter contribution.
Instead, at 150 °C, the bulk current density is higher for the same bias values and remains
positive even at higher bias. Although the slope still increases with voltage, the perimeter
contribution does not overcome the bulk one.

Of course, a negative current does not make any physical sense, so once one of the
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Figure 5.5: Isolation of the area contribution and the perimeter contribution according
to the geometrical model, for 25 °C (a) and 150 °C (b) of sample B

isolated contribution (either bulk or perimeter) become negative, the model is no longer
applicable.

This procedure has been applied to all the samples, for every temperature and bias value
at which the measurement has been carried out.
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Figure 5.6: Bulk contribution (y-axis intercepts of the linear fit reported in figure 5.5) of
all three samples

Figure 5.6 reports the bulk contribution extracted for each sample for every temperature.
Sample A exhibit a non uniform bulk current density. This behavior is related to a
not-optimized etching process leading to, probably, the highest perimeter contribution
out of all of the measured samples. Sample B shows a stronger dominance of the bulk
contribution, where the model remain valid up to 6 V at 25 °C, and up to 10 V at 150
°C. A similar behavior is observed for sample C, although if in this case the perimeter
contribution becomes dominant at lower bias values, limiting the validity of the isolation
of the two contributions.

Figure 5.7 shows the extracted perimeter contribution for the three samples. It can be
noted as in all the cases, the current start to increase at Vg > 2 V. There is a threshold
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Figure 5.7: Perimeter contribution (slopes of the linear fit reported in figure 5.5) of all
three samples

value of gate bias for which the perimeter contribution starts to increase. Once the
perimeter conduction is active, the current has a weak bias and thermal dependence,
characteristic of trap-assisted tunneling phenomena [316].

Interestingly, since the model works best with contacts having a large size, it is possible to
take the area contribution (A/cm?) and the perimeter contribution (A /cm) and multiply
them for the area and perimeter of the largest contact (120x200 wm?). In this way the
area and perimeter current can be obtained and compared to the experimental measured
current for the same size.
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Figure 5.8: Experimental currents measured for the devices (sample B and C) of 120x200
um? area and the isolated area and perimeter current

As shown in figure 5.8, the evolution of the area and perimeter components as a func-
tion of the applied bias is strongly influenced by the specific etching process adopted
for fabrication. While this dependence offers an interesting scientific consideration, in
an industrial context the most relevant parameter remains the measured gate current
leakage.

The isolation of the two contribution allows to get insights into the conduction mechanism
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associated to the area and perimeter conduction.

5.3.2 Modelling of the conduction mechanism

Once the bulk gate current density, isolated from the experimental measured one, and its
temperature dependence have been obtained, it becomes possible to extract the Schot-
tky barrier height associated with the metal/p-GaN junction. Considering an activated
acceptor concentration of 2.8 x 108 ¢cm™, the corresponding ratio of Egy/kgT lies in
the range of 0.3 ~ 0.5. This regime corresponds to thermionic field emission conduction,
which appropriately models the current transport at such doping levels [12]. For lower
acceptor concentrations, the transport across the Schottky barrier has been modelled
according to thermionic emission [295, 317].

Typically, for acceptor concentrations in the TFE range, the barrier height at the metal/p-
GaN junction is extracted using back-to-back Schottky contacts, and applying the model
in low-voltage regime (V < 0.5 V) [314, 318]. However, as described in section 5.3.1,
the area component of the gate current can be isolated from the total measured current.
This enables the application of the TFE model to higher forward biases, up to 8 V, where
the perimeter contribution in some samples is still negligible compared to the bulk one
and so it does not affect the extraction.

According to the TFE model the current density can be expressed as [81]

B 4D qOp Ve Vp
Jopg = A*T2, [ Y20y 4 ex ( exp [ ~E - YE
TFE \/ kpT \[ T cosh? (qEgo/kpT) °\ Eo ) P\kgT Eo

(5.2)

Where A" is Richardson’s constant (103.8 A cm™2 K2 for holes in GaN [319]), Eqqg is
the characteristic tunneling energy, Eq is the tunneling parameter, @y is the Schottky
Barrier Height, Vg is the applied forward bias, T is the absolute temperature, kg is
Boltzmann’s constant, h is Plank’s constant, and ¢ is the fundamental charge.

By fitting the area current density as a function of temperature at a fixed forward bias, 5
V as reported in equation (5.2), both the Schottky barrier and the acceptor concentration
can be extracted. The result of this analysis is reported in figure 5.9 where an average
Schottky Barrier Height of 1.19 €V at 5 V and acceptor concentration of 4.0 x 10'® ¢cm™
has been extracted which is coherent with the value obtained from C-V measurements.
In this figure the experimental current densities measured on the largest device (Lg =
120 pm) are also reported. Due to their reduced perimeter/area ratio, these structure
exhibit gate current densities that closely resemble the ones that the geometrical model
predicts.

Despite differences in the measured gate current, the extracted barrier heights and accep-
tor concentrations are very similar between the samples. This suggests that the properties
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Figure 5.9: Bulk current density fitted according to the TFE model for sample B and C,
also reported the experimental current density for the 120x200 um? device

of the metal/p-GaN interface are not affected by the variation in etching process, as all
the samples share the same gate metal stack and deposition conditions, the metal/p-GaN
interface is the same across all samples. Therefore, the TFE model effectively captures
the behavior of the Schottky junction making it independent of geometrical parasitic
effects.

behavior of the Schottky junction making it independent of geometrical parasitic ef-
fects. Similarly, it is possible to model the perimeter-driven conduction from the isolated
perimeter contribution. Previously, it has been reported that there is a perimeter gate
leakage conduction in p-GaN HEMTs and it can be modelled by modifying the Poole-
Frenkel emission model considering a lateral electric field [148]. In this way the module of
the electric field is directly linked to the bias applied to the gate and the shorted distance
between the gate and the drain contact.

In this study the distance between the Schottky and the two ohmic contacts is the same
(Lg = 1 pm). The Poole-Frenkel emission (PFE) model follows the equation

q (bt~ aT_|
Jppg = Cpp Eexp | - ( kB;OEHF ) (5.3)

Where Cpp is a pre-exponential constant, E is the electric field (defined as Vg/Lg), bt
is the energy trap state, and egy is the high frequency dielectric constant of GaN (which
is considered to be 5.5).

The model predicts a tunneling conduction assisted by defects. The physical meaning
of these defects could be related to plasma induced damage during the etching process
at the p-GaN sidewall. These traps enable a trap assisted carrier transport leading to a
perimeter conduction. In order to perform the fit the isolated perimeter current density
(expressed in A /cm) has been taken at 5 V, and the Poole-Frenkel model has been applied
considering a lateral electric field, and egp = 5.5, instead Cpy and ¢ are used as fitting
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parameters.

Figure 5.10 reports the results of this fit. The Poole-Frenkel emission model appropriately
fits the extracted perimeter current densities.
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Figure 5.10: Perimeter current density fitted according to the Poole-Frenkel model for
sample A, B and C, with the extracted trap states energies for each sample

As shown in figure 5.10, the extracted trap energies vary significantly among the different
samples. These values are consistent with shallow acceptor levels of Mg and Mg-H
complexes previously reported in p-GaN [29]. Sample A, which exhibits the highest
perimeter contribution, shows the lowest trap energy and a weak temperature dependence
of the isolated perimeter contribution. This suggests that carriers can easily tunnel
through these shallow states resulting in a notable weight of the perimeter on the overall
leakage. In contrast, sample C displays a higher trap state energy. As shown in figure 5.8
there is a competition between area and perimeter conduction up until a gate bias of
about 7V (at 150 °C), after that bias (and electric field magnitude) the current becomes
predominantly a perimeter contribution. Sample B on the other hand shows the highest
trap energy. As a result, the tunneling through these states requires a higher gate bias.
In fact, from figure 5.8, the perimeter never does exceed the area contribution even at
10 V (at 150 °C). Such energy values also explain why the temperature variation of the
perimeter current is higher, since the Poole-Frenkel emission model predicts a thermally
activated component to the conduction.

In summary, the study of p-GaN HEMTs highlighted the critical role of the gate contact
and its geometry in the determination of the leakage current. By developing a methodol-
ogy capable of separating the area and the perimeter contributions to the overall current,
it was possible to show that the perimeter plays a dominant role in the forward bias leak-
age. This is illustrated in figure 5.11 where the current from the perimeter is given by
the damage induced during the plasma dry etching of the p-GaN around the perimeter of
the gate contact. The modelling of the I-V-T confirms that the leakage originates from
a defect assisted conduction that follows Poole-Frenkel emission and it depends on the
lateral electric field between the gate and ohmic contacts.

By isolating the area contribution it was possible to extract a more accurate barrier height
modelling the current according to the TFE model. This approach not only improves the
understanding of conduction mechanisms in p-GaN HEMTs but also offers an evaluation
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tool for assessing the damage induced during plasma etching processing.






Chapter 6

Conclusions and future
perspectives

The research activity carried out in this PhD thesis has been focused on the analysis
of leakage mechanisms in Schottky contacts in AlGaN/GaN-based devices (diodes and
HEMTs). The main focus of this work lies in establishing correlations between electrical
transport, material quality, and processing conditions.

The first part of the thesis focuses on the study of Mo/AlGaN/GaN Schottky contacts.
The electrical characterization, conducted in a wide temperature range, shows clear de-
viation from the ideal thermionic emission conduction. Particularly, these deviations
where identified through the temperature dependence of the ideality factor and the bar-
rier height, confirming a thermionic emission conduction. The deviation from ideality
have been interpreted using Tung’s model, which takes into account the presence of bar-
rier inhomogeneities at the metal/semiconductor interface. The modelling results show
that these inhomogeneities are present and have a size and concentration comparable to
dislocations in AlGaN/GaN heterostructures grown on Si. This analysis highlights Mo
as a suitable Schottky contact for Al1GalN/GaN heterostructures, showing a close to ideal
thermionic emission behavior.

The second part of this work investigates W Schottky contacts deposited in a reactive
sputtering environment, focusing on how the deposition conditions influence the electrical
properties of the contact. The nitrogen to argon ratio was varied to control the film
stoichiometry, enabling a systematic study of the influence of process parameters on
the Schottky barrier values. The experimental results evidence a direct dependence of
the barrier height on the nitrogen content, confirming that by tuning the deposition
conditions it is possible to modulate the barrier height. The trend shows an increase in
barrier height with increasing nitrogen content. Moreover, the conduction mechanism
was found to result from an interplay between thermionic emission and tunneling. These
results highlight the effectiveness of process control as a tool to optimize the Schottky
barrier height.

87
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Finally, the last part of this thesis addresses p-GaN gate HEMTs, with particular atten-
tion to leakage mechanisms of the gate contact. A methodology was proposed to isolate
the current contributions related to the gate area and that given by the perimeter of
the contact. The analysis of the isolated components revealed that the area follows a
thermionic field emission mechanism. On the other hand, the perimeter leakage is con-
sistent with Poole-Frenkel emission, associated with traps states generated during the
p-GaN dry etching process. This double-component analysis therefore provided not only
a deeper physical understanding of the leakage mechanisms, but also a practical tool for
parameter extraction in TCAD simulations.

In conclusion, the research activities carried out in this thesis provide a study regarding
the gate leakage in Schottky contacts on A1GaN/GaN-based devices, with a focus on the
physical mechanisms and a strong correlation between the mechanisms and structural
defects. This work highlights how different materials, deposition approaches and process-
ing steps impact the electrical behavior and the conduction mechanisms of gate contacts.
From the close to ideal behavior of Mo contacts, to the tunability of the barrier height
in reactive sputtered WN contacts and the perimeter driven leakage in p-GaN HEMTs,
the results obtained consistently show that the electrical transport can be directly linked
to material quality and process conditions.

Building on the results obtained during this work, further investigation could be devoted
to exploring how specific process parameters may induce a transition between different
conduction mechanisms. In particular, it would be interesting to assess whether increas-
ing the plasma power during sputtering the deposition of Mo Schottky contacts can
increase the concentration of defects at the metal/semiconductor interface thus favoring
tunneling over thermionic emission.



Appendix A

Deviation from TE conduction

This appendix summarizes the physical derivation of Tung’s model and its implications
for current transport in inhomogeneous Schottky contacts.

Tung’s model provides an analytical explanation for deviation from ideal thermionic
emission conduction observed in real Schottky contacts. The core of the model lays in
the assumption that, for various physical reasons that mainly depend on defect density
and distribution, there are some region at the metal/semiconductor interface that have
a lower potential than the rest of the interface. So the conduction can be assumed as a
series of contributions, one that derives from the homogeneous (“defect-free”) region and
that from the inhomogeneous regions, defined as patches.

The defects are associated to surface roughness [103, 226, 239], grain boundaries [266],
different crystalline phases [265] or even interface states [320].

The homogeneous region contributes according to the standard and ideal thermionic
emission model as reported in equation (3.1), where the ideality factor is unitary and
the Schottky barrier height is constant. Instead, the inhomogeneous region has a lower
barrier and a higher than unity ideality factor. The values of the barrier and the ideality
factor depend on the region parameter, that in turn depends on the size of the patch
(Ro) and the local barrier lowering (A). These two factors, Ry and A, that influence how
a patch behaves are included in one factor defined as region parameter y.

When a patch, having a small radius and a high potential difference, is embedded in
a high barrier region (such as the homogeneous potential region) the conduction patch
across the patch is pinched-off by the surrounding regions at higher barrier. The meaning
of the pinch-off is that the current through the low-barrier patch is suppressed by the
surrounding regions. In fact, the potential does not have abrupt changes going from
the low-barrier patch to the high-barrier homogeneous region, rather there is a smooth
change given by the electrostatics of the depletion region. As a result, the conduction
band edge above the patch bends upwards, and a saddle point is formed in the potential
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profile. The energy of the saddle point represents the effective barrier height @%ff that
electrons have to overcome in order to flow through the patch, as shown in figure 3.3.

The pinch-off effect makes it so that the current flows across the patch by a saddle point
in the potential profile creating an effective barrier height. So, the conduction across the
patches is influenced by its size and potential difference with the homogeneous region,
since these two parameters affect the height of the barrier at the saddle point.

Considering the circular patch approximation, the potential distribution along a line
normal to the metal/semiconductor interface passing through the center of the patch is
given by [219]

Z \2 Z
V(z) = Vi, (17W) A<1(z2+R§)1/2> (A1)

Where Vi, is the band bending, W is the thickness of the depletion region and z is the
depth. Figure A.1 reports the potential as a function of depth from the metal/semiconductor
interface, the potential depends both on the values of the radius of the patch (Rg) and
the difference of potential between the homogeneous region and the patch (A).

Figure A.1 reports the simulation of the Conduction Band Minimum (CBM) at the center
of the patch as a function of depth for a patch embedded in a homogeneous background
having a potential of 0.8 ¢V. In figure A.1(a) the difference of potential between the
homogenous region and the patch has been kept constant at 0.2 eV, while the radius
has been varied, in (b) the radius has been kept constant at 10 nm and the potential
difference has been varied.
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Figure A.1: CBM a the center of the patch as a function of depth (z) for different a
patch embedded on a homogeneous background having a potential of 0.8 eV with differ-
ent radiuses (a) and different potential differences (b) together with the homogeneous
potential profile (gray line)

As figure A.1 shows, a local maximum forms, defined by the pinch-off condition, that
corresponds to the effective Schottky barrier height and saddle point. Interestingly, the
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lower the size of the patch and the closer to the metal/semiconductor interface will be
this point. When the size of the patch is small (i.e. 1 nm, black line in the figure) the
saddle point is so close to the interface that it is difficult to discern the potential in this
region from the homogenous one. In fact the homogeneous background imposes a lateral
electrostatic confinement of the potential perturbation given by the presence of the patch.
Since the perturbation can not propagate along the depth, but is confined very close to
the interface, the effective barrier height is close to the homogeneous value, meaning that
these kind of patches can be treated as non inhomogeneous sources. As the radius of the
patch increases, the saddle point shifts deeper in the semiconductor. In fact, as the radius
of the patch increases, the electrostatic influence of the high barrier background becomes
weaker at the center of the patch. The lateral electric field originating at the patch
perimeter decreases with the distance, so the larger the radius and the lower the effect that
the homogeneous region has on the center of the patch. Consequently, the saddle point
moves deeper into the semiconductor following the dipole-layer approximation used by
Tung [230] according to which this saddle point is follows such dependence z o (Ang)l/ 3,
When the radius of the patch becomes large (i.e. 100 nm, cyan line in the figure) the
potential becomes monotonic and the saddle point vanishes. The contact at the batch
center behaves as an effectively homogeneous low barrier region, in this case the current
conduction follows Werner’s model [266] where the current transport can be modelled by
the parallel conduction of the high and low barrier regions.

Instead, when the radius of the patch is fixed (10 nm) and the value of the potential
difference (A) varies, figure A.1(b), the saddle point shifts deeper in the semiconductor.
The increased local reduction of the barrier intensifies the perturbation of the potential
along the patch, increasing the lateral electric field that arises due to this very potential
difference. This field tends to pinch-off the patch and with increasing A the saddle point
shifts deeper reducing the effective barrier height.

(a) (b)

Small patch approximation Large patch approximation
__ Metal Metal
S & [ : &
= g c gt
9 5 Q =
T o T
Semiconductor Semiconductor

Figure A.2: Sketch of the potential profile along the depth for a semiconductor embedded
with a small (a) and large (b) patch

Figure A.2 reports potential lines at different depth in the semiconductor with two differ-
ent sizes patches. So, as schematically reported in figure A.2(a) in a small patch a saddle
point is formed underneath the patch. Instead, in a large patch figure A.2(b) the saddle
point is not formed, rather, a classical depletion region profile with lower potential is
underneath the patch.
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The condition required to obtain a pinched-off patch is given by Tung’s model [230] so
that A/Vyy, > 2Rg/W, the ratio between the potential difference and the band bending
has to be higher of the ration of twice the radius of the patch and the depletion width.
So, the pinch-off condition conditions depends not only on the patch properties (A, Rq)
but also on temperature, doping level, and applied bias. Furthermore, not every patch
present at the metal/semiconductor interface will be pinched off, the saddle point forms
only in a correct ratio between the size and the potential difference of the patch, given a
uniformly doped semiconductor.

The consequence of this physical phenomenon is taken into account in the current conduc-
tion. The current does not depend on the nominal local barrier lowering at the interface
(A), rather on the effective barrier height defined by the saddle point in pinched-off
patches. In Tung’s framework the forward current is given by a set of effective patch
channels, where for simplicity the properties of the patches are included in the region
parameter vy, as defined in equation (3.4). The deviation from ideal thermionic emission
is directly linked to the region parameter, in fact the ideality factor of the patch and the
effective barrier height depend on it.
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Figure A.3: Ideality factor (a) and effective Schottky barrier height for different region
parameters y

As reported in figure A.3 both the ideality factor (a) and the effective barrier height (b)
have a dependence on the region parameter. The increase in region parameter leads to an
increase in the inhomogeneity degree of the contact, in turn leading to a higher ideality
factor and a reduced barrier height of the patch compared to the homogeneous region.

In conclusion, Tung’s model allows for a deeper understanding of how defects, defined
patches, alter the electrostatic potential at the metal/semiconductor interface. The prop-
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erties of the patches are defined by the region parameter (y) which is a direct indication
of the inhomogeneity degree of the interface. The current that flows through the patches,
follows a thermionic emission mechanism, where the ideality factor is higher than 1, while
the effective barrier height is lower than the homogeneous one.






Appendix B

Processing flow and device
characterization

A generic procedure for the fabrication of AlGaN/GaN based devices consists in the steps
reported in figure B.1.

(a) (b) (c)

Cleaning Metal deposition Annealing

(d) (e)

Dry etching Metal deposition

Figure B.1: Schematic representation of the fabrication flow for lateral devices (diodes
and HEMTS). The process includes: (a) substrate cleaning, (b) ohmic stack deposition,
(c) thermal annealing and ohmic contact formation, (d) dry etching for mesa isolation
around the perimeter of the device, and (e) final metal deposition for Schottky/gate
contacts.
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96 Appendix B. Processing flow and device characterization

Particularly, the wafer is first cleaned in order to remove organic and inorganic superficial
contamination and the eventual native oxide (a). Then the ohmic metal stack is deposited,
generally by e-beam evaporation, and annealed in order to achieve ohmic contact behavior
(b-c). After that, the perimeter of the device is isolated by physically removing material
or by ion implantation, isolating the device (d). Finally, the Schottky metal is deposited
as anode or gate contact of the fabricated device (e).

Of course this is a simplification and many other steps, such as dielectric deposition
[321, 322], and multiple level of metal as field plates [193, 323] are employed for the
improvement of the reliability and performance of the devices. In the case of the p-GaN
HEMTs there is a dry etching step to remove the p-GaN in the access regions between
the Schottky and ohmic contacts [324].

The electrical measurements of the devices reported in this thesis were performed in
STMicroelectronics and CNR-IMM. The measurements were performed using a parame-
ter analyzer (B1505 by Keysight) equipped in a probe station. The chuck of the probe
station can be both chilled and heated (from - 50 °C to + 200 °C) with an external
chiller. The device terminals are contacted with micromanipulated probes, each consist-
ing of separate force and sense tips to ensure accurate voltage application (force) and
current measurement (sense). By applying a defined bias to the metallic contacts of
the device the corresponding current response is measured, such as diode and HEMT
characteristics.

Figure B.2: Experimental setup for the I¢gg measurements performed in appendix 5

Figure B.2 reports some of the structures that have been tested in appendix 5. The tips
are tungsten based with a curvature radius of 5 um and are connected to a parameter
B1505 by Keysight.

Lastly, during this PhD work a Dimension Icon AFM by Bruker has been used to perform
AFM measurements of surface morphology and surface conduction of some of the mate-
rials reported in this thesis. The morphology measurements were conducted in tapping
mode using Si tips having a curvature radius of 5 nm, while the electrical measurements
were performed using antimony doped Si tips having a curvature radius of 25 nm.



List of Figures

1.1
1.2

1.3

1.4

1.5

1.6

1.7

1.8

1.9

2.1

2.2

2.3

2.4

2.5

2.6

Crystal structure of the possible symmetries of group III-nitrides . . . . . 2
Energy bandgap and the visible spectrum (a) and Spontaneous Polariza-
tion (b) of ternary compounds of group III nitrides, the bowing parameters
(b) have been taken from [19,20] . . . . . ... ... ... ... .. ... 4
Theoretical ON-Resistance as a function of breakdown voltage limits (a)
and concentration of thermally activated carriers as a function of temper-

ature (b) for Si, 4H-SiC, GaN, 3-GagOg, Diamond and AIN . . . . . . .. 6
In-plan STEM image of an AlGaN/GaN sample grown on Si, showing the
high concentration of dislocations . . . . . . . ... ... ... .. ... .. 8

Variation of the in-plane lattice constant (a) and bandgap (b) as a function
of Al content in the AlyGa;yNalloy . . ... ... ... ... ... .... 10
Contribution of polarization (spontaneous black line, piezoelectric red line,
total green line) of the AlGaN barrier and sheet charge at the heteroint-
erface (blue line) . . . . . .. ... 12
2DEG Density (ns) as a function of Al content (x) in the AlGaN barrier
for different thicknesses (a) and as a function of the barrier thickness (t)

for different barrier composition (b) . . . .. ... Lo oL 13
AlGaN structure and AlGaN/GaN heterostructures for Al 2Gag gN/GaN
heterostructure with a 20 nm thick barrier . . . . . . . ... ... ... .. 14

Schematic C-V curve of an AlGaN/GaN heterostructure as a function of
gate bias. Three regions are highlighted: (i) depletion in the OFF state,
(ii) onset of 2DEG population close to the threshold voltage, and (iii)
accumulation in the ON state. The corresponding schematic conduction
band diagrams for each gate bias are also shown . . . .. ... ... ... 16

Energy-band diagrams for metal-semiconductor contacts on a n-type semi-
conductor . . . . ... 18
Schematic band diagram at equilibrium for a metal/semiconductor Schot-
tky junction with different n-type doping concentration . .. .. ... .. 20
Schottky-Mott plot for AlGaN/GaN heterostructures for different Schot-
tky metals, the barrier heights have been experimentally determined in
[68, 100, 110, 131-136] . . . . . . . v o o 25
Schematic of normally-ON (D-mode), and different normally-OFF (E-
mode) configurations of AlGaN/GaN HEMTs, together with typical trans-

fer (Ip — V) and output (Ip — Vp) characteristics . . . . ... ... ... 26
Dependence of ng (a), and Vryg (b) on ®@p. Data adapted from [132] and
[110] respectively . . . . . . . .o 27

Gate leakage current density as a function of ®pg. Data adapted from [131] 28

97



98 List of Figures
2.7 Conduction band energy diagram for Aly 2Gag gN/GaN with 20 nm barrier
(black line), and the same structure with a p-GaN layer of 100 nm and
3 x 1019 ¢m™ p-type doping (blue line) . . . ... ... ... .. ..., 29
3.1 Thermal dependence of the ideality factor (a) and Tg-plot (b) for different
values of Tg . . . . . . . o L 38
3.2 Gaussian distribution of barriers (DjB (a) and value of the barrier as a
function of temperature (b) for different values of o, . . . . . . ... .. 40
3.3 Schematic potential contours (a) and conduction band profile (b) near a
low-barrier patch embedded in a high-barrier Schottky contact . . . . .. 42
3.4 Thermal dependence of the ideality factor (a) and Tg-plot (b) for different
valuesof Egg . . . . . . o o 44
3.5 Schematic structure of the device in cross (a) and top view (b) . . . . .. 47
3.6 C-V measurement at 25 °C of Mo/AlGaN/GaN Schottky diodes conducted
at 100 kHz (a) and extracted 2DEG concentration (b) . . ... ... ... 47
3.7 Forward J-V curves at different temperatures of Mo/AlGaN/GaN Schot-
tky diodes . . . . . .o 48
3.8 Values of ®p and n at different temperatures (a), correlation of ®g and
n, extraction of @ = 1.04eV (b) . .. .. ... ... 48
3.9 Thermal dependence of the ideality factor, extraction of Tg = 80.2 K (a)
and To-plot (b) . . . . . . . 49
3.10 Experimental ideality factors and modelled ideality factors for different
Ego values . . . . . . . 50
3.11 Rationalization of the thermal dependence of the barrier height, a homo-
geneous barrier of CDOB = 0.99 eV and a standard deviation of o, = 85
meV has been found . . . . ... ..o 50
3.12 Richardson’s plot, an effective barrier (Derf = 0.76 ¢V (a) and a Richard-
son’s constant of A* = 0.48 A em 2 K2 have been found. The modified
Richardson’s plot (b) estimates an homogeneous barrier of ®% = 0.99 eV
and a Richardson’s constant of A* =304 Acecm 2 K2 ... ... ..... 53
3.13 Gaussian distribution consisting of 10 patches centered along p, = 1.0 x 1074
cm?/3 V1/3 with a maximum of Np = 1.5 % 10% and a standard deviation
of oy = 14x 1074 em®B3 VY3 o 55
3.14 Fit of the experimental data according to Tung’s model at 25 °C (a) and
150°C (b) . o o o 56
3.15 3D schematic illustration of the metal/AlGaN interface showing the Schot-
tky barrier inhomogeneity . . . . . . ... L oL 56
3.16 TUNA images acquired in the same region with increasing sample bias (a,
b, ¢), performed as shown in (e), and extracted Schottky barrier height
map (f) . ... 57
4.1 Schematic structure of the device in cross (a) and top view (b) and Ny
concentration used for the fabrication of the 5 different samples (¢) . . . . 63
4.2 C-V measurements conducted on the diodes at room temperature (a), ex-

traction of ng as a function of anode bias (b). Box plot of ng at 0 V (¢) and
Vrp (d) for 15 measurements on each sample (the white stars represent
the mathematical mean) . . . . . . ... ... Lo Lo L 64



List of Figures 99
4.3 J-V measurements conducted on the diodes (a) at room temperature. Box
plot of n (b) and ®p (c) for 15 measurements on each sample (the white
stars represent the mathematical mean) . . . .. . ... ... ... .... 64
4.4 ®p/n correlation and extraction of d)% for sample A and sample E . . . . 65
4.5 HEMTs output characteristics In-Vp at a gate bias of 1 V of samples A
and E, the measurements have been conducted at a gate bias of 1 V 65
4.6 HEMTSs transcharacteristics Ip-Vg (a) and respective gate leakage (b) of
samples A and E, the measurements have been conducted at a drain bias
of VD =05V . . . 66
4.7 I-V-T measurements of sample B in temperature range of 25 — 150 °C 67
4.8 Opg and n of sample B extracted with the TE model applied in Region
IT (a). Linear correlation between ®@g and n, homogeneous value of the
barrier of 1.22 eV (b) . . . . . . ... 67
4.9 Experimental values of nkgT/kgT extracted in the two regions of the J-V
curves (full symbols) and the values for ideal Thermionic Emission (black
line) . . . . . 68
4.10 Temperature dependence of the ideality factor extracted in Region I 68
4.11 Temperature dependence of the ideality factors extracted in Region I for
all of the samples, a wide range of Egg values has been obtained, reported
also some previous works on AlGaN/GaN from [68, 100, 113] . . . .. .. 69
4.12 J-V curves measured at 25°C (a) and 150°C (b) and fittings according to
TE model (red lines) and TU model (blue lines), and the thermal depen-
dence of the Overlap Bias (¢) . . . .. ... ... ... ... . ... .... 70
4.13 Values of Overlap Bias for all the fabricated samples . . . . . ... .. .. 70
4.14 Morphological AFM conducted in tapping mode (a) and C-AFM (b) con-
ducted on the surface of the AlGaN . . . . .. ... ... ... .. .... 71
4.15 In-plane STEM image of the AlGaN/GaN heterostructure . . . . . . . .. 72
5.1 Schematic of the p-GaN gate and equivalent circuit of the system in for-
ward bias polarity and schematic of the gate current as a function of gate
bias (in semilog scale) . . . . . . . ... .. L 75
5.2 Schematic structure of the device in cross (a) and top view (b) . . .. .. 77
5.3 Iggs measurements of sample A, B, and C at 25 °C and 150 °C . . . . . . 78
5.4 Perimeter (red line), area (green line) and perimeter/area ratio for a rect-
angular contact having one side of constant dimensions (200 um) and one
slide variable (Lg) . . . ... ... ... ... ... . 79
5.5 Isolation of the area contribution and the perimeter contribution according
to the geometrical model, for 25 °C (a) and 150 °C (b) of sample B.. . . . 80
5.6 Bulk contribution (y-axis intercepts of the linear fit reported in figure 5.5)
of all three samples . . . . . . . . . . .. ... 80
5.7 Perimeter contribution (slopes of the linear fit reported in figure 5.5) of
all three samples . . . . . . . . . . L 81
5.8 Experimental currents measured for the devices (sample B and C) of
120%200 pum? area and the isolated area and perimeter current . . . . . . 81
5.9 Bulk current density fitted according to the TFE model for sample B and
C, also reported the experimental current density for the 120x200 pm?
device . . . . L 83
5.10 Perimeter current density fitted according to the Poole-Frenkel model for

sample A, B and C, with the extracted trap states energies for each sample 84



100

List of Figures

5.11 Schematic representation of the conduction according to the modelling.

Al

A2

A3

B.1

B.2

There is an area current across the Schottky barrier and a perimeter cur-
rent along the perimeter of the p-GaN island . . . . . ... ... ... ..

CBM a the center of the patch as a function of depth (z) for different
a patch embedded on a homogeneous background having a potential of
0.8 eV with different radiuses (a) and different potential differences (b)
together with the homogeneous potential profile (gray line) . .. ... ..
Sketch of the potential profile along the depth for a semiconductor embed-
ded with a small (a) and large (b) patch . . . . ... ... ... ... ...
Ideality factor (a) and effective Schottky barrier height for different region
PArameterS Y . . . ... oo e e e e e e e e e e e e

Schematic representation of the fabrication flow for lateral devices (diodes
and HEMTs). The process includes: (a) substrate cleaning, (b) ohmic
stack deposition, (c) thermal annealing and ohmic contact formation, (d)
dry etching for mesa isolation around the perimeter of the device, and (e)
final metal deposition for Schottky/gate contacts. . . . . . . . .. .. ...
Experimental setup for the Iggg measurements performed in appendix 5 .

96



List of Tables

1.1
1.2

1.3

14

2.1

3.1

Some properties of group IIl-nitride in the wurtzite phase [14, 18-21] . . .
Properties of semiconductors, both commercially available and emerging,
from [12,29,30] . . . . . ..
Comparison of some figure of merit (JFOM, BFOM, BHFOM) for Si, 4H-
SiC, GaN, p-GagoOg, Diamond and AIN normalized to GaN . . . . . . ..
Commonly employed substrates for the epitaxial growth of GaN [43]

Schottky contacts on AlGaN/GaN heterostructures in ascending order of
metal work function ¢, . . . ... Lo

Summary of reported Schottky contacts on AlGaN/GaN heterostructures
with different processing conditions and their corresponding conduction
mechanisms . . . . . ...

101






Bibliography

10.

11.

12.

13.

14.

Burner, M. Infineon Pioneers World’s First 300 Mm Power Gallium Nitride (GaN)
Technology — an Industry Game-Changer (Sept. 2024).

Lu, H. et al. A Review of GaN RF Devices and Power Amplifiers for 5G Commu-
nication Applications. Fundamental Research 5, 315-331 (Jan. 2025).
More-than-Moore Devices and Integration for Semiconductors (eds Iacopi, F. &
Balestra, F.) (Springer International Publishing, Cham, 2023).

Bay, O., Tran, M., El Baghdadi, M., Chakraborty, S. & Hegazy, O. A Compre-
hensive Review of GaN-Based Bi-directional On-Board Charger Topologies and
Modulation Methods. Energies 16, 3433 (Apr. 2023).

Joh, J., Xia, L. & Del Alamo, J. A. Gate Current Degradation Mechanisms of GaN
High Electron Mobility Transistors in 2007 IEEE International Electron Devices
Meeting (IEEE, Washington, DC, USA, 2007), 385-388.

Suwa, T., Miura, K. & Nega, R. TCAD Study of Leakage Current Suppression
Mechanism by Deep P Layer and Additional Source Electrode in GaN High Elec-
tron Mobility Transistors. physica status solidi (a), 2500032 (May 2025).

Shin, S. et al. High Breakdown Electric Field (> 5 MV/Cm) in UWBG AlGaN
Transistors (2025).

Meneghesso, G. et al. Reliability of GaN High-Electron-Mobility Transistors: State
of the Art and Perspectives. IEEE Transactions on Device and Materials Reliability
8, 332-343 (June 2008).

Roccaforte, F. et al. in Comprehensive Semiconductor Science and Technology 605—
665 (Elsevier, 2025).

Edgar, J. Prospects for Device Implementation of Wide Band Gap Semiconductors.
Journal of Materials Research 7, 235-252 (Jan. 1992).

Atkins, P. W. Shriver & Atkins’ Inorganic Chemistry 5th ed (Oxford University
Press, Oxford, 2010).

Roccaforte, F., Fiorenza, P., Lo Nigro, R., Giannazzo, F. & Greco, G. Physics
and Technology of Gallium Nitride Materials for Power Electronics. La Rivista del
Nuovo Cimento 41, 625-681 (Dec. 2018).

Authier, A. The Reciprocal Lattice (Published for the International Union of Crys-
tallography by University College Cardiff Press, Cardiff, Wales, 1981).

Yeh, C.-Y., Lu, Z. W., Froyen, S. & Zunger, A. Zinc-Blende-Wurtzite Polytypism
in Semiconductors. Physical Review B 46, 10086-10097 (Oct. 1992).

103



104

Bibliography

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Bernardini, F., Fiorentini, V. & Vanderbilt, D. Spontaneous Polarization and
Piezoelectric Constants of ITII-V Nitrides. Physical Review B 56, R10024-R10027
(Oct. 1997).

Ambacher, O. et al. Two-Dimensional Electron Gases Induced by Spontaneous and
Piezoelectric Polarization Charges in N- and Ga-face AlGaN/GaN Heterostruc-
tures. Journal of Applied Physics 85, 3222-3233 (Mar. 1999).

Ambacher, O. et al. Two Dimensional Electron Gases Induced by Spontaneous and
Piezoelectric Polarization in Undoped and Doped AlGaN/GaN Heterostructures.
Journal of Applied Physics 87, 334-344 (Jan. 2000).

Ambacher, O. et al. Pyroelectric Properties of Al(In)GaN/GaN Hetero- and Quan-
tum Well Structures. Journal of Physics: Condensed Matter 14, 3399-3434 (Apr.
2002).

Vurgaftman, I. & Meyer, J. R. Band Parameters for Nitrogen-Containing Semicon-
ductors. Journal of Applied Physics 94, 3675-3696 (Sept. 2003).

Coughlan, C., Schulz, S., Caro, M. A. & O’Reilly, E. P. Band Gap Bowing and
Optical Polarization Switching in Al1GaN Alloys. physica status solidi (b) 252, 879—
884 (May 2015).

Leszczynski, M. et al. Lattice Parameters of Gallium Nitride. Applied Physics
Letters 69, 73-75 (July 1996).

Monemar, B. & Pozina, G. Group III-nitride Based Hetero and Quantum Struc-
tures. Progress in Quantum FElectronics 24, 239-290 (Nov. 2000).

Vegard, L. Die Konstitution der Mischkristalle und die Raumfiillung der Atome.
Zeitschrift fir Physik 5, 17-26 (Jan. 1921).

Nakamura, S. III-V Nitride Based Light-Emitting Devices. Solid State Communi-
cations 102, 237-248 (Apr. 1997).

Heber, J. Nobel Prize 2014: Akasaki, Amano & Nakamura. Nature Physics 10,
791-791 (Nov. 2014).

Zhu, J.-J., Ma, X.-H., Hou, B., Chen, W.-W. & Hao, Y. Investigation of Trap
States in High Al Content AlGaN/GaN High Electron Mobility Transistors by
Frequency Dependent Capacitance and Conductance Analysis. AIP Advances 4,
037108 (Mar. 2014).

Deng, C. et al. Current Collapse Suppression in AlGaN/GaN HEMTs Using Dual-
Layer SiNx Stressor Passivation. Applied Physics Letters 122, 232107 (June 2023).
Butté, R. et al. Current Status of AlInN Layers Lattice-Matched to GaN for Pho-
tonics and Electronics. Journal of Physics D: Applied Physics 40, 6328-6344 (Oct.
2007).

Meneghini, M. et al. GaN-based Power Devices: Physics, Reliability, and Perspec-
tives. Journal of Applied Physics 130, 181101 (Nov. 2021).

Springer Handbook of Semiconductor Devices (eds Rudan, M., Brunetti, R. &
Reggiani, S.) (Springer International Publishing, Cham, 2023).

Sze, S. M. & Ng, K. K. Physics of Semiconductor Devices 3rd ed (Wiley-Interscience,
Hoboken, N.J, 2007).

Kimoto, T. Material Science and Device Physics in SiC Technology for High-
Voltage Power Devices. Japanese Journal of Applied Physics 54, 040103 (Apr.
2015).

Trew, R. High-Frequency Solid-State Electronic Devices. IEEE Transactions on
Electron Devices 52, 638649 (May 2005).



Bibliography 105

34. Wong, M. H. et al. N-Polar GaN Epitaxy and High Electron Mobility Transistors.
Semiconductor Science and Technology 28, 074009 (July 2013).

35. Li, L. et al. GaN HEMTs on Si With Regrown Contacts and Cutoff/Maximum
Oscillation Frequencies of 250/204 GHz. IEEE Electron Device Letters 41, 689—
692 (May 2020).

36. Tang, Y. et al. Ultrahigh-Speed GaN High-Electron-Mobility Transistors With
$f {T}/F_{\mathrm {max}}$ of 454/444 GHz. IEEE Electron Device Letters
36, 549-551 (June 2015).

37. Cui, P. & Zeng, Y. Scaling Behavior of InAIN/GaN HEMTs on Silicon for RF
Applications. Scientific Reports 12, 16683 (Oct. 2022).

38. Raynaud, C. et al. High-Frequency Performance of Submicrometer Channel-Length
Silicon MOSFETs. IEEE Electron Device Letters 12, 667-669 (Dec. 1991).

39. Tiwari, P. K., Kumar, M., Naik, R. S. & Saramekala, G. K. Analog and Radio-
Frequency Performance Analysis of Silicon-Nanotube MOSFETs. Journal of Semi-
conductors 37, 064003 (June 2016).

40. Baliga, B. J. Gallium Nitride and Silicon Carbide Power Devices (WORLD SCI-
ENTIFIC, Feb. 2017).

41. Doolittle, W. A. et al. Prospectives for AIN Electronics and Optoelectronics and
the Important Role of Alternative Synthesis. Applied Physics Letters 123, 070501
(Aug. 2023).

42. Stockman, A. et al. Temperature Dependent Substrate Trapping in AlGaN/GaN
Power Devices and the Impact on Dynamic Ron in 2017 47th European Solid-State
Device Research Conference (ESSDERC) (IEEE, Leuven, Belgium, Sept. 2017),
130-133.

43. Liu, L. & Edgar, J. Substrates for Gallium Nitride Epitaxy. Materials Science and
Engineering: R: Reports 37, 61-127 (Apr. 2002).

44. Kizilyalli, I. C., Bui-Quang, P., Disney, D., Bhatia, H. & Aktas, O. Reliability
Studies of Vertical GaN Devices Based on Bulk GaN Substrates. Microelectronics
Reliability 55, 1654-1661 (Aug. 2015).

45. Sang, L. Diamond as the Heat Spreader for the Thermal Dissipation of GaN-based
Electronic Devices. Functional Diamond 1, 174-188 (Jan. 2021).

46. Mendes, J. C., Liehr, M. & Li, C. Diamond/GaN HEMTs: Where from and Where
To? Materials 15, 415 (Jan. 2022).

47. Van Dreumel, G. W. G. et al. Realising Epitaxial Growth of GaN on (001) Dia-
mond. Journal of Applied Physics 110, 013503 (July 2011).

48. Johnson, W. C., Parson, J. B. & Crew, M. C. Nitrogen Compounds of Gallium.
III. The Journal of Physical Chemistry 36, 2651-2654 (Oct. 1932).

49. Maruska, H. P. & Tietjen, J. J. The Preparation and Properties of Vapor-Deposited
Single-Crystal-Line GaN. Applied Physics Letters 15, 327-329 (Nov. 1969).

50. Amano, H., Sawaki, N., Akasaki, I. & Toyoda, Y. Metalorganic Vapor Phase Epi-
taxial Growth of a High Quality GaN Film Using an AIN Buffer Layer. Applied
Physics Letters 48, 353-355 (Feb. 1986).

51. Morkoc, H. Wurtzite GaN-based Heterostructures by Molecular Beam Epitaxy.
IEEFE Journal of Selected Topics in Quantum Electronics 4, 537-549 (May-June/1998).

52. Uren, M. J. et al. “Leaky Dielectric” Model for the Suppression of Dynamic RON
in Carbon-Doped AlGaN/GaN HEMTs. IEEE Transactions on Electron Devices
64, 28262834 (July 2017).



106

Bibliography

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Remesh, N., Mohan, N., Raghavan, S., Muralidharan, R. & Nath, D. N. Opti-
mum Carbon Concentration in GaN-on-Silicon for Breakdown Enhancement in Al-
GaN/GaN HEMTs. IEEE Transactions on Electron Devices 67, 2311-2317 (June
2020).

De Santi, C., Buffolo, M., Meneghesso, G., Zanoni, E. & Meneghini, M. Dynamic
Performance Characterization Techniques in Gallium Nitride-Based Electronic De-
vices. Crystals 11, 1037 (Aug. 2021).

Dadgar, A. et al. Metalorganic Chemical Vapor Phase Epitaxy of Crack-Free GaN
on Si (111) Exceeding 1 pm in Thickness. Japanese Journal of Applied Physics 39,
L1183 (Nov. 2000).

Iwaya, M. et al. Realization of Crack-Free and High-Quality Thick Al xGalyx N
for UV Optoelectronics Using Low-Temperature Interlayer (2000).

Dadgar, A. et al. Metalorganic Chemical Vapor Phase Epitaxy of Gallium-nitride
on Silicon. physica status solidi (¢), 1583-1606 (Sept. 2003).

Zhang, J. P. et al. Crack-Free Thick AlGaN Grown on Sapphire Using AIN/A1GaN
Superlattices for Strain Management. Applied Physics Letters 80, 3542-3544 (May
2002).

Ni, Y. et al. Effect of AIN/GaN Superlattice Buffer on the Strain State in GaN-
on-Si(111) System. Japanese Journal of Applied Physics 54, 015505 (Jan. 2015).
Yang, Y. et al. Effect of Compositionally Graded AlGaN Buffer Layer Grown by
Different Functions of Trimethylaluminum Flow Rates on the Properties of GaN
on Si (111) Substrates. Journal of Crystal Growth 376, 23-27 (Aug. 2013).
Ghosh, S. et al. Design of Step-Graded AlGaN Buffers for GaN-on-Si Heterostruc-
tures Grown by MOCVD. Semiconductor Science and Technology 38, 044001 (Apr.
2023).

Yu, X., Ni, J., Li, Z., Zhou, J. & Kong, C. Reduction in Leakage Current in
AlGaN/GaN HEMT with Three Al-containing Step-Graded AlGaN Buffer Layers
on Silicon. Japanese Journal of Applied Physics 53, 051001 (May 2014).
Oberhuber, R., Zandler, G. & Vogl, P. Mobility of Two-Dimensional Electrons in
AlGaN/GaN Modulation-Doped Field-Effect Transistors. Applied Physics Letters
73, 818-820 (Aug. 1998).

Yu, L. S. et al. Ni and Ti Schottky Barriers on N-AlGaN Grown on SiC Substrates.
Applied Physics Letters 73, 238-240 (July 1998).

Schiliro, E. et al. Highly Homogeneous Current Transport in Ultra-Thin Aluminum
Nitride (AIN) Epitaxial Films on Gallium Nitride (GaN) Deposited by Plasma
Enhanced Atomic Layer Deposition. Nanomaterials 11, 3316 (Dec. 2021).
Ibbetson, J. P. et al. Polarization Effects, Surface States, and the Source of Elec-
trons in AlGaN/GaN Heterostructure Field Effect Transistors. Applied Physics
Letters 77 (2000).

Gu, Y. et al. Temperature-Dependent Dynamic Degradation of Carbon-Doped
GaN HEMTs. IEEE Transactions on Electron Devices 68, 3290-3295 (July 2021).
Greco, G., Fiorenza, P., Spera, M., Giannazzo, F. & Roccaforte, F. Forward and
Reverse Current Transport Mechanisms in Tungsten Carbide Schottky Contacts
on AlGaN/GaN Heterostructures. Journal of Applied Physics 129, 234501 (June
2021).

Langpoklakpam, C. et al. Review of Silicon Carbide Processing for Power MOS-
FET. Crystals 12, 245 (Feb. 2022).



Bibliography 107

70. Mimura, T. The Early History of the High Electron Mobility Transistor (HEMT).
IEEF Transactions on Microwave Theory and Techniques 50, 780-782 (Mar. 2002).

71. Dingle, R., Stérmer, H. L., Gossard, A. C. & Wiegmann, W. Electron Mobilities in
Modulation-Doped Semiconductor Heterojunction Superlattices. Applied Physics
Letters 33, 665667 (Oct. 1978).

72. Mimura, T., Joshin, K., Hiyamizu, S., Hikosaka, K. & Abe, M. High Electron
Mobility Transistor Logic. Japanese Journal of Applied Physics 20, 1598 (Aug.
1981).

73.  Asif Khan, M., Bhattarai, A., Kuznia, J. N. & Olson, D. T. High Electron Mobility
Transistor Based on a GaN-Al z Gal- = N Heterojunction. Applied Physics Letters
63, 1214-1215 (Aug. 1993).

74. Giorgino, G. et al. Study of Magnesium Activation Effect on Pinch-Off Voltage
of Normally-Off p-GaN HEMTs for Power Applications. Crystals 13, 1309 (Aug.
2023).

75. Greco, G., Tucolano, F. & Roccaforte, F. Review of Technology for Normally-off
HEMTs with p-GaN Gate. Materials Science in Semiconductor Processing 78, 96—
106 (May 2018).

76. Roccaforte, F., La Via, F. & Raineri, V. Ohmic Contacts to SiC. International
Journal of High Speed FElectronics and Systems 15, 781-820 (Dec. 2005).

77. Bradley, S. T., Goss, S. H., Hwang, J., Schaff, W. J. & Brillson, L. J. Pre-Metallization
Processing Effects on Schottky Contacts to AlGaN/GaN Heterostructures. Journal
of Applied Physics 97, 084502 (Apr. 2005).

78. Roccaforte, F. et al. Highly Reproducible Ideal SiC Schottky Rectifiers: Effects
of Surface Preparation and Thermal Annealing on the Ni/6H-SiC Barrier Height.
Applied Physics A: Materials Science & Processing 77, 827-833 (Nov. 2003).

79. Roccaforte, F. et al. Current Transport Mechanisms in Au-Free Metallizations for
CMOS Compatible GaN HEMT Technology. Materials Science Forum 1004, 725—
730 (July 2020).

80. Roccaforte, F. et al. Surface and Interface Issues in Wide Band Gap Semiconductor
Electronics. Applied Surface Science 256, 5727-5735 (July 2010).

81. Padovani, F. & Stratton, R. Field and Thermionic-Field Emission in Schottky
Barriers. Solid-State Electronics 9, 695-707 (July 1966).

82. Greco, G., Tucolano, F. & Roccaforte, F. Ohmic Contacts to Gallium Nitride Ma-
terials. Applied Surface Science 383, 324-345 (Oct. 2016).

83. Spera, M. et al. Modification of the Sheet Resistance under Ti/Al/Ni/Au Ohmic
Contacts on AlGaN/GaN Heterostructures. Materials Science in Semiconductor
Processing 78, 111-117 (May 2018).

84. Gong, R. et al. Analysis of Surface Roughness in Ti/Al/Ni/Au Ohmic Contact
to AlGaN/GaN High Electron Mobility Transistors. Applied Physics Letters 97,
062115 (Aug. 2010).

85. Roccaforte, F., Tucolano, F., Giannazzo, F., Alberti, A. & Raineri, V. Nanoscale
Carrier Transport in Ti/Al/Ni/Au Ohmic Contacts on AlGaN Epilayers Grown
on Si(111). Applied Physics Letters 89, 022103 (July 2006).

86. Jacobs, B., Kramer, M., Geluk, E. & Karouta, F. Optimisation of the Ti/Al/Ni/Au
Ohmic Contact on AlGaN/GaN FET Structures. Journal of Crystal Growth 241,
15-18 (May 2002).



108 Bibliography

87. Li, X. et al. Fabrication and Performance of Ti/Al/Ni/TiN Au-Free Ohmic Con-
tacts for Undoped AlGaN/GaN HEMT. IEEE Transactions on Electron Devices
67, 1959-1964 (May 2020).

88. Tucolano, F. et al. Temperature Dependence of the Specific Resistance in Ti/Al/Ni/Au
Contacts on N-Type GaN. Journal of Applied Physics 100, 123706 (Dec. 2006).

89. Spera, M. et al. Metal/Semiconductor Barrier Properties of Non-Recessed Ti/Al/Ti
and Ta/Al/Ta Ohmic Contacts on AlGaN/GaN Heterostructures. Energies 12,
2655 (July 2019).

90. Greco, G. et al. Improvement of Ti/Al/Ti Ohmic Contacts on AlGaN/GaN Het-
erostructures by Insertion of a Thin Carbon Interfacial Layer. Applied Physics
Letters 124, 012103 (Jan. 2024).

91. Yang, Y. et al. Evaluation of Ti/Al/Ni/Au Ohmic Contact to n-AlGaN with Dif-
ferent Ti/Al Thickness for Deep Ultraviolet Light Emitting Diode. Solid-State
Electronics 208, 108752 (Oct. 2023).

92. Hu, X. et al. Doped Barrier Alggs Gag.gs N/Alg 40 Gaggo N MOSHFET With
SiO9 Gate-Insulator and Zr-Based Ohmic Contacts. IEEE Electron Device Letters
39, 1568-1571 (Oct. 2018).

93. Roccaforte, F. et al. Emerging Trends in Wide Band Gap Semiconductors (SiC
and GaN) Technology for Power Devices. Microelectronic Engineering 187—188,
66-77 (Feb. 2018).

94. Constant, A. et al. Recessing Process for Au-free Ohmic Contacts Formation on
AlGaN/GaN Heterostructures with AIN Spacer (2013).

95. Constant, A., Claeys, E., Baele, J., Coppens, P. & De Pestel, F. The Role of
AlGaN/GaN Heterostructure Properties in Barrier Height Variation of Au-free
Ohmic Contacts. Materials Science in Semiconductor Processing 129, 105806 (July
2021).

96. Turuvekere, S. et al. Gate Leakage Mechanisms in AlGaN/GaN and AlInN/GaN
HEMTs: Comparison and Modeling. IEEE Transactions on FElectron Devices 60,
3157-3165 (Oct. 2013).

97. Koudymov, A. et al. Maximum Current in Nitride-Based Heterostructure Field-
Effect Transistors. Applied Physics Letters 80, 3216-3218 (Apr. 2002).

98. Cai, Y., Zhou, Y., Lau, K. & Chen, K. Control of Threshold Voltage of AlGaN/GaN
HEMTs by Fluoride-Based Plasma Treatment: From Depletion Mode to Enhance-
ment Mode. IEEE Transactions on Electron Devices 53, 22072215 (Sept. 2006).

99. Magzumder, S., Wu, Z.-G. & Wang, Y.-H. Positive Shifting of Vth with Enhanced
DC Performance in Al1GaN/GaN Schottky-Gate HEMT through Optimized UV/O
3 Treated Gate Interface and Thermal Engineering. ECS Journal of Solid State
Science and Technology 11, 065002 (June 2022).

100. Yan, D., Jiao, J., Ren, J., Yang, G. & Gu, X. Forward Current Transport Mech-
anisms in Ni/Au-AlGaN/GaN Schottky Diodes. Journal of Applied Physics 114,
144511 (Oct. 2013).

101. Donoval, D. et al. Transport Properties and Barrier Height Evaluation in Ni/InAIN/GaN
Schottky Diodes. Journal of Applied Physics 109, 063711 (Mar. 2011).

102. Tucolano, F., Roccaforte, F., Giannazzo, F. & Raineri, V. Temperature Behavior
of Inhomogeneous Pt/GaN Schottky Contacts. Applied Physics Letters 90, 092119
(Feb. 2007).



Bibliography 109

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

Tucolano, F., Roccaforte, F., Giannazzo, F. & Raineri, V. Barrier Inhomogeneity
and Electrical Properties of Pt/GaN Schottky Contacts. Journal of Applied Physics
102, 113701 (Dec. 2007).

Rajagopal Reddy, V., Ravinandan, M., Koteswara Rao, P. & Choi, C.-J. Electrical
and Structural Properties of Rapidly Annealed Pd/Mo Schottky Contacts on n-
Type GaN. Semiconductor Science and Technology 23, 095026 (Sept. 2008).

Hilt, O., Knauer, A., Brunner, F., Bahat-Treidel, E. & Wiirfl, J. Normally-off
AlGaN/GaN HFET with p-Type GaN Gate and AlGaN Buffer.

Fujii, T. et al. High On/Off Ratio in Enhancement-Mode Aly Gaj_y N/GaN Junc-
tion Heterostructure Field-Effect Transistors with P-Type GaN Gate Contact.
Japanese Journal of Applied Physics 45, 1.1048 (Oct. 2006).

Yu-Syuan Lin, Yi-Wei Lain & Hsu, S. AlGaN/GaN HEMTs With Low Leakage
Current and High On/Off Current Ratio. IEEE FElectron Device Letters 31, 102—
104 (Feb. 2010).

Lee, H.-P. & Bayram, C. Improving Current ON/OFF Ratio and Subthreshold
Swing of Schottky- Gate AlGaN/GaN HEMTs by Postmetallization Annealing.
IEEE Transactions on Electron Devices 67, 2760-2764 (July 2020).

Sleptsov, E. V. et al. Investigation of the Thermal Annealing Effect on Electrical
Properties of Ni/Au, Ni/Mo/Au and Mo/Au Schottky Barriers on AlGaN/GaN
Heterostructures. Journal of Physics: Conference Series 816, 012039 (Mar. 2017).
Zhao, J. et al. A Study of the Impact of Gate Metals on the Performance of Al-
GaN/AIN/GaN Heterostructure Field-Effect Transistors. Applied Physics Letters
107, 113502 (Sept. 2015).

Lee, M. L., Sheu, J. K. & Lin, S. W. Schottky Barrier Heights of Metal Con-
tacts to N-Type Gallium Nitride with Low-Temperature-Grown Cap Layer. Ap-
plied Physics Letters 88, 032103 (Jan. 2006).

Arslan, E., Altindal, S., Ozcelik, S. & Ozbay, E. Dislocation-Governed Current-
Transport Mechanism in (Ni/Au)-AlGaN/AIN/GaN Heterostructures. Journal of
Applied Physics 105, 023705 (Jan. 2009).

Arslan, E. et al. Electrical Characterization of MS and MIS Structures on Al-
GaN/AIN/GaN Heterostructures. Microelectronics Reliability 51, 370-375 (Feb.
2011).

Evstropov, V. V. et al. The Dislocation Origin and Model of Excess Tunnel Current
in GaP P-n Structures. Semiconductors 34, 1305-1310 (Nov. 2000).

Evstropov, V. V., Zhilyaev, Y. V., Dzhumaeva, M. & Nazarov, N. Tunnel Excess
Current in Nondegenerate Barrier (p-n and m-s) Silicon-Containing III-V Struc-
tures. Semiconductors 31, 115-120 (Feb. 1997).

Belyaev, A. E. et al. Mechanism of Dislocation-Governed Charge Transport in
Schottky Diodes Based on Gallium Nitride. Semiconductors 42, 689-693 (June
2008).

Schiliro, E., Fiorenza, P., Greco, G., Roccaforte, F. & Lo Nigro, R. Plasma En-
hanced Atomic Layer Deposition of AI203 Gate Dielectric Thin Films on Al-
GaN/GaN Substrates: The Role of Surface Predeposition Treatments. Journal of
Vacuum Science & Technology A: Vacuum, Surfaces, and Films 35, 01B140 (Jan.
2017).

Horvath, Z., Addm, M., Szabé, 1., Serényi, M. & Van Tuyen, V. Modification of
Al/Si Interface and Schottky Barrier Height with Chemical Treatment. Applied
Surface Science 190, 441-444 (May 2002).



110

Bibliography

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

Giannazzo, F. et al. Ambipolar MoS 9 Transistors by Nanoscale Tailoring of Schot-
tky Barrier Using Oxygen Plasma Functionalization. ACS Applied Materials &
Interfaces 9, 23164-23174 (July 2017).

Huang, S., Chen, H. & Chen, K. J. Effects of the Fluorine Plasma Treatment
on the Surface Potential and Schottky Barrier Height of AlxGal-xN/GaN Het-
erostructures. Applied Physics Letters 96, 233510 (June 2010).

Yang, L., Zhang, B., Li, Y. & Chen, D. Improved Schottky Barrier Characteris-
tics for AllnN/GaN Diodes by Oxygen Plasma Treatment. Materials Science in
Semiconductor Processing 74, 42-45 (Feb. 2018).

Sharma, P. & Lodha, S. 5-Ga203 Schottky Barrier Height Improvement Using
Ar/0O2 Plasma and HF Surface Treatments. Applied Physics Letters 124, 072106
(Feb. 2024).

Tucolano, F., Roccaforte, F., Giannazzo, F. & Raineri, V. Influence of High Tem-
perature GaN Annealed Surface on the Electrical Properties of Ni/GaN Schottky
Contacts. Journal of Applied Physics 104, 093706 (Nov. 2008).

Calcagno, L., Ruggiero, A., Roccaforte, F. & La Via, F. Effects of Annealing Tem-
perature on the Degree of Inhomogeneity of Nickel-Silicide/SiC Schottky Barrier.
Journal of Applied Physics 98, 023713 (July 2005).

Vivona, M. et al. Impact of Processing Parameters on Ti Schottky Contacts on
4H-SiC. Materials 18, 1447 (Mar. 2025).

Jeon, C. M. & Lee, J.-L. Enhancement of Schottky Barrier Height on AlGaN/GaN
Heterostructure by Oxidation Annealing. Applied Physics Letters 82, 4301-4303
(June 2003).

Tajima, M., Kotani, J. & Hashizume, T. Effects of Surface Oxidation of AlGaN on
DC Characteristics of AlGaN/GaN High-Electron-Mobility Transistors. Japanese
Journal of Applied Physics 48, 020203 (Feb. 2009).

Higashiwaki, M., Chowdhury, S., Swenson, B. L. & Mishra, U. K. Effects of Oxida-
tion on Surface Chemical States and Barrier Height of Al1GaN/GaN Heterostruc-
tures. Applied Physics Letters 97, 222104 (Nov. 2010).

Hajjiah, A., Alkhabbaz, A., Badran, H. & Gordon, I. The Effect of Temperature on
the Forward Bias Electrical Characteristics of Both Pure Ni and Oxidized Ni/Au
Schottky Contacts on n-Type GaN: A Case Study. Results in Physics 19, 103656
(Dec. 2020).

Garg, M. et al. Temperature Dependent Electrical Studies on Cu/AlGaN/GaN
Schottky Barrier Diodes with Its Microstructural Characterization. Journal of
Alloys and Compounds 806, 852-857 (Oct. 2019).

Visvkarma, A. K. et al. Impact of Different Contact Metals on the Schottky Char-
acteristics of AlGaN/GaN HEMT in International Conference on Emerging Ad-
vancement in Science & Technology (2019).

Lin, Z. et al. Barrier Heights of Schottky Contacts on Strained AlGaN/GaN Het-
erostructures: Determination and Effect of Metal Work Functions. Applied Physics
Letters 82, 4364-4366 (June 2003).

Jessen, G. et al. Gate Optimization of AlGaN/GaN HEMTs Using WSi, Ir, Pd,
and Ni Schottky Contacts in 25th Annual Technical Digest 2003. IEEE Gallium
Arsenide Integrated Circuit (GaAs IC) Symposium, 2003. (IEEE, San Diego, CA,
USA, 2003), 277-279.

Li, Y. et al. AlGaN/GaN High Electron Mobility Transistors on Si with Sputtered
TiN Gate. physica status solidi (a) 214, 1600555 (Mar. 2017).



Bibliography 111

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

Shin, J.-H., Park, J., Jang, S., Jang, T. & Sang Kim, K. Metal Induced Inhomo-
geneous Schottky Barrier Height in AlGaN/GaN Schottky Diode. Applied Physics
Letters 102, 243505 (June 2013).

Zhang, T. et al. A 1.9 kV/2.61 mQ-cm2 Lateral GaN Schottky Barrier Diode on
Silicon Substrate with Tungsten Anode and Low Turn-On Voltage of 0.35 V. IEEE
Electron Device Letters, 1-1 (2018).

Roccaforte, F., Giannazzo, F. & Raineri, V. Nanoscale Transport Properties at
Silicon Carbide Interfaces. Journal of Physics D: Applied Physics 43, 223001 (June
2010).

Del Alamo, J. & Joh, J. GaN HEMT Reliability. Microelectronics Reliability 49,
1200-1206 (Sept. 2009).

Trew, R., Green, D. & Shealy, J. AlGaN/GaN HFET Reliability. IEEE Microwave
Magazine 10, 116-127 (June 2009).

Wu, C. I. & Kahn, A. Investigation of the Chemistry and Electronic Properties
of Metal/Gallium Nitride Interfaces. Journal of Vacuum Science € Technology B:
Microelectronics and Nanometer Structures Processing, Measurement, and Phe-
nomena 16, 2218-2223 (July 1998).

Meneghini, M., Hilt, O., Wuerfl, J. & Meneghesso, G. Technology and Reliability
of Normally-Off GaN HEMTs with p-Type Gate. Energies 10, 153 (Jan. 2017).
Yao, Y. et al. Current Transport Mechanism of AlGaN/GaN Schottky Barrier
Diode with Fully Recessed Schottky Anode. Japanese Journal of Applied Physics
54, 011001 (Jan. 2015).

Hu, J. et al. Statistical Analysis of the Impact of Anode Recess on the Electrical
Characteristics of AlGaN/GaN Schottky Diodes With Gated Edge Termination.
IEEE Transactions on Electron Devices 63, 3451-3458 (Sept. 2016).

Chen, K. J. & Zhou, C. Enhancement-mode AlGaN/GaN HEMT and MIS-HEMT
Technology. physica status solidi (a) 208, 434-438 (Feb. 2011).

Chen, K. J. et al. Physics of Fluorine Plasma Ion Implantation for GaN Normally-
off HEMT Technology in 2011 International Electron Devices Meeting (IEEE,
Washington, DC, USA, Dec. 2011), 19.4.1-19.4.4.

Uemoto, Y. et al. Gate Injection Transistor (GIT)—A Normally-Off A1GaN/GaN
Power Transistor Using Conductivity Modulation. IEEE Transactions on Electron
Devices 54, 3393-3399 (2007).

Tallarico, A. N. et al. Investigation of the P-GaN Gate Breakdown in Forward-
Biased GaN-Based Power HEMTs. IEEE Electron Device Letters 38, 99-102 (Jan.
2017).

Stockman, A. et al. On the Origin of the Leakage Current in P-Gate AlGaN/GaN
HEMTs in 2018 IEEE International Reliability Physics Symposium (IRPS) (IEEE,
Burlingame, CA, Mar. 2018), 4B.5-1-4B.5-4.

Stockman, A. et al. Gate Conduction Mechanisms and Lifetime Modeling of P-Gate
AlGaN/GaN High-Electron-Mobility Transistors. IEEE Transactions on Electron
Devices 65, 5365-5372 (Dec. 2018).

Sun, C. et al. Normally-off p-GaN/AlGaN/GaN High-Electron-Mobility Transis-
tors Using Oxygen Plasma Treatment. Applied Physics Express 12, 051001 (May
2019).

Lukens, G., Hahn, H., Kalisch, H. & Vescan, A. Self-Aligned Process for Selectively
Etched p-GaN-Gated AlGaN/GaN-on-Si HFETs. IEEE Transactions on Electron
Devices 65, 3732-3738 (Sept. 2018).



112

Bibliography

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

Liu, X. et al. Normally-off p-GaN Gated AlGaN/GaN HEMTs Using Plasma Oxi-
dation Technique in Access Region. IEEE Journal of the Electron Devices Society
8, 229-234 (2020).

Ding, X. et al. P-GaN Selective Passivation via H Ion Implantation to Obtain a
p-GaN Gate Normally off AlGaN/GaN HEMT. Flectronics 12, 1424 (Mar. 2023).
Greco, G. et al. Threshold Voltage Instability by Charge Trapping Effects in the
Gate Region of P-GaN HEMTs. Applied Physics Letters 121, 233506 (Dec. 2022).
Tallarico, A. N. et al. Threshold Voltage Instability in GaN HEMTs With P-Type
Gate: Mg Doping Compensation. IEEFE Electron Device Letters 40, 518-521 (Apr.
2019).

Chini, A. et al. Gate-Bias Induced R gy Instability in p-GaN Power HEMTs. IEEE
FElectron Device Letters 44, 915-918 (June 2023).

Guo, H. et al. NiO/AlGaN Interface Reconstruction and Transport Manipulation
of p-NiO Gated AlGaN/GaN HEMTs. Applied Physics Reviews 8, 041405 (Dec.
2021).

Yu, J. et al. Simulation Study on Electrical Characteristics of NiO/3-Ga203 Het-
erojunction Enhancement Mode HJ-FinFET. Crystals 15, 771 (Aug. 2025).

Guo, H. et al. Over 1200 V Normally-OFF p-NiO Gated AlGaN/GaN HEMTs on
Si With a Small Threshold Voltage Shift. IEEE Electron Device Letters 43, 268—
271 (Feb. 2022).

Huang, X., Liu, Z., Lee, F. C. & Li, Q. Characterization and Enhancement of
High-Voltage Cascode GaN Devices. IEEE Transactions on Electron Devices 62,
270-277 (Feb. 2015).

Liang, Y. et al. The Study of the Single Event Effect in AlGaN/GaN HEMT Based
on a Cascode Structure. Electronics 10, 440 (Feb. 2021).

Reiner, R. et al. Self-Compatible Transistors in GaN-on-Si Technology for High-
Voltage Cascodes. IEEE Transactions on Electron Devices, 1-8 (2025).

Ren, J. et al. A Novel 700 V Monolithically Integrated Si-GaN Cascoded Field
Effect Transistor. IEEE FElectron Device Letters 39, 394-396 (Mar. 2018).

Lu, C.-Y. et al. Enhancement of the Schottky Barrier Height Using a Nitrogen-
Rich Tungsten Nitride Thin Film for the Schottky Contacts on AlGaN/GaN Het-
erostructures. Journal of Electronic Materials 37, 624-627 (May 2008).

Yao, Y. et al. Electrical Behavior of § -Ga203 Schottky Diodes with Different
Schottky Metals. Journal of Vacuum Science € Technology B, Nanotechnology
and Microelectronics: Materials, Processing, Measurement, and Phenomena 35,
03D113 (May 2017).

Chung, J., Roberts, J., Piner, E. & Palacios, T. Effect of Gate Leakage in the Sub-
threshold Characteristics of AlGaN/GaN HEMTs. IEEE Electron Device Letters
29, 1196-1198 (Nov. 2008).

Roccaforte, F. et al. Ion Irradiation of Inhomogeneous Schottky Barriers on Silicon
Carbide. Journal of Applied Physics 97, 123502 (June 2005).

Ranade, P., Takeuchi, H., King, T.-J. & Hu, C. Work Function Engineering of
Molybdenum Gate Electrodes by Nitrogen Implantation. Electrochemical and Solid-
State Letters 4, G85 (2001).

Han, S., Yang, S. & Sheng, K. Fluorine-Implanted Termination for Vertical GaN
Schottky Rectifier With High Blocking Voltage and Low Forward Voltage Drop.
IEEEFE Electron Device Letters 40, 1040-1043 (July 2019).



Bibliography 113

170. Yang, C. et al. High Breakdown Voltage and Low Dynamic ON-Resistance Al-
GaN/GaN HEMT with Fluorine Ion Implantation in SiNx Passivation Layer. Nanoscale
Research Letters 14, 191 (Dec. 2019).

171. Roccaforte, F. et al. Schottky Contacts on Sulfurized Silicon Carbide (4H-SiC)
Surface. Applied Physics Letters 124, 102102 (Mar. 2024).

172. Ttoh, Y. et al. Substitutional Diffusion of Mg into GaN from GaN/Mg Mixture.
Applied Physics Express 15, 116505 (Nov. 2022).

173. Singh, S. et al. Understanding the Ga Polar n-GaN Surface after Mg Diffusion
Process. physica status solidi (a), 2500090 (Apr. 2025).

174. Sarkar, B. et al. Ga-Polar GaN Camel Diode Enabled by a Low-Cost Mg-diffusion
Process. Applied Physics Express 16, 121002 (Dec. 2023).

175. Sarkar, B., Wang, J., Watanabe, H. & Amano, H. Improving the Barrier Height
of N-Polar GaN Schottky Diodes Using Mg-Diffusion Process. IEEE Transactions
on Electron Devices 71, 1416-1420 (Mar. 2024).

176. Taboada Vasquez, J. M. et al. Unipolar 8 -Ga203 Pseudo-junction Barrier Schot-
tky Diodes via Low-Cost Magnesium Diffusion Process. APL Materials 13, 091101
(Sept. 2025).

177. Chung, J., Hoke, W., Chumbes, E. & Palacios, T. Al1GaN/GaN HEMT With 300-
GHz $f {\max}$. IEEE FElectron Device Letters 31, 195-197 (Mar. 2010).

178. Bisi, D. et al. Deep-Level Characterization in GaN HEMTs-Part I: Advantages
and Limitations of Drain Current Transient Measurements. IEEE Transactions on
Electron Devices 60, 3166-3175 (Oct. 2013).

179. Meneghesso, G., Rampazzo, F., Kordos, P., Verzellesi, G. & Zanoni, E. Current
Collapse and High-Electric-Field Reliability of Unpassivated GaN/AlGaN/GaN
HEMTs. IEEE Transactions on Electron Devices 53, 29322941 (Dec. 2006).

180. Bisi, D. et al. Trapping Mechanisms in GaN-based MIS-HEMTs Grown on Silicon
Substrate. physica status solidi (a) 212, 1122-1129 (May 2015).

181. Meneghini, M. et al. Trapping Phenomena and Degradation Mechanisms in GaN-
based Power HEMTs. Materials Science in Semiconductor Processing 78, 118-126
(May 2018).

182. Vetury, R., Zhang, N., Keller, S. & Mishra, U. The Impact of Surface States on
the DC and RF Characteristics of AlGaN/GaN HFETs. IEEE Transactions on
Electron Devices 48, 560-566 (Mar. 2001).

183. Burnham, S. D. & Paine, B. M. Towards an RF GaN Reliability Standard (2017).

184. Braga, N. et al. Simulation of Hot Electron and Quantum Effects in A1GaN/GaN
Heterostructure Field Effect Transistors. Journal of Applied Physics 95, 64096413
(June 2004).

185. Binari, S. et al. Trapping Effects and Microwave Power Performance in A1GaN/GaN
HEMTs. IEEE Transactions on Electron Devices 48, 465-471 (Mar. 2001).

186. Binari, S., Klein, P. & Kazior, T. Trapping Effects in GaN and SiC Microwave
FETs. Proceedings of the IEEE 90, 1048-1058 (June 2002).

187. Wang, R. et al. Evaluation on Temperature-Dependent Transient VT Instability
in p-GaN Gate HEMTs under Negative Gate Stress by Fast Sweeping Characteri-
zation. Micromachines 13, 1096 (July 2022).

188. Stockman, A. & Moens, P. ON-State Gate Stress Induced Threshold Voltage Insta-
bilities in p-GaN Gate AIGaN/GaN HEMTs in 2020 IEEE International Integrated
Reliability Workshop (IIRW) (IEEE, South Lake Tahoe, CA, USA, Oct. 2020), 1-4.



114

Bibliography

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

Modolo, N. et al. Positive V g Shift in Schottky P-GaN Gate Power HEMTs: De-
pendence on Temperature, Bias and Gate Leakage. IEEE Transactions on Power
FElectronics 39, 7045-7051 (June 2024).

Meneghini, M. et al. Temperature-Dependent Dynamic RON in GaN-Based MIS-
HEMTs: Role of Surface Traps and Buffer Leakage. IEEE Transactions on Electron
Devices 62, 782-787 (Mar. 2015).

Chini, A. & Tucolano, F. Evolution of On-Resistance (RON) and Threshold Volt-
age (VTH) in GaN HEMTs during Switch-Mode Operation. Materials Science in
Semiconductor Processing 78, 127-131 (May 2018).

Kharei, P., Baidya, A., Maity, N. P. & Maity, R. An Insight to Current Collapse in
GaN HEMT and Suppressing Techniques. Engineering Research Ezxpress 5, (012001
(Mar. 2023).

Cioni, M. et al. Effect of 2DEG Density and Drain/Source Field Plate Design on
Dynamic-RON of 650 V AlGaN/GaN HEMTs. Microelectronics Reliability 168,
115666 (May 2025).

Roccaforte, F. et al. Challenges for Energy Efficient Wide Band Gap Semiconduc-
tor Power Devices: Energy Efficient Wide Band Gap Semiconductor Power Devices.
physica status solidi (a) 211, 2063-2071 (Sept. 2014).

Fiorenza, P., Greco, G., Giannazzo, F., Lo Nigro, R. & Roccaforte, F. Poole-
Frenkel Emission in Epitaxial Nickel Oxide on AlGaN/GaN Heterostructures. Ap-
plied Physics Letters 101, 172901 (Oct. 2012).

Lo Nigro, R. et al. An Insight into the Epitaxial Nanostructures of NiO and CeO2
Thin Film Dielectrics for AlGaN/GaN Heterostructures. Materials Chemistry and
Physics 162, 461-468 (July 2015).

Lo Nigro, R., Fiorenza, P., Greco, G., Schiliro, E. & Roccaforte, F. Structural and
Insulating Behaviour of High-Permittivity Binary Oxide Thin Films for Silicon
Carbide and Gallium Nitride Electronic Devices. Materials 15, 830 (Jan. 2022).
Uenuma, M. et al. Effect of Post-Deposition Annealing on Atomic Ordered Struc-
ture of Gallium Oxide Layer at SiOs /GaN Interface. physica status solidi (b),
2500025 (June 2025).

Chen, C. et al. The Effect of O2 High-Temperature Annealing on the Quality of
Al1203/Ga203 Interface. Applied Physics Letters 127, 061602 (Aug. 2025).
Schiliro, E. et al. Comparing Post-Deposition and Post-Metallization Annealing
Treatments on Al203/GaN Capacitors for Different Metal Gates. AIP Advances
14, 105109 (Oct. 2024).

Hara, M. et al. A Three-Step Surface Treatment and Its Impacts on Electrical
Properties of ¢- and m-Face GaN/A1203 MOS Structures. Materials Science in
Semiconductor Processing 196, 109606 (Sept. 2025).

Jia, M. et al. Oxygen Plasma and Post-Annealing Assisted Surface Oxidation
for High Vth E-mode p-GaN HEMTs. Applied Physics Letters 126, 212101 (May
2025).

Zhang, L. et al. P -GaN Gate HEMT With Surface Reinforcement for Enhanced
Gate Reliability. IEEE Electron Device Letters 42, 22-25 (Jan. 2021).

Giorgino, G. et al. On-Wafer Gate Screening Test for Improved Pre-Reliability in
p-GaN HEMTs. Micromachines 16, 873 (July 2025).

Ishiguro, M. et al. Normally-off AlGaN/GaN MIS-HEMTs with High 2DEG Mobil-
ity Enabled by Shallow Recess and Oxygen Plasma Treatment. Japanese Journal
of Applied Physics 64, 020904 (Feb. 2025).



Bibliography 115

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

Paul, P. et al. Plasma Enhanced Atomic Layer Deposition of HfO2—A Potential
Gate Dielectric for GaN-based Devices. Journal of Vacuum Science & Technology
A 43, 042406 (July 2025).

Mizue, C., Hori, Y., Miczek, M. & Hashizume, T. Capacitance—Voltage Charac-
teristics of Al 5 O 3 /AlGaN/GaN Structures and State Density Distribution at
Al 5 O 3 /AlGaN Interface. Japanese Journal of Applied Physics 50, 021001 (Feb.
2011).

Gao, Y., Sasangka, W., Thompson, C. & Gan, C. Effects of Forward Gate Bias
Stressing on the Leakage Current of AlGaN/GaN High Electron Mobility Transis-
tors. Microelectronics Reliability 100—101, 113432 (Sept. 2019).

Makaram, P., Joh, J., Del Alamo, J. A., Palacios, T. & Thompson, C. V. Evolution
of Structural Defects Associated with Electrical Degradation in AlGaN/GaN High
Electron Mobility Transistors. Applied Physics Letters 96, 233509 (June 2010).
Sin, Y. et al. Schottky Contact Degradation and Dislocations in AlGaN-GaN
HEMTS. physica status solidi (a), 2500043 (June 2025).

Shi, Y. et al. Bidirectional Threshold Voltage Shift and Gate Leakage in 650 V
P-GaN AlGaN/GaN HEMTs: The Role of Electron-Trapping and Hole-Injection
in 2018 IEEE 30th International Symposium on Power Semiconductor Devices and
ICs (ISPSD) (IEEE, Chicago, IL, May 2018), 96-99.

Sun, Y., Wang, M., Lei, W. & Han, C. Dynamic Gate Leakage Current of P-GaN
Gate AlGaN/GaN HEMT under Positive Bias Conditions in 2021 IEEE Workshop
on Wide Bandgap Power Devices and Applications in Asia (WiPDA Asia) (IEEE,
Wuhan, China, Aug. 2021), 232-235.

Greco, G. et al. Thermionic Field Emission in the Lifetime Estimation of P-GaN
Gate HEMTs. IEEE Electron Device Letters 45, 1724-1727 (Oct. 2024).
Gammon, P. M. et al. Modelling the Inhomogeneous SiC Schottky Interface. Jour-
nal of Applied Physics 114, 223704 (Dec. 2013).

Saxena, A. Forward Current-Voltage Characteristics of Schottky Barriers on n-
Type Silicon. Surface Science 13, 151-171 (Jan. 1969).

Nicholls, J., Dimitrijev, S., Tanner, P. & Han, J. Description and Verification of
the Fundamental Current Mechanisms in Silicon Carbide Schottky Barrier Diodes.
Scientific Reports 9, 3754 (Mar. 2019).

Latry, O., Divay, A., Fadil, D. & Dherbécourt, P. Extraction of Physical Schot-
tky Parameters Using the Lambert Function in Ni/AlGaN/GaN HEMT Devices
with Defined Conduction Phenomena. Journal of Semiconductors 38, 014007 (Jan.
2017).

Padovani, F. A. & Sumner, G. G. Experimental Study of Gold-Gallium Arsenide
Schottky Barriers. Journal of Applied Physics 36, 3744-3747 (Dec. 1965).
Sullivan, J. P., Tung, R. T., Pinto, M. R. & Graham, W. R. Electron Transport of
Inhomogeneous Schottky Barriers: A Numerical Study. Journal of Applied Physics
70, 7403-7424 (Dec. 1991).

Roccaforte, F. et al. Towards Vertical Schottky Diodes on Bulk Cubic Silicon
Carbide (3C-SiC). Applied Surface Science 606, 154896 (Dec. 2022).

Vivona, M. et al. Electrical Properties of Inhomogeneous Tungsten Carbide Schot-
tky Barrier on 4H-SiC. Journal of Physics D: Applied Physics 54, 055101 (Feb.
2021).

Song, Y., Van Meirhaeghe, R., Laflere, W. & Cardon, F. On the Difference in Ap-
parent Barrier Height as Obtained from Capacitance-Voltage and Current-Voltage-



116

Bibliography

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

Temperature Measurements on Al/p-InP Schottky Barriers. Solid-State Electronics
29, 633-638 (June 1986).

Crowell, C. R. & Rideout, V. L. Normalized Thermionic-Field (T-F) Emission in
Metal-Semiconductor (Schottky) Barriers (1969).

Srivastava, A., Arora, B. & Guha, S. Measurement of Richardson Constant of
GaAs Schottky Barriers. Solid-State Electronics 24, 185-191 (Feb. 1981).
Detavernier, C., Van Meirhaeghe, R. L., Donaton, R., Maex, K. & Cardon, F.
Ballistic Electron Emission Microscopy Study of Barrier Height Inhomogeneities
Introduced in Au/n-Si Schottky Contacts by a HF Pretreatment. Journal of Ap-
plied Physics 84, 3226-3231 (Sept. 1998).

Gittler, H. H. & Werner, J. H. Influence of Barrier Inhomogeneities on Noise at
Schottky Contacts. Applied Physics Letters 56, 11131115 (Mar. 1990).

Werner, J. H. & Gittler, H. H. Transport Properties of Inhomogeneous Schottky
Contacts. Physica Scripta T39, 258-264 (Jan. 1991).

Higashiwaki, M. et al. Temperature-Dependent Capacitance—Voltage and Current—
Voltage Characteristics of Pt/Ga203 (001) Schottky Barrier Diodes Fabricated on
n —Ga203 Drift Layers Grown by Halide Vapor Phase Epitaxy. Applied Physics
Letters 108, 133503 (Mar. 2016).

Sheoran, H., Kumar, V. & Singh, R. A Comprehensive Review on Recent Develop-
ments in Ohmic and Schottky Contacts on Gag O3 for Device Applications. ACS
Applied Electronic Materials 4, 2589-2628 (June 2022).

Tung, R. T. Electron Transport at Metal-Semiconductor Interfaces: General The-
ory. Physical Review B 45, 13509-13523 (June 1992).

Im, H.-J., Ding, Y., Pelz, J. P. & Choyke, W. J. Nanometer-Scale Test of the Tung
Model of Schottky-barrier Height Inhomogeneity. Physical Review B 64, 075310
(July 2001).

Zhu, S. et al. Barrier Height Inhomogeneities of Epitaxial CoSi2 Schottky Contacts
on N-Si (100) and (111). Solid-State Electronics 44, 663671 (Apr. 2000).
Olbrich, A., Vancea, J., Kreupl, F. & Hoffmann, H. The Origin of the Integral Bar-
rier Height in Inhomogeneous Au/Co/GaAs67P33-Schottky Contacts: A Ballistic
Electron Emission Microscopy Study. Journal of Applied Physics 83, 358-365 (Jan.
1998).

Schmitsdorf, R. F., Kampen, T. U. & Moénch, W. Explanation of the Linear Corre-
lation between Barrier Heights and Ideality Factors of Real Metal-Semiconductor
Contacts by Laterally Nonuniform Schottky Barriers. Journal of Vacuum Science
& Technology B: Microelectronics and Nanometer Structures Processing, Measure-
ment, and Phenomena 15, 1221-1226 (July 1997).

Defives, D. et al. Barrier Inhomogeneities and Electrical Characteristics of Ti/4H-
SiC Schottky Rectifiers. IEEE Transactions on Electron Devices 46, 449455 (Mar.
1999).

Karatas, S., Altindal, S., Tiiriit, A. & Ozmen, A. Temperature Dependence of
Characteristic Parameters of the H-terminated Sn/p-Si(1 0 0) Schottky Contacts.
Applied Surface Science 217, 250-260 (July 2003).

Wu, M. et al. Schottky Forward Current Transport Mechanisms in AlGaN/GaN
HEMTs over a Wide Temperature Range. Chinese Physics B 23, 097307 (Sept.
2014).



Bibliography 117

238.

239.

240.

241.

242.

243.

244.

245.

246.

247.

248.

249.

250.

251.

252.

253.

Jabbari, 1., Baira, M., Maaref, H. & Mghaieth, R. Schottky Barrier Inhomogene-
ity in (Pd/Au) Al0.22Ga0.78N/GaN/SiC HEMT: Triple Gaussian Distributions.
Chinese Journal of Physics 73, 719-731 (Oct. 2021).

Lahnor, P., Seiter, K., Schulz, M., Dorsch, W. & Scholz, R. Barrier-Height Non-
Uniformities of PtSi/Si(111) Schottky Diodes. Barrier-height non-uniformities of
PtSi/Si(1 1 1) Schottky diodes (1995).

Pérez, R., Mestres, N., Montserrat, J., Tournier, D. & Godignon, P. Barrier Inho-
mogeneities and Electrical Characteristics of Ni/Ti Bilayer Schottky Contacts on
4H-SiC after High Temperature Treatments. physica status solidi (a) 202, 692697
(Mar. 2005).

Omar, S. U., Sudarshan, T. S., Rana, T. A., Song, H. & Chandrashekhar, M. V. S.
Large Barrier, Highly Uniform and Reproducible Ni-Si/4H-SiC Forward Schottky
Diode Characteristics: Testing the Limits of Tung’s Model. Journal of Physics D:
Applied Physics 47, 295102 (July 2014).

Huang, L. Barrier Inhomogeneities of Platinum Contacts to 4H-SiC. Superlattices
and Microstructures 100, 648-655 (Dec. 2016).

Roccaforte, F., La Via, F., Raineri, V., Pierobon, R. & Zanoni, E. Richardson’s
Constant in Inhomogeneous Silicon Carbide Schottky Contacts. Journal of Applied
Physics 93, 9137-9144 (June 2003).

Anand, S., Carlsson, S.-B., Deppert, K., Montelius, L. & Samuelson, L. Electron
Transport at Au/InP Interface with Nanoscopic Exclusions. Journal of Vacuum
Science & Technology B: Microelectronics and Nanometer Structures Processing,
Measurement, and Phenomena 14, 2794-2798 (July 1996).

Ruffino, F., Crupi, L., Irrera, A. & Grimaldi, M. G. Pd/Au/SiC Nanostructured
Diodes for Nanoelectronics: Room Temperature Electrical Properties. IEEE Trans-
actions on Nanotechnology 9, 414-421 (July 2010).

Fontsere, A. et al. Nanoscale Investigation of AlGaN/GaN-on-Si High Electron
Mobility Transistors. Nanotechnology 23, 395204 (Oct. 2012).

Saadaoui, S., Fathallah, O. & Maaref, H. Double Gaussian Distribution of Inho-
mogeneous Barrier Height in (Ni-Au)/Al0.25Ga0.75N/GaN. Brazilian Journal of
Physics 53, 26 (Feb. 2023).

Chavan, T., Suntrup, D. J. & Mishra, U. K. Understanding Extracted Richardson
Constant in Schottky Diodes Using Ni/GaN as a Case Study. Journal of Applied
Physics 138 (July 2025).

Sozza, A. et al. Thermal Stability of Mo-based Schottky Contact for AlIGaN/GaN
HEMT. Electronics Letters 41, 927 (2005).

Zhang, T. et al. Investigation of an AlGaN-channel Schottky Barrier Diode on a Sil-
icon Substrate with a Molybdenum Anode. Semiconductor Science and Technology
36, 044003 (Apr. 2021).

Zhang, T. et al. High-Performance Lateral GaN Schottky Barrier Diode on Silicon
Substrate with Low Turn-on Voltage of 0.31 V, High Breakdown Voltage of 2.65
kV and High-Power Figure-of-Merit of 2.65 GW Cm 2. Applied Physics Express
12, 046502 (Apr. 2019).

Jabli, F. et al. Electron/Transport in (Mo/Au)/AlGaN/GaN Schottky Diode. IOSR
Journal of Applied Physics 6, 27-34 (2014).

Reddy, V. R. & Seong, T.-Y. Electrical and Structural Properties of Ti/W/Au
Ohmic Contacts on n-Type GaN. Semiconductor Science and Technology 19, 975—
979 (Aug. 2004).



118

Bibliography

254.

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

Simnad, M. & Spilners, A. Kinetics and Mechanism of the Oxidation of Molybde-
num. JOM 7, 1011-1016 (Sept. 1955).

Vivona, M. et al. Thermal Annealing Effects on the Electrical and Structural Prop-
erties of Mo Schottky Contacts to N-Type 4H-SiC. Materials Science in Semicon-
ductor Processing 198, 109786 (Nov. 2025).

Dutta, G., DasGupta, N. & DasGupta, A. Gate Leakage Mechanisms in AlInN/GaN
and AlGaN/GaN MIS-HEMTSs and Its Modeling. IEEE Transactions on Electron
Devices 64, 3609-3615 (Sept. 2017).

Fisichella, G., Greco, G., Roccaforte, F. & Giannazzo, F. Current Transport in
Graphene/AlGaN/GaN Vertical Heterostructures Probed at Nanoscale. Nanoscale
6, 8671-8680 (2014).

L, Y.-J. et al. Different Influences of Schottky Metal on the Strain and Relative
Permittivity of Barrier Layer between AIN/GaN and AlGaN/GaN Heterostructure
Schottky Diodes. Chinese Physics B 23, 027102 (Feb. 2014).

Greco, G. et al. Thermal Annealing Effect on Electrical and Structural Properties
of Tungsten Carbide Schottky Contacts on AlGaN/GaN Heterostructures. Semi-
conductor Science and Technology 35, 105004 (Oct. 2020).

Roccaforte, F. et al. Barrier Inhomogeneity in Vertical Schottky Diodes on Free
Standing Gallium Nitride. Materials Science in Semiconductor Processing 94, 164—
170 (May 2019).

Kim, H., Choi, S. & Choi, B. J. Forward Current Transport Properties of Al-
GaN/GaN Schottky Diodes Prepared by Atomic Layer Deposition. Coatings 10,
194 (Feb. 2020).

Fornasiero, Q. et al. Fabrication, and Direct Current and Cryogenic Analysis of
SF6-treated AlGaN/GaN Schottky Barrier Diodes. Journal of Vacuum Science &
Technology B 41, 012202 (Jan. 2023).

Milazzo, S. et al. Tunneling and Thermionic Emission as Charge Transport Mech-
anisms in W-based Schottky Contacts on AlGaN/GaN Heterostructures. Applied
Surface Science 679, 161316 (Jan. 2025).

Milazzo, S., Greco, G., Mirabella, S., Tucolano, F. & Roccaforte, F. Thermionic
Emission Conduction in Mo AlGaN/GaN Diodes in the Presence of Schottky Bar-
rier Inhomogeneities. Scientific Reports 15, 36621 (Oct. 2025).

Gullu, H. H., Seme Sirin, D. & Yildiz, D. E. Analysis of Double Gaussian Distri-
bution on Barrier Inhomogeneity in a Au/n-4H SiC Schottky Diode. Journal of
Electronic Materials 50, 7044-7056 (Dec. 2021).

Werner, J. H. & Gittler, H. H. Barrier Inhomogeneities at Schottky Contacts.
Journal of Applied Physics 69, 1522-1533 (Feb. 1991).

Besendorfer, S. et al. Methodology for the Investigation of Threading Dislocations
as a Source of Vertical Leakage in AlGaN/GaN-HEMT Heterostructures for Power
Devices. Journal of Applied Physics 125, 095704 (Mar. 2019).

Hones, P., Martin, N., Regula, M. & L vy, F. Structural and Mechanical Properties
of Chromium Nitride, Molybdenum Nitride, and Tungsten Nitride Thin Films.
Journal of Physics D: Applied Physics 36, 1023-1029 (Apr. 2003).

Wang, Y. & Lin, R. Y. Amorphous Molybdenum Nitride Thin Films Prepared by
Reactive Sputter Deposition. Materials Science and Engineering: B 112, 42-49
(Sept. 2004).



Bibliography 119

270. Bouaouina, B., Besnard, A., Abaidia, S. E., Airoudj, A. & Bensouici, F. Molyb-
denum Nitride Thin Films Deposited on Silicon by Reactive R.F. Magnetron Dis-
charge (2018).

271. Stober, L., Konrath, J. P., Patocka, F., Schneider, M. & Schmid, U. Controlling
4H-SiC Schottky Barriers by Molybdenum and Molybdenum Nitride as Contact
Materials. IEEE Transactions on Electron Devices 63, 578583 (Feb. 2016).

272. Jabbari, 1., Baira, M., Maaref, H. & Mghaieth, R. Evidence of Poole-frenkel and
Fowler-Nordheim Tunneling Transport Mechanisms in Leakage Current of (Pd/Au)
Al10.22Ga0.78N/GaN Heterostructures. Solid State Communications 314—315, 113920
(July 2020).

273. Li, Y. et al. Investigation of Gate Leakage Current Mechanism in AlGaN/GaN
High-Electron-Mobility Transistors with Sputtered TiN. Journal of Applied Physics
121, 044504 (Jan. 2017).

274. Turuvekere, S., DasGupta, A. & DasGupta, N. Effect of Barrier Layer Thickness
on Gate Leakage Current in AlGaN/GaN HEMTs. IEEE Transactions on Electron
Devices 62, 3449-3452 (Oct. 2015).

275.  Ren, J. et al. Current Transport Mechanisms in Lattice-Matched Pt/Au-InAIN/GaN
Schottky Diodes. Journal of Applied Physics 117, 154503 (Apr. 2015).

276. Turuvekere, S., Rawal, D. S., DasGupta, A. & DasGupta, N. Evidence of Fowler—
Nordheim Tunneling in Gate Leakage Current of AlGaN/GaN HEMTs at Room
Temperature. IEEE Transactions on Electron Devices 61, 4291-4294 (Dec. 2014).

277. Ganguly, S., Konar, A., Hu, Z., Xing, H. & Jena, D. Polarization Effects on Gate
Leakage in InAIN/AIN/GaN High-Electron-Mobility Transistors. Applied Physics
Letters 101, 253519 (Dec. 2012).

278. Yan, D. et al. On the Reverse Gate Leakage Current of AlGaN/GaN High Electron
Mobility Transistors. Applied Physics Letters 97, 153503 (Oct. 2010).

279. Arslan, E., Biitiin, S. & Ozbay, E. Leakage Current by Frenkel-Poole Emission in
Ni/Au Schottky Contacts on Al0.83In0.17N/AIN/GaN Heterostructures. Applied
Physics Letters 94, 142106 (Apr. 2009).

280. Rahbardar Mojaver, H. & Valizadeh, P. Reverse Gate-Current of AlGaN/GaN
HFETs: Evidence of Leakage at Mesa Sidewalls. IEEE Transactions on Electron
Devices 63, 1444-1449 (Apr. 2016).

281. Kaushik, J. et al. Investigation of Surface Related Leakage Current in AlGaN/GaN
High Electron Mobility Transistors. Thin Solid Films 612, 147-152 (Aug. 2016).

282. Liu, Z. H., Ng, G. 1., Zhou, H., Arulkumaran, S. & Maung, Y. K. T. Reduced
Surface Leakage Current and Trapping Effects in AlGaN/GaN High Electron Mo-
bility Transistors on Silicon with SiN/A1203 Passivation. Applied Physics Letters
98, 113506 (Mar. 2011).

283. Kotani, J., Tajima, M., Kasai, S. & Hashizume, T. Mechanism of Surface Conduc-
tion in the Vicinity of Schottky Gates on AlGaN/GaN Heterostructures. Applied
Physics Letters 91, 093501 (Aug. 2007).

284. Greco, G. et al. Conduction Mechanisms at Interface of AIN/SiN Dielectric Stacks
with AlGaN/GaN Heterostructures for Normally-off High Electron Mobility Tran-
sistors: Correlating Device Behavior with Nanoscale Interfaces Properties. ACS
Applied Materials €& Interfaces 9, 35383-35390 (Oct. 2017).

285. Jin Ha, W. et al. Analysis of the Reverse Leakage Current in AlGaN/GaN Schottky
Barrier Diodes Treated with Fluorine Plasma. Applied Physics Letters 100, 132104
(Mar. 2012).



120 Bibliography

286. Jia, L. et al. AlGaN/GaN Schottky Diode Fabricated by Au Free Process. IEEE
Electron Device Letters 34, 1235-1237 (Oct. 2013).

287. Saadaoui, S., Mongi Ben Salem, M., Gassoumi, M., Maaref, H. & Gaquiere, C.
Electrical Characterization of (Ni/Au)/Al0.25Ga0.75N/GaN/SiC Schottky Barrier
Diode. Journal of Applied Physics 110, 013701 (July 2011).

288. Donoval, D. et al. Current Transport and Barrier Height Evaluation in Ni/InAIN/GaN
Schottky Diodes. Applied Physics Letters 96, 223501 (May 2010).

289. Arslan, E., Altindal, S., Ozcelik, S. & Ozbay, E. Tunneling Current via Dislocations
in Schottky Diodes on AlInN/AIN/GaN Heterostructures. Semiconductor Science
and Technology 24, 075003 (July 2009).

290. Greco, G., Giannazzo, F. & Roccaforte, F. Temperature Dependent Forward Current-
Voltage Characteristics of Ni/Au Schottky Contacts on AlGaN/GaN Heterostruc-
tures Described by a Two Diodes Model. Journal of Applied Physics 121, 045701
(Jan. 2017).

291. Hasegawa, H. & Oyama, S. Mechanism of Anomalous Current Transport in n -Type
GaN Schottky Contacts. Journal of Vacuum Science & Technology B: Microelec-
tronics and Nanometer Structures Processing, Measurement, and Phenomena 20,
1647-1655 (July 2002).

292. Kotani, J. et al. Tensile Strain-induced Formation of Micro-cracks for AlGaN/GaN
Heterostructures. physica status solidi ¢ 10, 808-811 (May 2013).

293. Dalapati, P., Urata, S. & Egawa, T. Investigation of AlGaN/GaN High Electron
Mobility Transistors on Silicon (111) Substrates Employing Multi-Stacked Strained
Layer Superlattice Structures. Superlattices and Microstructures 147, 106709 (Nov.
2020).

294. Narin, P. et al. A Structural Analysis of Ultrathin Barrier (In)AIN/GaN Het-
erostructures for GaN-based High-frequency Power Electronics. Surface and Inter-
face Analysis 54, 576-583 (May 2022).

295. Tan, C., Abdul Aziz, A. & Yam, F. Schottky Barrier Properties of Various Metal
(Zr, Ti, Cr, Pt) Contact on p-GaN Revealed from I-V-T Measurement. Applied
Surface Science 252, 5930-5935 (June 2006).

296. Padma, R., Nagaraju, G., Rajagopal Reddy, V. & Choi, C.-J. Effect of Annealing
Temperature on the Electrical and Structural Properties of V/p-GaN Schottky
Structures. Thin Solid Films 598, 236-242 (Jan. 2016).

297. Fukushima, Y., Ogisu, K., Kuzuhara, M. & Shiojima, K. I-V and C-V Characteris-
tics of Rare-earth-metal /p-GaN Schottky Contacts. physica status solidi ¢ 6 (June
2009).

298. Greco, G. et al. Effects of Annealing Treatments on the Properties of Al/Ti/p-
GaN Interfaces for Normally OFF p-GaN HEMTs. IEEFE Transactions on Electron
Devices 63, 2735-2741 (July 2016).

299. Tapajna, M., Hilt, O., Bahat-Treidel, E., Wurfl, J. & Kuzmik, J. Gate Reliabil-
ity Investigation in Normally-Off p-Type-GaN Cap/AlGaN/GaN HEMTs Under
Forward Bias Stress. IEFE Electron Device Letters 37, 385-388 (Apr. 2016).

300. Rossetto, 1. et al. Field- and Current-Driven Degradation of GaN-based Power
HEMTs with p-GaN Gate: Dependence on Mg-doping Level. Microelectronics Re-
liability 7677, 298-303 (Sept. 2017).

301. Wang, C. et al. E-Mode p-n Junction/AlGaN/GaN (PNJ) HEMTs. IEEE Electron
Device Letters 41, 545-548 (Apr. 2020).

302. Constant, A., Wakrim, T. & Tucolano, F. US20250142865A1



Bibliography 121

303. Favero, D. et al. Trade-off between Gate Leakage Current and Threshold Voltage
Stability in Power HEMTs during ON-state and OFF-state Stress. Microelectronics
Reliability 150, 115129 (Nov. 2023).

304. Meneghesso, G. et al. Reliability and Parasitic Issues in GaN-based Power HEMTs:
A Review. Semiconductor Science and Technology 31, 093004 (Sept. 2016).

305. Jain, A. et al. Trap Filled Limit Voltage (VIFL) and V2 Law in Space Charge
Limited Currents. Journal of Applied Physics 102, 094505 (Nov. 2007).

306. Zhang, Y. et al. GaN-on-Si Vertical Schottky and p-n Diodes. IEEFE Electron Device
Letters 35, 618620 (June 2014).

307. Hua, M. et al. Gate Current Transport in Enhancement-Mode p - n Junction/AlGaN/GaN
(PNJ) HEMT. IEEE Electron Device Letters 42, 669-672 (May 2021).

308. Stoffels, S. et al. Perimeter Driven Transport in the P-GaN Gate as a Limiting Fac-
tor for Gate Reliability in 2019 IEEFE International Reliability Physics Symposium
(IRPS) (IEEE, Monterey, CA, USA, Mar. 2019), 1-10.

309. Zhou, G. et al. Gate Leakage Suppression and Breakdown Voltage Enhancement
in P-GaN HEMTs Using Metal/Graphene Gates. IEEE Transactions on Electron
Devices 67, 875-880 (Mar. 2020).

310. He, J. et al. Frequency- and Temperature-Dependent Gate Reliability of Schottky-
Type ${p}$ -GaN Gate HEMTs. IEEFE Transactions on Electron Devices 66, 3453
3458 (Aug. 2019).

311. Fregolent, M. et al. Negative Activation Energy of Gate Reliability in Schottky-
Gate p-GaN HEMTs: Combined Gate Leakage Current Modeling and Spectral
Electroluminescence Investigation. IEEE Journal of the Electron Devices Society,
1-1 (2024).

312. Shi, Y. et al. Carrier Transport Mechanisms Underlying the Bidirectional VTH
Shift in P-GaN Gate HEMTs Under Forward Gate Stress. IEEE Transactions on
FElectron Devices 66, 876882 (Feb. 2019).

313. Chen, Y.-H. et al. Study of Vi Instability during Recovery after Off-state Stress
in p-GaN HEMT. IEEE FElectron Device Letters, 1-1 (2025).

314. Carpenter, M. S.,; Melloch, M. R., Lundstrom, M. S. & Tobin, S. P. Effects of
Na2S and (NH4)2S Edge Passivation Treatments on the Dark Current-Voltage
Characteristics of GaAs p n Diodes. Applied Physics Letters 52, 2157-2159 (June
1988).

315. Kim, H., Lee, D. H. & Myung, H. S. Contact Area-Dependent Electron Transport
in Au/n-Type Ge Schottky Junction. Korean Journal of Materials Research 26,
412-416 (Aug. 2016).

316. Mitrofanov, O. & Manfra, M. Poole-Frenkel Electron Emission from the Traps in
AlGaN/GaN Transistors. Journal of Applied Physics 95, 6414-6419 (June 2004).

317. Kuznetsov, N.; Kalinina, E., Soloviev, V. & Dmitriev, V. Schottky Barriers on
P-GaN. MRS Proceedings 395, 837 (1995).

318. Greco, G. et al. Metal/P-GaN Contacts on AlGaN/GaN Heterostructures for
Normally-Off HEMTs. Materials Science Forum 858, 1170-1173 (May 2016).

319. Lin, Y.-J. Application of the Thermionic Field Emission Model in the Study of a
Schottky Barrier of Ni on P-GaN from Current—Voltage Measurements. Applied
Physics Letters 86, 122109 (Mar. 2005).

320. Karboyan, S., Tartarin, J.-G. & Lambert, B. Analysis of Barrier Inhomogeneities
in AlGaN/GaN HEMTS’ Schottky Diodes by I-V-T Measurements (2013).



122

Bibliography

321.

322.

323.

324.

Lu, C.-H. et al. Ultra-Low Leakage Current Recess-Free Thin Barrier AlGaN/GaN
Schottky Diodes Featuring Hybrid MOS/MIS GET Anodes with Optimized MOS-
gate Length and LPCVD SiN , Thickness. Japanese Journal of Applied Physics
64, 070908 (July 2025).

Hashizume, T., Ootomo, S., Inagaki, T. & Hasegawa, H. Surface Passivation of
GaN and GaN/AlGaN Heterostructures by Dielectric Films and Its Application to
Insulated-Gate Heterostructure Transistors. Journal of Vacuum Science & Tech-
nology B: Microelectronics and Nanometer Structures Processing, Measurement,
and Phenomena 21, 1828-1838 (July 2003).

Saito, W. et al. Suppression of Dynamic On-Resistance Increase and Gate Charge
Measurements in High-Voltage GaN-HEMTs With Optimized Field-Plate Struc-
ture. IEEE Transactions on Electron Devices 54, 1825-1830 (Aug. 2007).

Hao, R. et al. Studies on Fabrication and Reliability of GaN High-Resistivity-Cap-
Layer HEMT. IEEE Transactions on Electron Devices 65, 1314-1320 (Apr. 2018).



Curriculum Vitae

Personal Information

Surname: Milazzo
First Name: Simone
Nationality: Ttalian

Date of Birth: May 132 1997

E-mail: simonemilazzo97@gmail.com

Education

e 2016 — Classic High School “Nicola Spedalieri”, Catania, Italy.
Final grade: 82/100.

e 2020 — Bachelor Degree in Chemistry, University of Catania, Italy. Thesis: Syn-
thesis and Characterization of Mannose Derivatives of DOTA.
Tutor: Prof. G. Vecchio.

Final grade: 110/110 cum laude.

e 2022 — Master’s Degree in Materials Chemistry and Nanotechnology, University of
Catania, Italy. Thesis: Synthesis and Characterization of Chromophore Polymers
for the Determination of Pollutants in Food Matrices.

Tutor: Prof. G. Mineo. Supervisor: Dr. A. Nicosia.
Final grade: 110/110 cum laude.

e 2023 — Qualification to practice as a chemist, University of Catania, Italy.
Final grade: 140/150.

e 2025 — PhD in Materials Science and Nanotechnology, University of Catania, Italy.
Thesis: Conduction Mechanisms in Schottky Contacts in Gallium Nitride Electronic
Devices.

Tutor: Prof. S. Mirabella (University of Catania). Supervisors: Dr. G. Greco
(CNR-IMM), Dr. F. Iucolano (STMicroelectronics).






Academic Activities

List of PhD courses

Within the three year of PhD the following courses have been attended.

Course Name Lecturer CFU
Physics of matter Prof. Antonino Terrasi 3
Scanning probe microscopies Prof. Francesco Ruffino 3

Transmission electron microscopy

and related techniques Dr. Antonio M. Mio 2
Bt rom W00 by Givenpe D2
Elzziei?alfshﬁligs&evxfeesband gap Dr. Fabrizio Roccaforte 1
Ton beam Prof. Salvatore Mirabella 3
Physics of semiconductors Prof. Salvatore Mirabella 3

PhD schools

e IMM Summer School.

Castro Marina, Lecce (Italy) from May 13" to May 17*h 2024.
e« NanoSoli School 2024.

Erice, Trapani (Italy) from July 13" to July 18" 2024.

125



126 Academic Activities

Teaching

Chemistry tutor for first year Physics students (40 hours).

Reviewer activities

The following reviewer activities have been carried out:

o Materials Science in Semiconductor Processing, 26 reviews
e Applied Physics Letters, 4 reviews

o Journal of Applied Physics, 1 review

e Journal of Crystal Growth, 1 review

Additional contributions

Presentation entitled ” Materiali e dispositivi a base di Nitruro di Gallio per ’elettronica
di potenza e di frequenza” at the event Job Orienta organized by the Italian Ministry of
University and Research (MIUR).

Verona November 28" 2024.



Publications

e Simone Milazzo, Giuseppe Greco, Salvatore Di Franco, Patrick Fiorenza, Fil-
ippo Giannazzo, Corrado Bongiorno, Leonardo Gervasi, Salvatore Mirabella, Fer-
dinando Tucolano, Fabrizio Roccaforte, Tunneling and Thermionic Emission as
Charge Transport Mechanisms in W-based Schottky Contacts on AlGaN/GaN Het-
erostructures. Applied Surface Science 679, 161316 (Jan. 2025).
https://doi.org/10.1016/j.apsusc.2024.161316.

e Simone Milazzo, Giuseppe Greco, Salvatore Mirabella, Ferdinando Tucolano, Fab-
rizio Roccaforte, Thermionic emission conduction in Mo AlGaN/GaN diodes in
the presence of Schottky barrier inhomogeneities. Scientific Reports 15, 36621 (Oct.
2025).
https://doi.org/10.1038/s41598-025-20312-2.

e Simone Milazzo, Giuseppe Greco, Giovanni Giorgino, Cristina Miccoli, Salvatore
Mirabella, Ferdinando Iucolano, Fabrizio Roccaforte, Modelling the ON-state gate
leakage current in p-GaN gated AlGaN/GaN HEMTs. IEEE Transaction Electron
Devices, submitted.

e Simone Milazzo, Giuseppe Greco, Leonardo Gervasi, Salvatore Mirabella, Ferdi-
nando Iucolano, Fabrizio Roccaforte, Schottky barrier height modulation in W-based
contacts on AlGaN/GaN heterostructures. Materials Science in Semiconductor Pro-
cessing, to be submitted.

127






Conferences and Awards

e Oral presentation at European Materials Research Society - EMRS2023 Spring
entitled “Different Schottky barriers obtained by varying the Schottky metal depo-
sition parameters”.

Strasbourg (France) from May 29" to June 279 2023.

e Oral presentation at Materials for Advanced Metallization - MAM2024 entitled
“Forward conduction mechanism at W-based Schottky contacts on AlGaN/GaN
heterostructures”.

Milan (Ttaly) from March 18" to March 215t 2024.

o Poster presentation at International GaN4AP Workshop: GaN for Advanced
Power Application entitled “Nearly-ideal Molybdenum Schottky contacts on Al-
GaN/GaN heterostructures”.

Catania (Italy) from February 20" to February 215¢ 2025.

e Oral presentation at Materials for Advanced Metallization - MAM2025 entitled
“Nearly-ideal Molybdenum Schottky contacts on AlGaN/GaN heterostructures”.
Leuven (Belgium) from March 24 to March 27t 2025.

Awards

Best oral contribution entitled “Forward conduction mechanism at W-based Schottky
contacts on AlGaN/GaN heterostructures” during MAM2024 conference.

129






Acknowledgements

This thesis would have not been possible without the support of several remarkable
people.

I would not be here without the support of my tutor, Prof. Salvatore Mirabella, who has
guided me throughout my PhD. He has taught me to approach problems critically and
creatively and to strive for excellence. His constant encouragement, insightful advice,
and dedication have been fundamental for the completion of this thesis.

Then, I would like to express my deepest gratitude to my supervisor, Dr. Giuseppe Greco,
who has taught me everything, from practical techniques to theoretical concepts. From
the very first day, his guidance has been essential for the development of this thesis. He
has always encouraged me to achieve greater goals and kept me motivated throughout
this three years.

I thank Dr. Ferdinando Iucolano and all of his team for the constant support during the
development of this thesis.

I thank also Dr. Vittorio Privitera, the director of CNR-IMM for the opportunity to carry
out the research activities at CNR-IMM, and the administrative staff for the support.

I would like to thank all the people at CNR-IMM who have made this work not only
possible, but truly enjoyable. First and foremost, I am deeply grateful to Dr. Fabrizio
Roccaforte, whose incredible leadership, vision, and dedication to his work have greatly
contributed to my personal and professional growth. The stimulating environment he
has created has been essential for the development of this thesis. I would like to thank
Dr. Filippo Giannazzo for always being available to discuss and support me in nanoscale
characterizations. My gratitude also goes to Dr. Patrick Fiorenza for his expertise in
nanoscale characterization and electrical measurements. He has taught me many things
in unconventional ways, always encouraging me to approch problems from a different
prespective. I am thankful to Salvatore Di Franco for generously sharing his immense
experience in clean room operation. I would like to acknowledge Dr. Marilena Vivona for
her constant interest in my work and her openness to discuss and assist with electrical
measurements. I also thank Dr. Raffaella Lo Nigro for sharing her experience in MOCVD
and XRD measurements. I am grateful to Dr. Emanuela Schilirdo and Dr. Salvatore
E. Panasci for the many lunches shared together and for their constant support and

131



132 Acknowledgements

encouragement. I would like to thank Dr. Isabel Streicher for sharing her vast knowledge
of MOCVD growth and reactor operation, and Valerio Votadoro for always being ready
to lend a valuable helping hand. My thanks also go to Dr. Giuseppe Consentino and
Lisa Finocchiaro for many fruitful discussions. Finally, a special thanks to Dr. Bruno
Galizia and Marco Zignale, who shared the PhD journey with me. I am grateful to them
for always being open to discussions on every topic, both scientific and not.

I would like to acknowledge many people from STMicroelectronics in Catania. I thank
Dr. Leonardo Gervasi, Dr. Giovanni Giorgino, Dr. Cristina Miccoli and Dr. Stella Lo
Verso, who have been supportive and crucial in the development of this thesis. I am
especially grateful to the late Dr. Maria Eloisa Castagna, whose memory I will always
cherish. Also, all of the people who work in the electrical characterization laboratories,
mainly to Antonino Parisi and Enzo Fontana who have very kindly opened the doors to
their laboratories and allowed me to do many measurements. I would like also to thank
Piero Spina and Dr. Giovanni Maira for their availability and help in the laboratory.

I would like to express my gratitude to Dr. Aurore Constant from STMicroelectronics
in Tours (France) who hosted me during my abroad period. Many thanks to all of the
people in her group who made my stay in Tours a positive experience: Dr. Tariq Wakrim,
Dr. Angela Crespi, Dr. Pauline Gaillard, Dr. Florent Magnier, Dr. Hyon-Ju Chauveau,
Dr. Mohammed Zeghouane, Dr. Adama Mballo, Dr. Yves Sama, and Dr. Virgil Guillon.

I also ackwnowledge Prof. Daniel Alquier (GREMAN and University of Tours) and all
of his team for the support and encouragement given during my stay in Tours.

Dr. Pawel Prystawko, Dr. Ewa Grzanka and Dr. Piotr Kruszewski and Prof. Mike
Leszczyniski are ackwnlowledged for hosting me at UNIPRESS in Warsaw (Poland) and
sharing their experience in the MOCVD growth and structural characterization of GaN
materials.

I would also like to thank the coordinator of the PhD programme, Prof. Giuseppe
Romano Compagnini, who later handed over the lead to Prof. Salvatore Mirabella,
as well as the vice-coordinator, Prof. Nunzio Tuccitto. Since they have always been
dedicated to making sure that the PhD is an enriching experience.

Finally, I am sincerely grateful to the administrative staff of the PhD programme, Sabrina
Tosto, Raffaele Barbato, and Giuseppa Graziella Vicari, for their constant support in
ensuring that everything runs smoothly.



	Introduction
	Gallium Nitride: from basics to application
	GaN properties
	Crystal Structure
	Group III-Nitrides Alloys
	Superior electronic properties of GaN

	GaN layer growth techniques
	GaN epilayers
	Defect Management

	AlGaN/GaN heterostructures: 2D electron gas formation
	High Electron Mobility Transistors (HEMTs)

	Metallic Contacts in HEMT devices
	Metal/Semiconductor Contacts
	Ohmic Contacts
	Schottky Contacts
	Operating modes of GaN HEMTs
	Normally-ON devices
	Normally-OFF devices

	Schottky barrier height engineering
	Open issues in GaN technology

	The role of inhomogeneities in Mo/AlGaN/GaN
	Modelling of the conduction mechanisms in Schottky contacts
	Slight deviations from ideal TE conduction
	Werner’s model
	Tung’s inhomogeneity model
	Strong deviations from ideal TE conduction
	Review of Schottky barrier inhomogeneity

	Device fabrication
	Electrical characterization
	Modelling of the forward conduction
	Tung’s Inhomogeneity Model
	Nanoscale conduction by C-AFM


	WNx/AlGaN/GaN and tailoring of the barrier height
	Overview of Schottky contacts on AlGaN/GaN
	Tuning of the Schottky barrier
	Conduction mechanisms in AlGaN/GaN heterostructures
	Review of non-ideal conduction in AlGaN/GaN Schottky contacts

	Device fabrication
	Reactive sputtering for Schottky barrier engineering
	Analysis of conduction mechanisms
	Nanoscale analyses

	Geometric effects on gate leakage in p-GaN HEMTs
	Overview of gate leakage in p-GaN HEMTs
	Schottky contacts on p-GaN
	Gate contact: reliability and conduction mechanisms

	Device Fabrication
	Electrical characterization
	Isolation of the area and perimeter contribution
	Modelling of the conduction mechanism


	Conclusions and future perspectives
	Deviation from TE conduction
	Processing flow and device characterization
	List of Figures
	List of Tables
	Bibliography
	Curriculum Vitae
	Academic activities
	Publications
	Conferences and Awards
	Acknowledgements

