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Introduction 
 

In our industrialized world, the energy consumption is constantly 

increasing. Moreover, in spite of the efforts to save energy, the global 

demand for electricity will grow significantly in the next two decades. For 

that reason, energy saving and energy efficiency have become very 

important objectives of our society.   

Power electronics is the key technology that controls the distribution and 

conversion of electrical energy from the source to the end user. Hence, 

power electronics regulates the power supply infrastructure, energy 

transmission and distribution systems, finding a large variety of 

applications in industry, transportation, renewable energy, home 

appliances, etc. 

The origin of modern power electronics is commonly associated with the 

invention of transistors at the end of the 40s. Since then, semiconductor 

materials became available and solid-state devices started replacing the old 

vacuum tubes. At the beginning of this revolution, solid-state electronic 

devices were based on germanium, but this material was quickly replaced 

by silicon (Si), which remained for more than five decades the 

semiconductor of choice for power devices. However, some intrinsic 

properties of silicon (e.g., low critical electric field, low thermal 

conductivity, narrow bandgap) represent a limitation for the performance 

and the efficiency of power devices. Hence, the introduction of new 

semiconductor materials, enabling an improvement of the energy 

efficiency in power electronics devices, has become mandatory. 

To this aim, Wide Band Gap (WBG) semiconductors are very promising 

to improve the performance of electronic devices, decreasing the power 

consumption. In particular, gallium nitride (GaN) and silicon carbide (SiC) 

are emerging in many applications, such as industry, transportation (i.e. 

power supply and power modules), renewable energies (power conversion) 

and aerospace (high temperature engines). The advantages offered by these 

semiconductors with respect to the traditional silicon reside in their 

intrinsic physical properties, such as a high breakdown field, a low intrinsic 

carrier concentration, a high saturation velocity and thermal conductivity. 
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However, the physical differences with respect to silicon make the 

technology of WBG devices definitively more complex.  

Ohmic contacts are fundamental building blocks in microelectronics and 

optoelectronics devices, as they are the connection from the device to the 

external circuitry. The performance of a device strongly depends on the 

good operation of such contacts. Hence, it is important to understand the 

physics that governs the charge transport at these metal/semiconductor 

interfaces. 

SiC is currently the most advanced WBG semiconductor, and it is today 

available in large area wafers (up to 150 mm in diameter) of good 

crystalline quality. This material is present in nature in different crystal 

structures, called polytypes. The hexagonal 4H-SiC and the cubic 3C-SiC 

are the emerging polytypes for high power and high temperature 

applications. Today many 4H-SiC devices, like Schottky diodes, or metal 

oxide semiconductor field effect transistors (MOSFETs) are commercially 

available and offer superior properties with respect to Si devices. For these 

devices, understanding the transport properties at metal/SiC interfaces is 

very important, either for Schottky or Ohmic contacts.  

On the other hand, GaN is a fascinating material, well-known for the 

Nobel Prize for Physics assigned in 2014 for the research on light emitting 

diodes (LEDs). This material can be also interesting for power electronics 

applications. A peculiarity of GaN is the possibility to grow AlGaN/GaN 

heterostructures. In such systems, in the presence of a strained thin AlGaN 

layer, the gradient of piezoelectric and spontaneous polarization leads to 

the formation of a two-dimensional electron gas (2DEG) confined at the 

AlGaN/GaN interface. These heterostructures are employed in the 

fabrication of lateral devices called high electron mobility transistors 

(HEMTs), which are based on the presence of the 2DEG. One important 

issue of GaN HEMT technology is the formation of Ohmic contacts with 

low specific resistance on the AlGaN/GaN heterostructures for the source 

and drain electrodes. Moreover, in GaN-on-Si technology, it is important 

to have Au-free contacts. The electrical properties of such contacts depends 

on several parameters, and the current transport mechanisms in Au-free 

metallization are still under investigation.  

In this thesis, some physical aspect related to Ohmic contacts on SiC 

and AlGaN/GaN heterostructures have been studied, employing several 
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morphological, structural and electrical characterizations. The aim of the 

work is to clarify some fundamental open questions on the transport 

mechanisms at the metal/semiconductor interfaces, which are also useful 

for the device technology. 

The thesis is composed of five chapters. The first part of the thesis 

introduces the semiconductor properties, the basis physics related to 

metal/semiconductor interfaces and the experimental techniques. 

Chapter 1 introduces the WBG semiconductors, which are object of this 

study. In particular, the crystalline structure and the electrical properties of 

3C-SiC, 4H-SiC and GaN (focusing also on the AlGaN/GaN 

heterostructure) are presented, highlighting the advantages of these 

semiconductors with respect to the traditional silicon (Si). 

Then, as this research work has been focused on Ohmic contacts, 

Chapter 2 reports some basic physical concepts useful for the 

comprehension of metal/semiconductor contacts and current transport 

mechanisms at these interfaces.  

Chapter 3 synthetically describes the characterization techniques used 

in this thesis. Atomic Force Microscopy (AFM) and conductive atomic 

force microscopy (C-AFM) were used for morphological and nanoscale 

electrical characterization. X-Ray Diffraction (XRD) and Transmission 

Electron Microscopy (TEM) served for a structural analysis of the annealed 

contacts. Hall Effect measurements and current-voltage (I-V) 

measurements allowed the determination of the electrical properties of the 

semiconductor layers and the Ohmic contacts formed on them. The 

electrical characterizations required the fabrication of appropriate test 

patterns (e.g., TLM structures, VdP structures, etc.) in the clean room. The 

fabrication procedures are also described in the chapter.  

The second part of the thesis reports the experimental results and their 

discussion. 

Chapter 4 is focused on AlGaN/GaN heterostructures, and reports a 

study of Au-free Ohmic contacts, based on Ti and Ta metallization. In 

particular, the structural, morphological and electrical behaviour of 

Ti/Al/Ti and Ta/Al/Ta systems are compared, providing insights on the 

carrier transport mechanism at the different metal/semiconductor 

interfaces. 
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Chapter 5 reports on Ohmic contacts to SiC materials. The chapter is 

divided in two parts. First, the study of Ti/Al-based Ohmic contacts on p-

type implanted 4H-SiC is reported together with the study of the electrical 

activation of the p-type implanted dopant by means of Hall Effect 

measurements. Then, the chapter presents an investigation on Ni- and Ti-

based contacts on n-type and p-type cubic 3C-SiC. 

Finally, a short chapter summarizes the main results of the work, giving 

some conclusion and an outlook for future research work on this topic. 
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Chapter 1 - Properties of wide band gap 

semiconductors 
 

 

This chapter gives an introduction on the main properties of the wide band 

gap (WBG) semiconductors silicon carbide (SiC) and gallium nitride 

(GaN). After a short illustration of the crystalline structure of the two 

materials, particular attention will be given to the electronics properties and 

their impact on the performances of power devices. The advantages of 

using SiC and GaN with respect to the traditional silicon (Si) devices will 

be also highlighted.  

 

 

1.1 Material properties 

 

1.1.1 SiC crystalline structure 

 

Silicon carbide (SiC) is a binary compound semiconductor formed up by 

group IV elements, carbon (C) and silicon (Si), tetrahedrally bonded in a 

1:1 ratio [1,2]. Each Si atom shares electrons with four C atoms with a 

partially ionic (12%) – covalent (88%) bond. Fig. 1.1 (a) shows the basic 

structural unit, a tetrahedron having one C (or Si) atom in the centre 

surrounded by four Si (or C) atoms, with a C-Si binding energy of about 5 

eV. The approximate distances between Si-C and Si-Si or C-C atoms are 

1.89 Å and 3.08 Å, respectively. SiC can be present in nature in different 

stable crystal structures, called polytypes, having the same chemical 

composition (50% of Si and 50% of C), and equal basic tetrahedral 

structure, i.e., four atoms of Si (or C) linked to one C (or Si) atom. The 

various polytypes can exist in cubic (Fig. 1.1 (b)), hexagonal (Fig. 1.1 (c)), 

and rhombohedral crystal structures, all of them crystallize according to the 

laws of close spherical packing, resulting in binary structures constituted 

by identical layers. Among SiC polytypes, 3C-SiC, 4H-SiC, and 6H-SiC 

are the most widely used for electronic applications. Each polytype differs 

from the stacking sequence of the Si-C bilayers, which occurs in three 
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different provisions, commonly indicated with the notation ABC. The 

simplest hexagonal structure, called 2H-SiC, has the sequence ABA. The 

two hexagonal polytypes, 6H-SiC and 4H-SiC, take on the sequences 

ABCACB ABCACB, and ABCB ABCB, respectively. 

 
 

Fig. 1.1. SiC basic tetrahedral structural unit (a), cubic unit cell of the polytype 

3C-SiC (b)and hexagonal unit cell of the polytype 4H-SiC (c). 

 

The hexagonal crystal can have two different orientation, i.e., Si-face and 

C-face, depending if the material is grown with Si or C on top and 

corresponding to the (0001) and (0001̅) crystalline faces. The cubic 

polytype, 3C-SiC, has the stacking sequence ABCABC. The different 

stacking sequences of 3C-SiC and 4H-SiC are schematically shown in Fig. 

1.2. In the SiC crystal, a single Si-C bilayer can be viewed as a planar sheet 

of silicon atoms coupled with a planar sheet of carbon atoms. Hence, the 

number identifying each polytype refers to the number of Si-C bilayers 

before the sequence repeats itself [3]. 
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Fig. 1.2. Schematic of the different stacking sequences in 3C-SiC (a), and 4H-

SiC (b) polytypes. 

 

The polytypes have different geometrical characteristics. For a generic 

hexagonal NX-SiC polytype the lattice is characterized by the equation: 
 

    
𝑐

𝑁𝑎
= √

2

3
≈ 0.8165                         (1) 

 

where c is the length of the spatial period, N is the integer number indicating 

the stack periodicity, c/N is the height of the tetrahedron, and a is the 

distance between the atoms in the Si-Si or C-C atoms. In agreement with 

the Fig 1.2, in 4H-SiC a=3.073 A and c=10.053 A, while 3C-SiC has a 

cubic unit cell with a=c=4.36 A [4]. 

The parameter that characterizes SiC polytypes is the hexagonality γ, which 

may vary from unity (pure hexagonal 2H-SiC) to zero (pure cubic 3C-SiC). 

The hexagonality is defined as the ratio between the number of atoms in 

hexagonal positions (NH) and the total number of atoms in the unit cell 

(NH+NC): 
 

 𝛾 =
𝑁𝐻

𝑁𝐻+𝑁𝐶
                          (2)                                                      

 

The energy gap of the polytypes is related to the hexagonality, as will be 

mentioned in Section 1.1.4. 
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1.1.2 GaN crystalline structure 

 

Gallium nitride (GaN) is a III-nitride binary compound semiconductor, 

whose thermodynamically stable phase at room temperature and 

atmospheric pressure is the wurtzite structure. The hexagonal unit cell of 

wurtzite (Fig.1.3) contains six atoms and each atom is tetrahedrally bonded 

to four atoms of the other type, with two lattice constants, a=3.18 A and 

c=5.18 A.  Ga and N atoms are arranged in two interpenetrating hexagonal 

close packed lattices, each with one type of atom, shifted 3/8 c each other 

[5].  

 
 

Fig. 1.3. A schematic of basic tetrahedral structural unit (a), unit cell cubic unit 

cell (b) and stacking sequences (c) of GaN crystal. 

 

Ga and N atoms show a large difference in electronegativity, thus leading 

to a strong interaction between the covalent bonds. The wurtzite structure 

does not show inversion symmetry on the [0001] direction (c axis). Then, 

similarly to 4H-SiC and 6H-SiC, also the hexagonal GaN crystal can have 

two different orientations, i.e., Ga-face and N-face, if the material is grown 

with Ga or N on top and corresponding to the (0001) and (0001̅) crystalline 

faces, respectively (Fig. 1.4).  

Because of the electronegativity of N atoms, the Coulomb potential induces 

a iconicity, which is responsible for the formation of a “spontaneous 

polarization” PSP along the [0001] direction, as schematically shown in 
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Fig. 1.4. The spontaneous polarization exists without any stress or strain in 

the crystal.  

 
Fig. 1.4. Schematic of Ga-face (a) and N-face (b) GaN crystal. The orientation of 

the spontaneous polarization vector is also indicated. 

 

Besides the spontaneous polarization, GaN-based materials exhibit 

piezoelectric properties. The important implications of the a piezoelectric 

contribution to the polarization in GaN-based materials will be discussed 

in Section 1.1.5.  

 

1.1.3 Substrates for the growth  

 

WBG semiconductors SiC and GaN are not always available as bulk 

crystals of large dimensions. In fact, while 4H-SiC bulk substrates (up to 

150mm in diameter) are available and used for the growth of homoepitaxial 

layers, in the case of 3C-SiC and GaN the lack of good quality seed crystals 

makes the heteroepitaxial growth on a foreign substrate the preferred way 

to obtain the desired layers for the fabrication of electronics devices.   

In general, a substrate is “good” if the lattice parameters and thermal 

expansion coefficients are very similar to those of the film to grow on it. In 

fact, the adjustment of the lattice parameters occurring during the 

heteroepitaxial growth generates strain and extended defects (like 

dislocations, stacking faults, etc.) in the grown layer.     

3C-SiC layers are usually grown on Si substrates, in order to have the 

possibility of large area wafers at low cost. Unfortunately, due to the large 

lattice mismatch (20%) between Si (5.43 Å) and 3C-SiC (4.53 Å) a high 
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density of defects is generated in the interface, then, 3C-SiC heteroepitaxy 

on Si is an ongoing challenge. 

The 3C-SiC material used in this thesis has been heteroepitaxially grown 

on Si(100) substrates. The 3C-SiC films are characterized by a high density 

of defects, such as anti-phase boundaries, microtwins and stacking faults 

and also voids that extend through Si under the interface. Even if many 

progresses have been made in material growth to improve the quality of 

3C-SiC layers [6], the high density of material defects is still a major 

limitation for the practical application of this polytype for power devices. 

As an example, the 3C-SiC surface is usually characterized by large steps 

or islands, which have a strong impact on the electrical behaviour of the 

metal/semiconductor contacts, thus leading to a negative performance of 

the final device.    

On the other hand, GaN material is typically grown on a large variety of 

substrates, because of the difficultly to synthetize good-quality large-area 

GaN bulk crystals. The most popular substrates for GaN growth are 

sapphire (Al2O3), silicon (Si) and silicon carbide (SiC). GaN shows large 

lattice (+16%) and thermal expansion coefficient mismatch (−34%) with 

respect to Al2O3 substrate, leading to a high defect density of the grown 

GaN epilayers. The 6H-SiC or 4H-SiC exhibit a favourable lattice 

mismatch (only 3.5%), and the grown material exhibits dislocation density 

in the range107–108 cm−2.  

The  GaN-based layers used in this thesis were commercial materials grown 

on 150mm Si(111) wafer. The dislocation density in this material is of the 

order of 109 cm−2, because of the large lattice mismatch (−17%) between 

GaN(0001) with respect to Si(111). However, Si is a cheap material in 

comparison with sapphire and SiC. Moreover, using Si as substrate for GaN 

growth opens interesting perspective to fabricate GaN power devices using 

the existing Si CMOS lines. For that reason, GaN on Si is receiving a great 

attention in the last decade by the power devices community [7].  
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1.1.4 Electronic properties 

 

SiC and GaN exhibit outstanding electronic properties, which can have 

important implications in the operation of power devices. Table 1 reports 

some fundamental characteristics of the two SiC polytypes (3C-SiC and 

4H-SiC) used in this thesis and GaN. For the sake of comparison, the 

properties of Si are also given [8,9]. The radar plot shown in Fig. 1.5 

graphically summarizes the potential advantages of SiC and GaN with 

respect to Si.  

 

 Si 3C-SiC 4H-SiC GaN 

EG (eV) 1.12 2.35 3.28 3.39 

EC (MV/cm) 0.3 2.0 3.0 3-3.75 

ni (cm-3) 1×1010  1.5×10-1  5×10-9  ~10-10  

vsat (×107cm/s) 1.0 2.0 2.0 3 

µ (cm2/V·s) 1350 900 800 1100-1300 

k (W/cm·K) 1.5 3.2 3.7 1.3-2.1 

 

Tab. 1.1. Properties of common 3C-SiC, 4H-SiC and GaN, compared to those of 

Si. The data are taken from refs. [10,11,12,13,14,15,16,17]. 
 

 
Fig. 1.5. Graphical comparison between the properties of Si, SiC and GaN.  
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As can be seen in Tab. 1.1, thanks to their large bandgap EG,  which is about 

3 times larger than that of Si, SiC and GaN exhibit high values of the critical 

electric field, EC (i.e., in the order of 2-4 MV/cm). In fact, the large bandgap 

implies a high impact ionization energy, thus resulting into high values of 

maximum electric field that the material can withstand before suffering 

physical breakdown. Interestingly, since in the case of SiC the band 

structure depends on the polytype, EG follows a quasi-linear relation with 

the hexagonality  [18], in particular it varies from 2.39 eV for the cubic 

(=0) C-SiC to 3.33 eV for the hexagonal (=1) 2H-SiC. The high critical 

field EC gives the possibility to withstand the application of high bias 

values, thus making the materials suitable for high-voltage devices 

fabrication. Moreover, considering a targeted breakdown voltage, SiC and 

GaN devices can be fabricated using thinner active drift layers compared 

to Si, thus leading to a reduction of the electrical resistance. 

Another important implication of the large band gap is the low intrinsic 

electron concentration ni. Considering the parabolic approximation for 

conduction and valence bands [19], the intrinsic carrier concentration can 

be expressed as a function of the gap EG and the temperature T: 
 

𝑛𝑖
2 = 𝑁𝐶(𝑇)𝑁𝑉(𝑇)𝑒𝑥𝑝 (−

𝐸𝐺(𝑇)

𝑘𝐵𝑇
)              (3) 

 

where kB is Boltzmann constant and NC(T) and NV(T) are the effective 

density of states in the conduction and valence bands, respectively. Then, 

a larger band gap leads to lower values of ni, which is a very important 

aspect to operate at high temperatures. Fig. 1.6 shows the comparison of 

the ideal intrinsic concentration ni as a function of the inverse of the 

temperature (1000/T) for SiC, GaN and Si, calculated using eq (3). As can 

be seen, at room temperature the values of ni in SiC and GaN are about 18 

orders of magnitude lower than in Si at room temperature.  

Another very important parameter is the saturated drift velocity vS, which 

determines the limit of response speed and operation frequency of a device.  
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Fig. 1.6. Calculated intrinsic carrier concentration ni as a function of the inverse 

of the temperature 1000/T for Si, 3C-SiC, 4H-SiC and GaN.  

 

In a semiconductor, the carriers subjected to an electric field are accelerated 

until the saturation drift velocity is reached. Then, an additional increase of 

the electric field does not result in a further increase of the carriers’ velocity 

(Fig. 1.7). It is worth noting that vS in SiC and GaN is about twice that of 

Si, thus enabling to obtain high frequency operation. 

The carrier mobility is also an important property for high current and high 

frequency devices. As an example, in GaN materials, the possibility to 

fabricate AlGaN/GaN heterostructures allows to reach carrier mobility up 

to 2000 cm2/V·s, owing to the presence of the two-dimensional electron 

gas (2DEG) formed at the AlGaN/GaN interface. The formation of 2DEG 

will be described later in Section 1.1.5.  

Finally, the capability of heat dissipation in WBG materials is important in 

power devices. In this context, SiC has a thermal conductivity comparable 

to that of copper, which enables to operate at extremely high power levels 

and to dissipate large amounts of heat even without the use cumbersome 

cooling systems.  
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Fig. 1.7. Calculated saturation electron velocity vS as a function of the electric 

field in different bulk semiconductors (SiC, GaN, GaAs and Si). The figure is 

taken from ref. [20]. 
 

 

1.1.5 AlGaN/GaN heterostructures 
 

One of the most interesting characteristics of GaN is the possibility to grow 

heterostructures based on AlxGa1-xN alloys. In an AlxGa1-xN alloy the lattice 

constant aAlGaN and the energy gap EG-AlGaN  can be tailored by varying the 

Al concentration x,  according to the following Equations: 
 

𝑎𝐴𝑙𝐺𝑎𝑁(𝑥) = 𝑥𝑎𝐴𝑙𝑁 + (1 − 𝑥)𝑎𝐺𝑎𝑁             (4)   

        

𝐸𝐺−𝐴𝑙𝐺𝑎𝑁(𝑥) = 𝑥𝐸𝐺−𝐴𝑙𝑁(𝑥) + (1 − 𝑥)𝐸𝐺−𝐺𝑎𝑁 − 𝑥(1 − 𝑥)         (5)
                 

Fig (1.8) plots aAlGaN and EG-AlGaN as a function of x, calculated in 

agreement with the Eqs (4) and (5).   

When a thin layer of semiconductor is epitaxially grown on another with a 

different lattice constant (e.g., AlGaN on GaN), it tends to assume the 

lattice constant of the layer. Hence, a deformation (strain) of the crystal will 

occur, as the crystal tends to be compressed or expanded to compensate the 

lattice mismatch. Above a critical thickness, the lattice mismatch does not 
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cause any deformation, but gives rise to the formation of extended crystal 

defects, like dislocations or cracks. 

 
Fig. 1.8. Energy EG-AlGaN  and lattice parameter aAlGaN  as a function of the Al 

concentration x for an AlxGa1-xN alloy.  

 

If the lattice constant of the deformed upper layer is smaller than that of the 

underlying layer, the system is in traction (tensile strain). Conversely, if the 

lattice constant of the upper layer is larger than that of the underlying layer, 

the deformed layer is in compression (compressive strain) [21]. Hence, 

besides the "spontaneous polarization" PSP due to the dipole structure of 

GaN, the piezoelectric behaviour of the material due to a strain leads to an 

additional polarization called "piezoelectric polarization" PPE (Fig. 1.9). 

The total polarization PTot will be: 
 

𝑃𝑇𝑜𝑡 = 𝑃𝑆𝑃 + 𝑃𝑃𝐸                                                                                             (6)                      
    

The piezoelectric polarization PPE is related to the piezoelectric coefficients 

e33 and e31:  
 

𝑃𝑃𝐸 = 𝑒33 ∙ 𝜀𝑧 + 𝑒31 ∙ (𝜀𝑥 + 𝜀𝑦)                                                                 (7)
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where εz=(c-c0)/c0 is the strain along the c-axis, εx= εx =(a-a0)/a0 are the in-

plane strains assumed to be isotropic, and a0 and c0 are the equilibrium 

lattice constants. The lattice constant a and c follows the equation:  
 

𝑐−𝑐0

𝑐0
= −2

𝑐13

𝑐33
∙

𝑎−𝑎0

𝑎0
                                     (8)

     

where C13 and C33 are the elastic constants. Then, PPE can be written by 

taking into account the direction of the c-axis: 
 

 𝑃𝑃𝐸 = 2
𝑎−𝑎0

𝑎0
(𝑒31 − 𝑒33

𝑐13

𝑐33
)                                            (9)

      

The term in brackets is always negative and it does not depend on the 

composition of the AlGaN layer. Then, PPE will assume negative values for 

tensile strain (a > a0) and positive for compressive strain (a < a0). Fig. 

(1.10) shows the direction of PSP and PPE. In the case of Ga-face 

heterostructures the PSP vector of GaN points towards the substrate 

(negative), so the alignment between PSP and PPE is parallel in case of 

tensile strain and antiparallel in case of compressive strain. In the case of 

N-face heterostructures, PSP and PPE have opposite signs, the PSP vector 

points in the reverse direction, away from the substrate [22]. 

 

 
Fig. 1.9. Schematic of the AlGaN/GaN heterostructures. 
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Fig. 1.10. Spontaneous and piezoelectric polarization vectors in Ga-face and N-

face strained and relaxed AlGaN/GaN heterostructure. Figure adapted from [22]. 

 

The gradient of polarization in space leads to a polarization induced charge 

density, ρP=𝛻𝑃.Then, in presence of a top/bottom interface (like in an 

AlGaN/GaN interface) the total polarization creates a polarization sheet 

charge density σ: 

𝜎 = [𝑃(𝑡𝑜𝑝) − 𝑃(𝑏𝑜𝑡𝑡𝑜𝑚)] = [𝑃𝑆𝑃 + 𝑃𝑃𝐸]𝐴𝑙𝐺𝑎𝑁 + [𝑃𝑆𝑃 + 𝑃𝑃𝐸]𝐺𝑎𝑁 =

[𝑃𝑆𝑃(𝑥) + 2
𝑎(0)−𝑎(𝑥)

𝑎(𝑥)
(𝑒31(𝑥) − 𝑒33(𝑥)

𝑐13(𝑥)

𝑐33(𝑥)
)] − [𝑃𝑆𝑃(0)]                   (10)

       

where x is the Al mole fraction in the AlGaN layer.  

In Ga-face structures, the total polarization of AlGaN layer is larger than 

of GaN layer because piezoelectric constants and spontaneous polarization 

increase moving from GaN to AlN. Then, a positive polarization charge is 

present at lower AlGaN/GaN interface that will be compensated by 

electrons leading to the formation of a two dimensional electron gas 

(2DEG) in the triangular quantum well at the AlGaN/GaN interface, whose 

ground sub-band level lies below the Fermi level EF (Fig. 1.11). In N-faced 

structures a negative polarization charge will be compensated by holes that 

will accumulate at the interface.  
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Fig. 1.11. Energy band diagram of a Ga-face AlGaN/GaN heterostructure, 

showing the formation of the two dimensional electron gas (2DEG) at the 

interface. 

 

In the specific case of AlGaN/GaN systems, Ambacher et al. [22] proposed 

an analytical model to describe the properties of such heterostructures and 

of the 2DEG.  

Accordingly, the sheet charge density ns at the AlGaN/GaN interface can 

be expressed as: 
 

𝑛𝑠 =
𝜎𝑖𝑛𝑡

𝑞
− [

𝜀0𝜀𝐴𝑙𝐺𝑎𝑁(𝑥)

𝑑𝐴𝑙𝐺𝑎𝑁𝑞2 ] ∙ [𝑞Φ𝐵(𝑥) + E𝐹0
(𝑥) − Δ𝐸𝐶(𝑥)]                     (11)

    

where σint is the polarization charge density at the AlGaN/GaN 

heterojunction, Φ𝐵 is the Schottky barrier height formed at the 

metal/AlGaN interface, EF0 is the Fermi level at the heterojunction with 

respect to the GaN conduction band edge, ∆EC is the conduction band offset 

at the AlGaN/GaN interface. εAlGaN , dAlGaN and x are the relative dielectric 

constant, the thickness and Al mole fraction of the AlGaN layer.  

In particular, the model assumes an empirical dependence of the parameters 

in Eq. (9) (AlGaN, B, EF) on the Al mole fraction x  [23]:  
 

𝜀𝐴𝑙𝐺𝑎𝑁(𝑥) = −0.5𝑥 + 9.5                  (12) 
 

 

𝑞Φ𝐵(𝑥) = 1.3𝑥 + 0.84 𝑒𝑉                (13) 
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𝐸𝐹(𝑥) = 𝐸0(𝑥) +
𝜋ℏ2

𝑚∗(𝑥)
𝑛𝑠(𝑥)                            (14)

    

where 

 𝐸0(𝑥) = [
9𝜋ℏ𝑞2

8ℇ0√8𝑚𝐴𝑙𝐺𝑎𝑁
∗ (𝑥)

𝑛𝑠(𝑥)

𝜀𝐴𝑙𝐺𝑎𝑁(𝑥)
]

2 3⁄

                      (15)

    

and  
 

𝑚𝐴𝑙𝐺𝑎𝑁
∗ (𝑥) ≈ 0.22𝑚𝑒                           (16)

          

As can be seen from these equations, the 2DEG density decreases by 

decreasing the Al concentration and/or by decreasing the AlGaN barrier 

layer thickness (see Fig. 1.12). Moreover, the sheet carrier concentration of 

the 2DEG decreases as the AlGaN thickness decreases down to a critical 

value 𝑑𝐶𝑅. For an AlGaN layer thinner than 𝑑𝐶𝑅, the formation of the 2DEG 

does not occur. The advantage of the generation of 2DEG in AlGaN/GaN 

consists of very high values of sheet carrier density (∼ 1013 cm−2) and 

mobility (1000–2000 cm2 V−1 s−1). The typical values of sheet charge 

density in 2DEG is about 4-5 times higher than in AlGaAs/GaAs 

heterojuntions [24]. 

 

Fig. 1.12. Sheet carrier concentration of the 2DEG as a function of the AlGaN 

thickness layer, for an aluminium concentration of 26%.  
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AlGaN/GaN heterostructures can be used for the fabrication of peculiar 

devices named High Electron Mobility Transistors (HEMTs). A schematic 

of this device is reported in Fig.1.13 (a), together with the typical output 

characteristics of the transistor (Fig.1.13 (b)).  

 
Fig. 1.13. Schematics of an AlGaN/GaN HEMT (a) with the typical output 

characteristics IDS-VDS (b). 

 

These devices take advantage of the current flowing in the 2DEG channel, 

through the application of a bias between two source and drain Ohmic 

electrodes. The current in the channel is modulated by the application of a 

negative bias to a Schottky gate contact. In Fig. 1.13 (b) the typical output 

characteristics IDS-VDS of a HEMT are schematically reported as a function 

of the gate bias Vg. By applying a positive potential difference between 

source and drain (VDS), the current will start to flow in the 2DEG. Then, on 

increasing VDS the current increases with a linear trend up to a certain value, 

after that it starts to saturate.  In Fig. 1.14 a schematic band diagram of an 

AlGaN/GaN HEMT structure is reported, illustrating how the different gate 

bias influences the 2DEG. At Vg =0 V, HEMTs devices are in the on-state 

(normally-on device), since there are occupied levels below the Fermi level 

in the sub-bands of the quantum well (the 2DEG). On the other hand, by 

decreasing the gate bias Vg to negative values (Vg < 0 V) the Fermi level 

shifts downwards, thus leading to a gradual depletion of the 2DEG, until 

the position of the Fermi level lies below the conduction band of AlGaN. 

Below a certain gate bias, called threshold voltage Vth, the 2DEG will be 
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completely depleted and the device will be in the off-state. Hence, in a 

standard normally-on AlGaN/GaN HEMT the threshold voltage is negative 

(Vth < 0 V). 

 
 

Fig. 1.14. Schematic of the AlGaN/GaN conduction band diagram in a HEMT 

structure for different values of the gate bias Vg. 

 

In the specific case of AlGaN/GaN heterostructures, the good quality of 

Ohmic contacts is important in HEMTs devices. In fact, the resistance of 

source and drain electrodes must be minimized in order to minimize the 

total transistor resistance and, hence, the power consumption of devices.   
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1.2 Advantages of SiC and GaN for power electronics applications 
 

Silicon has been the material of choice employed for the fabrication of 

power devices for more than four decades. However, today Si devices have 

reached their limits, imposed by the material properties. Hence, new 

semiconductors are needed to meet the requirement of a better energy 

efficiency and a reduction of the power consumption. 

As anticipated in Section 1.1.4, SiC and GaN have outstanding electronic 

properties, making them the natural candidate to replace Si in the next 

generation of power electronics devices. As a matter of fact, today a variety 

of SiC and GaN devices are already available in the market. 

In order to understand the advantages of wide band gap semiconductors for 

power electronics, basic device physics are introduced. Let consider the 

case of the abrupt parallel-plane (infinite)  p+-n junction, with uniformly 

doped regions, as schematically represented in  Fig 1.15.  

 

 
Fig. 1.15. Electric field E(x) and potential distribution V(x) in an abrupt parallel 

plane p+n junction (figure from [25]). 

 

The application of a reverse bias to the junction leads to the creation of a 

depletion region WD in the n-type layer and the generation of an electric 

field E. The Poisson equation in this region gives: 
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𝑑2𝑉(𝑥)

𝑑𝑥2
= −

𝑑𝐸(𝑥)

𝑑𝑥
= −

𝑄(𝑥)

𝜀𝑠
=-

𝑞𝑁𝐷

𝜀𝑠
                     (17)

    

where Q(x) is the charge within the depletion region due to the presence of 

ionized donors, εS is the dielectric constant for the semiconductor, q is the 

electron charge, and ND is the donor concentration in the uniformly n-type 

doped region. 

The depth distribution of the electric field E(x) is found by integrating Eq. 

(15), imposing the boundary condition that E(x) is zero at the edge of the 

depletion region (at x = WD). 
 

𝐸(𝑥) = −
𝑞𝑁𝐷

𝜀𝑠
(𝑊𝐷 − 𝑥)                         (18)

    

By integrating the electric field distribution through the depletion region, 

the potential distribution can be found as: 
 

𝑉(𝑥) =
𝑞𝑁𝐷

𝜀𝑠
(𝑊𝐷𝑥 −

𝑥2

2
)            (19) 

   

The thickness of the depletion region (WD) can be related to the applied 

reverse bias Va  by: 
 

𝑊𝐷 = √
2𝜀𝑠𝑉𝑎

𝑞𝑁𝐷
                         (20) 

   

The maximum electric field (Em) at the beginning of the junction (x = 0) is 

given by: 

𝐸𝑚 = √
2𝑞𝑁𝐷𝑉𝑎

𝜀𝑠
                         (21) 

   

By increasing the reverse bias, the breakdown voltage VB will be reached 

when the maximum electric field (Em) reaches the critical electric field (EC) 

of the semiconductor.  

For an infinite length of the device drift layer (parallel plane 

approximation), the breakdown voltage of the diode will be given by: 
 

𝑉𝐵 =
𝜀𝑠𝐸𝐶

2

2𝑞𝑁𝐷
              (22) 

   

Eq.  22  is graphically reported in Fig. 1.16 for Si, SiC and GaN,  showing 

that VB decreases with increasing doping concentration ND of the device 
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drift layer. Clearly, WBG semiconductors are able to withstand  a higher 

voltage compared to Si for any given doping concentration. 
 

 
 

Fig. 1.16. Breakdown voltage VB as a function of the doping concentration ND of 

the drift layer for Si, SiC and GaN.  

 

The onset of the avalanche breakdown is related to a maximum electric 

field at the junction called  the critical electric field EC for breakdown. The 

thickness of the depletion or drift region is related to the breakdown voltage 

by the expression 
 

𝑊𝐷 =
2𝑉𝐵

𝐸𝐶
                 (23)

    

The doping concentration in the drift region required to obtain this VB is 

given by 
 

𝑁𝐷 =
𝜀𝑆𝐸𝐶

2

2𝑞𝑉𝐵
                           (24)

    

By the combination of the equations reported above, the contribution of the 

drift region to specific on-resistance of the device can be written as: 
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𝑅𝑑𝑟𝑖𝑓𝑡 =
4𝑉𝐵

2

𝜇𝜀𝑆𝐸𝐶𝑅
3               (25)

    

Generally, in real devices, the total on-resistance RON is given by several 

contributions, e.g., the resistance of the contacts RC, the resistance of the 

substrate Rsub and the resistance of the drift region Rdrift. The contacts 

should have a very low specific resistance (typically of 10-6-10-5 Ωcm2). 

Similarly, the resistive contribution Rsub should be negligible for very high 

doping levels of the substrate. Then, the major contribution to the device 

on-resistance RON is that given by the drift layer (RON  Rdrift). Fig. 1.17 

reports the theoretical on-resistance RON (RON  Rdrift) as a function of VB 

for unipolar Si, SiC and GaN devices (Eq. 24).  

The high value of the critical electric field EC in WBG semiconductors (SiC 

and GaN) gives the possibility to fabricate devices with a thinner drift 

region for a targeted operating voltage. In this way, a lower specific on-

resistance RON with respect to the Si devices is obtained. As a consequence 

of the low RON, a lower power dissipation of the devices and, then, a better 

energy efficiency can be obtained. A lower on-resistance translates also in 

the possibility to reduce the device area for a targeted current level.  

 

 
Fig. 1.17. Specific on-resistance RON as a function of  the breakdown voltage VB  

for unipolar Si, SiC and GaN devices.  
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Today, several families of SiC and GaN unipolar devices are available on 

the market (Schottky diodes, MOSFETs, HEMTs). Although the trade-off 

RON vs VB of these devices is still far from the ideal limits reported in Fig. 

1.17, they offer already significant advantages with respect to the Si 

counterparts in many applications. In fact, WBG based devices show 

increased power density and a reduction of the power losses in many 

applications.  

Fig. 1.18 shows the possible fields of application of SiC and GaN devices, 

compared to Silicon application region, in a Power versus Frequency plot. 

Strategic products and entire market sectors, such as renewable energies, 

smart grids, downhole drilling, avionics and transportations, envelope 

tracking, Class-D audio amplifiers, etc., will benefit in the near future from 

the introduction of WBG devices [26]. These applications may need high-

temperature or high-frequency operation, which cannot be achieved using 

Si devices.  

Today, SiC is the most mature among the WBG semiconductors from the 

material quality, device processing and reliability perspective. On the other 

hand, GaN can reach higher switching speed than SiC or Si, thanks to its 

higher electron mobility and saturation velocity. However, due to its lower 

thermal conductivity, the power density potential is limited. Hence, SiC 

devices are the best choice for high-voltage applications (> 1200 V), while 

GaN is used for devices operating at a lower voltage range (200–650 V) 

but at high frequency.  

Generally, the so “called” figures of merit (FOM) are used to compare the 

potential power electronic performances of different semiconductors. In 

particular, the Johnson FOM (JFOM) indicates the maximum capability to 

energize carriers by electric field, and is expressed as (vsat·Ec)/2π. In Si 

JFOM(Si)= 21011 V/s [27]. The values of the JFOM for WBG 

semiconductors, normalized with respect to Si, are: 2304 for GaN, 576 for 

4H-SiC and 324 for 3C-SiC [28,29]. 
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Fig. 1.18.  Power versus frequency plot of the possible applications of SiC and 

GaN devices, compared to Silicon application region. The figure is taken from 

[30]. 

 

 

1.3 Scientific and technological open issues related to SiC and GaN 

materials and devices 

 

This thesis has been focused on the study of Ohmic contacts on WBG, SiC 

and GaN, semiconductors. This is inherently a challenging issue, because 

the metal/semiconductor barrier height values are typically much higher 

than in silicon, thus making difficult to achieve low values of the specific 

contact resistance. The electrical quality of Ohmic contacts can have a 

significant impact on the total device on-resistance RON and, hence, on the 

power consumption. In fact, depending on the device geometry and the 

targeted breakdown voltage, the contribution of Ohmic contacts to the total 

device on-resistance can vary from few percent (for good contacts) to some 

tens of percent (for bad contacts) [31,32] 

In spite of the outstanding properties of SiC and GaN, the full exploitation 

of their huge potential is still limited by several issues, mainly related to 
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the crystalline quality of the available materials and to the devices 

processing and reliability. In fact, the electrical properties of 

metal/semiconductor interfaces on these materials can be influenced by a 

poor surface morphology and by the presence of defects. In the case of GaN 

or 3C-SiC, the presence of a large number of defects, typically much higher 

than in Si, is due to the lattice and thermal expansion coefficient mismatch 

with the substrate on which they are grown. As introduced in the previous 

Sections, GaN is an optimum candidate for the fabrication of devices with 

low on-resistance, high breakdown voltage and high operation switching 

frequency [33]. However, the lack of free standing GaN substrates of good 

quality and reasonable cost has restricted the research mostly to GaN layers 

grown on foreign substrates and, hence, to lateral devices. In the last years, 

great progresses have been obtained in the epitaxial growth of GaN layers 

on silicon substrates. Today, large area GaN-on-Si heterostructures are 

available up to 200 mm in diameter and a variety of HEMTs for high-

frequency applications are available on the market.  

Owing to the peculiar nature of AlGaN/GaN heterostructures, the 

formation of Ohmic contacts on these systems is even more difficult than 

in GaN. In fact, as discussed in Section 1.1.5, the energy gap of an AlGaN 

barrier layer depends on the Al concentration and is higher than the gap of 

GaN. Moreover, the properties of the 2DEG depends on both the AlGaN 

thickness and on the Al concentration. Then, the variation of these 

parameters can lead to a significant variability of the Ohmic contact 

properties. 

Besides these inherent difficulties in the formation and control of Ohmic 

contacts on AlGaN/GaN heterostructure, the practical need to have “Au-

free” metallizations in the devices is another important issue. On the one 

hand, this requirement arises from the integration of GaN technology inside 

Si industry and from the need to reduce the manufacture cost of HEMTs 

devices. On the other hand, the presence of Au layers leads to some 

disadvantages, such as high annealing temperatures, high surface 

roughness and poor edge acuity that can compromise the device reliability 

[34]. Although several works on Au-free Ohmic contacts on AlGaN/GaN 

heterostructures have been already reported in literature, the mechanisms 

responsible for Ohmic contact formation in these systems remain still 

unclear. Metals with low work function values (Ti, Ta, Al…) should be 
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suitable for the formation of Ohmic contacts. The combinations of Ti/Al or 

Ta/Al layers have been proposed to form Ohmic contacts, showing that 

their electrical properties depend on several factors, e.g., the annealing 

temperature, annealing time and the metal layer thickness. However, the 

literature data are often obtained under different annealing conditions and 

on different materials, thus hindering to draw clear conclusions when 

comparing different systems. In particular, although Ti and Ta are very 

similar in terms of work function, a clear physical explanation of the 

different electrical behavior of these contacts has not been given. 

Moreover, in literature there is a lack of information on the barrier height 

properties and on the carrier transport mechanisms at the interfaces 

between Ti- and Ta- based contacts to AlGaN/GaN heterostructures.  

Basing on these consideration, all these aspects have been studied in more 

detail in this thesis and will be described in Chapter 4.   

4H-SiC shows excellent properties that allow to fabricate devices operating 

at high power, high frequency and high temperature, thus overcoming the 

limits of Si-based devices. However, also in this case the formation of 

Ohmic contacts is not an easy task, in particular on p-type doped 4H-SiC 

material. The main problem is the difficulty to find metals forming low 

Schottky barrier height. Moreover, the high ionization energy of the p-type 

dopant (Al) leads to a low holes concentration, thus leading to high specific 

contact resistance values [35]. Ion-implantation is used to achieve selective 

doping in 4H-SiC. The electrical properties of implanted 4H-SiC layers 

strongly depends on the post-implantation annealing conditions and have a 

strong influence on the final contact properties. Hence, the control of 

Ohmic contacts requires a deep  understanding of the properties of p-type 

implanted layers upon activation annealing [36,37]. These aspects have 

been deeply investigated in this thesis and are reported in Chapter 5. This 

investigation has been preparatory for the study of the electrical properties 

of Ti/Al/Ni Ohmic contacts fabricated on these layers.  

The cubic 3C-SiC can give some advantages with respect to the hexagonal 

4H-SiC. In fact, due to the narrower band gap (~2.2eV) of this polytype 

[9], the SiO2/3C-SiC interface is expected to have a lower density of 

interface states near the conduction band edge with respect to the SiO2/4H-

SiC system [38,39]. Consequently, a high inversion channel mobility can 

be achieved in metal-oxide-semiconductor field effect transistors 
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(MOSFETs) [40,41].Moreover, 3C-SiC is the only polytype that can be 

hetero-epitaxially grown on large diameter silicon (Si) substrates. For that 

reason, this polytype has been considered for many years a very promising 

solution for the fabrication of power devices on a large scale and at a low 

cost. In spite of these potential advantages, the application of 3C-SiC in 

power device technology has been always limited by the quality of the 

available material, that is still far from reaching an adequate electronic 

grade [6]. In fact, the sample morphology together with the surface 

preparation represent a crucial issue stull under investigation. For example, 

some external treatments, such as the chemical mechanical polishing 

(CMP), have been investigated in order to improve the electrical properties 

of the contacts, but need of a further development. Moderately doped 3C-

SiC layers are today object of investigation, due to potential application on 

3C-SiC MOSFETs. However, there are few studies on Ohmic contacts 

formation on both moderately n-type doped 3C-SiC and p-type 3C-SiC . In 

particular, forming good Ohmic contacts to p-type SiC is difficult, because 

of the low electrical activation and high ionization energy of the p-type 

dopant impurities. Hence, the final part of this thesis has been devoted to 

the study of Ohmic contacts on such materials, in order to fill the lack of 

literature data. In particular, two kinds of contacts, Ni on n-type 3C-SiC, 

and Ti/Al/Ni on p-type 3C-SiC, have been investigated to correlate their 

electrical response to the morphological and structural modification upon 

annealing treatments. These two kinds of contacts have been also evaluated 

independently of the 3C-SiC substrate (n-type or p-type) in order to 

understand the difficulties related to the metal choice for the Ohmic 

behaviour achievement. 
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Chapter 2 – Background on 

metal/semiconductor contacts 
 

This chapter will synthetically provide the basic physical background for 

the comprehension of metal/semiconductor contacts. In particular, the 

discussion will be centred around the metal/semiconductor Schottky barrier 

formation, discussing the classical carrier transport mechanisms at these 

interfaces, and introducing the concept of specific contact resistance for 

Ohmic contacts. 

 

2.1 Schottky barrier and current transport mechanisms 
 

Metal/semiconductor contacts are important building blocks of 

microelectronics and optoelectronics technology, as they connect the 

devices with the external circuitry. Then, the knowledge of the physical 

properties and the carrier transport mechanisms at metal/semiconductors 

interfaces is a fundamental topic, object of investigation by the device 

community.  

Typically, two types of metal/semiconductor contacts can be distinguished. 

Schottky contacts have a rectifying current-voltage  behaviour  (asymmetric 

I-V characteristics), due to the presence of a potential barrier to be 

overcome from the carriers at the interface. Ohmic contacts, instead, have 

linear and symmetric I-V characteristics.  

The most important parameter that describes the electrical behaviour of a 

metal/semiconductor junction is the Schottky barrier height qΦB. We recall 

that the metal work function qΦM is defined as the energy needed to bring 

an electron from the Fermi level of the metal to the vacuum level. 

Analogously, the semiconductor electron affinity χ quantifies the energy 

needed to bring an electron outside the semiconductor, i.e., the potential 

difference between the bottom of the conduction band and the vacuum 

level. The energy qΦs is the semiconductor work function, which is defined 

as the energy difference between the Fermi level in the semiconductor and  

the vacuum level. Fig.2.1  shows the energy band diagram of a metal and 

an n-type semiconductor before and after to be placed in contact. 
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Fig. 2.1. Energy band diagram of a metal/semiconductor system (case on n-type 

semiconductor) before (a) and after the contact (b) in the configurations qΦM > qχ 

and before (c) and after the contact (d) in the configurations qΦM < qχ. 

 

 First, let consider the most common case in which qΦM > qχ (Fig.2.1(a)). 

Under this condition, when the metal and the semiconductor are in intimate 

contact, electrons will flow from the semiconductor to the metal, leaving a 

depletion region W behind. This electrons flux stops when the Fermi level 

is aligned all over the structure, leading to an upward band bending 

(Fig.2.1(b)) and the formation of a Schottky contact. The Schottky barrier 

height qΦB can be seen as the energy needed for electrons in the metal to 

penetrate the semiconductor, and can be expressed by the well-known 

Schottky-Mott relation [42]:  
 

𝑞𝛷𝐵 = 𝑞(𝛷𝑀 − 𝜒)             (26)
                                  

Similarly, in the case of a Schottky contact on a p-type semiconductor, the 

Schottky barrier height will be given by: 
 

𝑞𝛷𝐵 = 𝐸𝐺 − 𝑞(𝛷𝑀 − 𝜒)            (27)
               

On the other hand, in the case of qΦM < qχ (Fig.2.1(c)), the electrons will 

transfer from the metal to the semiconductor, giving rise to a downward 
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band bending at the interface (Fig.2.1(d)). In this condition, at the 

equilibrium there is no barrier for the electrons and an Ohmic contact is 

formed.  

In general, the metal work functions fall in the range of 5-6 eV, while the 

semiconductors electron affinity values are about 4 eV. Hence, the 

condition qΦM > qχ is always satisfied and almost all metals after 

deposition form Schottky contacts on moderately doped WBG 

semiconductors. The values of the Schottky barrier height formed on WBG 

semiconductors are typically higher than in Si, due to the lower electron 

affinity of these materials.  

The doping level of the semiconductor is another important parameter, 

which has an impact on the current transport processes at the interface. Fig. 

2.2 schematically shows a metal/n-type semiconductor junction and the 

possible classical transport mechanisms for different donor levels ND of the 

semiconductor. If the semiconductor is lightly-doped (ND < 1017 cm-3), the 

depletion region W is large enough to be crossed by electrons if they are 

thermally excited over the barrier. Hence, the current flow will obey the 

Thermionic Emission (TE) mechanism (Fig. 2.2 (a)). If the semiconductor 

has an intermediate  doping (1017< ND < 1019 cm-3), the decrease of W 

enables the electrons to tunnel the barrier  at a lower energy. This is an 

intermediate condition between the thermionic effect and the tunnel effect, 

called Thermionic Field Emission (TFE) (Fig. 2.2 (b)). Finally, for high 

doping levels (ND > 1019 cm-3), the depletion region W becomes very 

narrow and the electrons can tunnel through the thin barrier according to 

the Field Emission (FE) mechanism (Fig. 2.2 (c)).  

 

 
 

Fig. 2.2. Schematic of the metal/n-type semiconductor band structure for different 

doping levels. The dominant current transport mechanisms are indicated. 
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The parameter that rules out the occurrence of a transport mechanism is the 

characteristic energy E00, defined as: 
 

 𝐸00 =
𝑞ℎ

4𝜋
√

𝑁𝐷

𝜀𝜀0𝑚∗
             (28)

               

where m* is the tunneling effective electron mass and h is Planck’s 

constant. The comparison between E00 and the thermal energy kT shows 

the dominant mechanism: t TE for kT>>E00, TFE for kT ≈ E00 and FE for 

kT<<E00.  

As reported above, the condition qΦM > qχ leads to the Schottky contact 

formation. Considering a lightly doped semiconductor, the application of a 

voltage V through a metal/semiconductor junction leads to a current I given 

by the TE theory: 
 

𝐼 = 𝐴𝐴∗𝑇2𝑒−𝑞𝛷𝐵 𝑘𝑇⁄ (𝑒𝑞𝑉 𝑛𝑘𝑇⁄ − 1) = 𝐼𝑆(𝑒𝑞𝑉 𝑛𝑘𝑇⁄ − 1)            (29)
     

where IS is the saturation current, A the contact area, A*=4𝜋𝑞𝑘2𝑚∗ ℎ3⁄  the 

Richardson’ constant, qΦB the effective barrier height, k the Boltzmann’ 

constant, T the temperature and n the ideality factor (that incorporates all 

those unknown effects that make the device non ideal). The I-V curve of a 

metal/semiconductor Schottky contact is schematically reported in Fig. 2.3. 

 

 
Fig. 2.3. Schematic of the I-V characteristic of a metal/semiconductor Schottky 

contact. 

 

The barrier height is most commonly extracted from the saturation current 

Is, determined by the linear extrapolation at V=0 of the semilog I-V curve 
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in forward bias. Then, the Schottky barrier height ΦB can be calculated from 

the equation 
 

𝛷𝐵 =
𝑘𝑇

𝑞
𝑙𝑛 (

𝐴𝐴∗𝑇2

𝐼𝑆
)                                                                    (30)

    

Fig. 2.4 shows a typical I-V characteristic of a Schottky contact with the 

application of the current-voltage method to extract qΦB from the linear fit 

of the curve reported in a semilogaritmic scale.  

 

 
Fig. 2.4. Semilog plot of the I-V characteristic of a Schottky contact in forward 

bias. The linear fit to extrapolate the Schottky barrier is shown as dashed line. 

 

 

2.2 Ohmic contacts 

 

As seen before, it is very difficult to find metals with work functions 

satisfying the condition qΦM < qχ. Then, the formation of Ohmic contacts 

on WBG semiconductors is obtained using heavily doped materials and/or 

inducing the formation of intermetallic alloys by thermal annealing. In this 

case, a narrower depletion region W will be formed at the interface, 

favouring the electrons tunnelling through the interface. In contrast from 

the rectifying Schottky contact, the Ohmic contact behaves a linear  I−V  
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curve, as schematically shown in Fig. 2.5. An important parameter that 

describes this behaviour is the contact resistance RC (Ω). However, since 

RC  depends on the area of the contact, it is more useful to consider the 

specific contact resistance ρc (Ω·cm2), which is a parameter enabling a 

direct comparison between contacts independently from the geometry.   

 
Fig. 2.5. Schematic of the I-V characteristic of a metal/semiconductor Ohmic 

contact. 

 

The specific contact resistance ρc is defined as the derivative at V=0 of the 

voltage V with respect to the current density J:  
 

𝜌𝑐 = (
𝛿𝑉

𝛿𝐽
)

𝑉=0
              (31)

                           

The analytical expression of ρc (Eq. (31)) can be different, depending on 

the current transport mechanism linked to the semiconductor doping level. 

In particular, ρc will have a different dependence on the barrier height qΦB 

and on the temperature T.  

The expressions of the current density at a metal/semiconductor contact, 

according to the classical  FE, TFE and TE mechanisms, are given by: 

 
 

𝐽𝐹𝐸 =
𝐴∗𝑇𝜋𝑒𝑥𝑝[−𝑞(Φ𝐵−𝑉𝐹)/𝐸00]

𝐶1𝑘 𝑠𝑖𝑛(𝜋𝐶1𝑘𝑇)
[1 − 𝑒𝑥𝑝(−𝐶1𝑞𝑉𝐹)]                    (32)
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With 𝐶1 =
1

2𝐸00
𝑙𝑜𝑔 [

4(Φ𝐵−𝑉𝐹)

−𝑉𝑛
]             (33)

    

𝐽𝑇𝐹𝐸 =
𝐴∗𝑇√𝜋𝐸00𝑞(Φ𝐵−𝑉𝑛−𝑉𝐹)

𝑘 cosh(𝐸00/𝑘𝑇)
𝑒𝑥𝑝 [

−𝑞𝑉𝑛

𝑘𝑇
−

𝑞(Φ𝐵−𝑉𝐹)

𝐸0
] 𝑒𝑥𝑝 (

𝑞𝑉𝐹

𝐸0
)              (34)

    

with 
 

 𝐸0 = 𝐸00 coth(𝐸00/𝑘𝑇)                                           (35)
    

𝐽𝑇𝐸 = 𝐴∗𝑇2𝑒𝑥𝑝 (−
𝑞Φ𝐵

𝑘𝑇
) (𝑒𝑞𝑉 𝑛𝑘𝑇⁄ − 1)                        (36)

    

Then, by substituting the above expressions of the current density in Eq. 

(31), enables to find the specific contact resistance ρc for the FE, TFE and 

TE mechanisms: 
 

𝜌𝐶−𝑇𝐸 =
𝑘

𝐴∗𝑇𝑞
𝑒𝑥𝑝 (

𝑞Φ𝐵

𝑘𝑇
) ∝ 𝑒𝑥𝑝 (

𝑞Φ𝐵

𝑘𝑇
)               (37)  

   

𝜌𝐶−𝑇𝐹𝐸 =
k √𝐸00cosh(𝐸00/𝑘𝑇) coth(𝐸00/𝑘𝑇)

𝐴∗𝑇𝑞√𝜋𝑞(Φ𝐵−𝑉𝑛)
𝑒𝑥𝑝 [

𝑞(Φ𝐵−𝑉𝑛)

𝐸00 coth(𝐸00/𝑘𝑇)
+

𝑞𝑉𝑛

𝑘𝑇
] ∝

𝑒𝑥𝑝 [
𝑞Φ𝐵

𝐸00 coth(𝐸00/𝑘𝑇)
]                        (38) 

 

 

𝜌𝐶−𝐹𝐸 =
𝑘 𝑠𝑖𝑛(𝜋𝐶1𝑘𝑇)

𝐴∗𝑇𝑞𝜋
 𝑒𝑥𝑝 (

𝑞Φ𝐵

𝐸00
) ∝ 𝑒𝑥𝑝 (

𝑞Φ𝐵

𝐸00
)   (39)  

  

Fig. 2.6 shows specific contact resistance as a function of doping density 

(a) and as a function of the temperature (b) for TE, TFE and FE current 

transport mechanisms, calculated for different values of Shottky barrier 

height.  

The curves have been calculated for a p-type 4H-SiC, fixing the  

Richardson's constant of 146 A/cm2K2, effective mass of 0.91*m0 and the 

dielectric constant of  9.7. In Fig. 2.6 (b) the value of Schottky barrier 

height has been fixed at 0.55eV. 

The method used to experimentally determine ρc is the Transmission Lined 

Model (TLM), which is described in section 3.2.1. 
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Fig. 2.6. specific contact resistance as a function of doping density (a) and as a 

function of temperature (b) for TE, TFE and FE current transport mechanisms 

calculated for a p-type 4H-SiC.  
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Chapter 3 - Experimental techniques 
 

 

This chapter aims to give a synthetic description of the main 

characterization techniques, which were required during this thesis.  

Atomic Force Microscopy (AFM) has been used in order to monitor the 

surface morphology of the WBG materials and of Ohmic contacts formed 

on them. The local current conduction in these systems was studied by 

means of conductive atomic force microscopy (C-AFM). Then, the 

structural analysis of the contacts has been performed by X-Ray Diffraction 

and Transmission Electron Microscopy, which allowed the identification 

of the new phase formed after thermal annealing and the quality and 

composition of the interface region. 

The electrical properties of semiconductor layers have been studied by 

means of Van der Pauw and Hall effect measurements, which can give 

information on the resistivity ρ (Ω·cm), the carrier concentration 

(carriers/cm3), their sign (i.e., holes or electrons) and their mobility µ 

(cm2/V·s). The electrical characterization of the contacts and devices have 

been carried out by means of current-voltage (I-V) measurements. To this 

purpose, specific test patterns have been fabricated to apply the 

Transmission Line Model. This production has been performed in the clean 

room of CNR-IMM and was a part of the experimental work. A description 

of the fabrication flow chart is also reported.  

 

 

3.1 Morphological, structural and optical characterization.  

 

3.1.1 Atomic Force Microscopy (AFM) and Conductive AFM 

 

Atomic Force Microscopy (AFM) allows studying the morphology of a 

sample surface with nanoscale resolution. A typical AFM set up is 

schematically shown in Fig. 3.1(a). It consists of a cantilever probe, a sharp 

tip mounted on a piezoelectric material, a laser beam that is reflected from 

the cantilever, providing information on its deflection, and a position 

sensitive photo detector that collects the reflected laser beam. The AFM is 
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based on scanning the tip over the sample surface with mechanisms that 

lead the piezoelectric scanners to maintain the tip at a constant force, or 

constant height. 

 
 

Fig. 3.1. Schematic set up of an atomic force microscope (a) and interaction forces 

between the tip and the sample surface (b). 

 

The AFM exploits the interaction forces between the tip and the sample 

surface, which can be either attractive or repulsive. The attractive forces 

are the Van der Waals interaction, electrostatic force and chemical force. 

The repulsive forces can be considered as Pauli-exclusion interaction and 

electron–electron Coulomb interaction and, generally, they act in a short-

range and follow an exponential decay or an inverse power law dependence 

with the distance. The interaction forces between the tip and the sample 

surface can be schematically represented by the curve shown in Fig. 3.1(b). 

When the interatomic distance is large, weak attractive forces dominate. As 

the atoms of the tip and the surface are gradually brought closer to each 

other, an increase of the attractive forces occurs. When the atoms become 

very close, the electrostatic repulsion becomes dominant. 

Depending on the interaction force regime, AFM can be operated in static 

or dynamic mode. 

The dynamic mode of AFM includes the tapping (or intermittent contact) 

mode, which exploits the cantilever oscillation at/or near its natural 

resonant frequency. The piezoelectric effect applies a force on the 

cantilever base leading the tip to vibrate at amplitudes which are typically 



41 

 

of some nm when the tip and the surface are not in contact. The oscillation 

amplitude is kept constant through a feedback loop. The oscillation 

frequency (Hz) is given by 
 

 𝜔 = √
𝑘𝑒𝑓𝑓

𝑚
             (40) 

              

where m the effective cantilever mass and keff is the effective force constant. 

Then, when the tip is moved toward the surface, it begins to alternately tap 

the surface and the amplitude of vibration changes according to the surface 

topography of the sample. When the tip passes over a hillock, its vibration 

amplitude decreases because there is less vibrating space and when it 

passes over a depression, its vibration amplitude increases. The oscillation 

amplitude changes are detected by the optical system and are compared 

with the set reference value, and generating an error signal in order to 

adjusts the tip–sample separation to maintain constant amplitude and 

thereby constant force on the sample. This signal is then used to plot the 

surface topography of the sample. The absence of repulsive forces permits 

the imaging of “soft’’ samples to provide analysis without sample 

degradation.  

In the static mode, also named contact mode, the interaction forces between 

the tip and the sample surface are mainly repulsive. During the scan the 

force between the tip and the sample is kept constant, and its value is 

monitored by measuring the deflection d of the cantilever, according to the 

Hook’s law: 
 

𝐹𝐻 = −𝑘𝑐𝑑                                         (41)
    

where kc is the force constant of the cantilever. The tip is initially brought 

in contact with the sample until the required cantilever deflection is 

reached. Then the cantilever deflection is recorded by an optical detection 

system and is compared with a settled value leading to an error signal. This 

signal is used to actuate the piezoelectric positioning element by applying 

the required voltage and then the cantilever is raised or lowered in order to 

restore the desired deflection and thus maintains constant force between the 

tip and sample.  

Besides providing the surface morphology with high spatial resolution, the 

AFM system can be used to simultaneously probe the electrical properties. 
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As an example, conductive AFM (C-AFM) analysis, are capable of  

nanometre resolution current mapping and local current-voltage 

measurements, by connecting a current amplifier to a conductive AFM tip. 

C-AFM measurements are typically carried out in contact mode, as a stable 

contact between the tip and sample are requested for local current 

measurements. The application of a potential difference between the tip and 

the sample leads to an electrical field which results in a net current flowing 

from the tip to the sample or vice versa. The C-AFM collects a current that 

depends on the effective contact area of the tip (Atip) where the current 

density J flows: 
 

𝐼 = 𝐽 ∙ 𝐴𝑡𝑖𝑝             (42) 
 

Besides the effective contact area, the series resistance contributions of tip 

material and of the substrate also determine the measured current level. 

However these resistive terms are constant during the surface scanning and 

their weight is typically negligible, as compared to the contact resistance 

between the nanoscale tip and the sample.The current is converted by the 

preamplifier that transforms the signal into digital voltages that can be read 

by the computer (Fig. 3.2)). 

 
 

Fig. 3.2. Schematic for a C-AFM instrument. 
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In this work, AFM and C-AFM measurements have been carried out in 

order to study the surface of the samples subjected to different external 

treatments and to find possible correlations between the surface 

morphological features and the local electrical behavior of the materials. 

The instrument used was a Veeco Dimension 3100 microscope with 

Nanoscope V controller. 

 

 

3.1.2 X-Ray diffraction (XRD) 

 

X-Ray diffraction is a non-destructive technique used for structural 

characterization of crystalline materials, which enables to obtain 

information about chemical phase, grain size and strain of a crystal lattice. 

XRD is based on the scattering of X-rays from the sample excited with 

ionizing radiation. A beam of electrons accelerated by an electric field 

towards a metal produces a X-ray beam with the wavelength characteristic 

of the metal target. If an X-rays beam of wavelength λ collides onto a 

crystal lattice with an angle θ, some of the X-rays will be scattered by the 

lattice planes with interplanar distance d will positively interfere by a 

diffraction phenomenon described from the Bragg’s law (Fig. 3.3): 
 

 𝑛𝜆 = 2𝑑𝑠𝑖𝑛(Ɵ)                                                                                           (43)                                                   
 

 
Fig. 3.3. Basic principle of the XRD: representation of the Bragg’s law. 

 

The X-ray beam can be considered as electromagnetic waves, which are 

scattered from electrons of the lattice atoms. Secondary spherical waves 

are created and they constructively interfere only in some directions where 
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their path-length difference 2d sin θ is an integer multiple of the 

wavelength “λ”. X-rays are used to produce the diffraction patterns because 

their wavelength λ is typically of the same order of magnitude (1–100 

angstroms) of the spacing d between planes in the crystal. The diffraction 

effects can be interpreted as a function of the position of atoms in the lattice. 

The Miller indexes (hkl) are associated with a family of parallel planes 

having interplanar distance d(hkl). Fig. 3.4 shows the typical θ-2θ geometry 

configuration for XRD analysis: the incident angle θ is defined between the 

X-ray source and the sample; the diffraction angle 2θ is defined between 

the incident beam and the detector; the X-ray source is fixed, the sample 

rotates at θ°/min and the detector rotates at 2θ°/min. Another possible 

configuration is the so-called θ-θ geometry: in this case, the sample is fixed 

and both the X-ray source and the detector rotate with a rate of θ°/min. 
 

 
Fig. 3.4. Schematic of θ-2θ geometry configuration for XRD analysis. 

 

In this work, XRD measurements have been carried out in “grazing 

incidence” mode using a Bruker-AXS D5005 θ- θ diffractometer operating 

with a Cu K radiation at 40 kV and 30 mA. In this configuration, the 

incident angles for the incoming X-ray is very small (<5°) so that X-rays 

are focused only in the uppermost part of the sample surface, leading to 

Bragg reflections only coming from the surface structure. The XRD 

analysis provided information on the new phases formed after the annealing 

processes of metal contacts. 

 

 

 

https://en.wikipedia.org/wiki/Wavelength
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3.1.3 Transmission electron microscopy (TEM) 

 

The transmission electron microscopy (TEM) is widely used in material 

science for structural and chemical analysis. Through TEM analysis it is 

possible to obtain high-resolution images of the atomic planes of a 

crystalline structure, diffraction patterns, visualize material defects, etc.. 

An electron beam is generated with an e-gun by thermionic effect and is 

accelerated by a potential through the microscope column maintained at a 

constant pressure (Fig. 3.5).  

 
Fig. 3.5. Schematic of the beam pattern in a Transmission Electron Microscope. 

 

The beam is focused on a thin sample (<100nm) through condenser lens 

that exclude high angle electrons. The electrons of the beam interact with 

the atoms of the sample and produce diffracted beams that, through a lens 

placed under the sample, are focused in order to reproduce the image of the 

investigated area. In particular, the transmitted and forward scattered 

electrons form a diffraction pattern in the back focal plane and a magnified 

image in the image plane. Then, the image or the diffraction pattern is 

magnified through additional lenses and projected onto a fluorescent 

screen. 



46 

 

The magnification depends on the focal length and the magnitude of the 

deflection of the electron beam will be proportional to the intensity of the 

magnetic field. The spatial resolution of TEM suffers from aberrations such 

as the chromatic one, caused by the loss of energy due to inelastic 

interactions with the atoms of the sample, and the spherical one, caused by 

the fact that beams emerging from the sample at large angles are not 

focused at the same point image. Another kind of aberration, called 

astigmatism, can be caused by defects in the construction of the lenses 

leading to deviations of the magnetic field from the axial symmetry.  

When the electrons interact with the atoms of the sample, they can be 

elastically diffused without losing their kinetic energy, or they can 

inelastically interact with the electronic clouds losing part of their energy. 

If the sample is thick, all the incident electrons remain inside the sample. 

As the thickness decreases, after the inelastic interaction the electrons will 

be focused at different distances. The diffraction image contains a large 

number of points related to beams diffracted by different reticular planes, 

which satisfy the Bragg’s law (Eq. (43)). All the diffracted beams interfere 

one to each other to form the sample image that can be enlarged using the 

transmitted beam (bright field image) or the diffracted beam (dark field 

image).  

A stationary, parallel, coherent electron beam passes through the sample 

forming a magnified image in the image plane that is projected onto a 

fluorescent screen. In scanning transmission electron microscopy (STEM) 

a narrow beam (diameter ≈ 0.1 nm) is scattered across the sample. The 

objective lens recombines the transmitted electrons from all points scanned 

by the probe beam to a fixed region in the back focal plane to be detected.  

Electron Energy Loss Spectroscopy (EELS) is the analysis of the energies 

distribution of electrons transmitted through the sample. In fact, EELS is 

measured by the electron energy loss due to inelastic collisions. This is only 

a primary process and is not based on a secondary event related to X-ray 

emission when an excited atom returns to its ground state. For this reason, 

it is a more efficient process, especially for low-Z elements. EELS is 

primarily used to provide microanalytical and structural information 

approaching the very high resolution of TEM.  

In this thesis, TEM analyses have been used in order to obtain information 

on the microstructure and composition of the metal/semiconductor contacts 
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and interfaces upon annealing treatments. A 200 kV JEOL 2010 F 

microscope has been used.  

 

3.1.4 Photoluminescence Spectroscopy 

 

Photoluminescence spectroscopy is widely used for the investigation of 

optical processes within semiconductors, especially in WBG varieties such 

as SiC, GaN or AlGaN [43,44]. When these materials are exposed to light 

with energy hν  (h being the Planck constant and ν being the photon 

frequency) larger than the gap Eg, an electron is promoted up to the 

conduction band thus leaving a hole in the valence band. This excited state, 

formed by the electron-hole pair, can decay through two kinds of processes: 

1)  radiative, with spontaneous emission of photons (photoluminescence); 

non-radiative, assisted by phonons with a rate that depends on the 

temperature. The main photoluminescence processes are: 1) recombination 

of the electron-hole pair, also called exciton if it is in a bound state, the 

emitted photon has energy hνem very close to Eg; 2) transition from intragap 

states localized on point defects, the emission energy hνem is minor than Eg, 

the shift being of the order of 1 eV. 

In this thesis we performed time resolved luminescence spectra by using 

the setup reported in Fig. 3.6, consisting of a Tunable Laser System as 

excitation source, a Spectrograph as a dispersion system and an intensified 

CCD camera as a detector. The Tunable Laser (VIBRANT OPOTEK) is 

an integrated system, in which the third harmonic (355 nm) of a pulsed 

Nd:YAG laser (pulse width of 5 ns, repetition rate of 10 Hz)  is used to 

pump an Optical Parametric Oscillator (OPO) that converts it into a tunable 

output from 410 nm to 2400 nm. The laser is also equipped with a nonlinear 

crystal for the second-harmonic generation that covers the range 210 nm to 

410 nm. 

The light emitted from the sample was collimated in the spectrograph 

mounting a grating with 150 grooves mm-1 and a 300 nm blaze. Spectra 

were acquired by a CCD camera (PIMAX Princeton instruments), driven 

by a delay generator that regulates the time acquisition. 
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Fig. 3.6. Schematic of time resolved luminescence set up. 

 

The main temporal parameters are the gate window, Δt, that is the time 

during which the CCD is enabled to reveal the luminescence light, and the 

delay, TD, with respect to the arrival of the laser pulse. This allows the time-

resolved detection, where the revealed signal, F(t), is the luminescence 

emitted from the sample, I(t), integrated in a time interval that goes from 

TD to  (TD + Δt), in agreement to: 
 

 𝐹(𝑡) = ∫ 𝐼(𝑡′)𝑑𝑡′
𝑇𝐷+∆𝑡

𝑇𝐷
            (44)

               

 

3.2 Electrical characterization 

 

3.2.1 Transmission Line Model (TLM)  

 

As discussed in Section 2.2, the parameter typically used to describe the 

Ohmic contacts is the specific contact resistance ρc (cm2), which is an 

intrinsic properties of the metal/semiconductor system and is independent 

of the contact geometry. The Transmission Line Model (TLM) [45], either 

linear TLM (L-TLM) or circular TLM (C-TLM), is the most common 

method used for the determination of ρc. The L-TLM method is 

schematically illustrated in Fig. 3.7.  
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Fig. 3.7: Schematic of a L-TLM structure (a); Example of I-V measurements on 

adjacent TLM contacts placed at different distance d (b); linear plot of the total 

resistance RT as a function of the contacts distance d (c). 

 

A L-TLM structure consists of several contact pads with identical sizes, of 

length L and  width W, placed at different distances d (Fig. 3.7 (a)).  

When a current I is injected between two adjacent pads, the potential under 

a contact in a certain position x will depend on the specific contact 

resistance ρc and on the semiconductor sheet resistance RSH following the 

equation: 
 

𝑉(𝑥) =
𝐼√𝑅𝑆𝐻𝜌𝑐

𝑊

𝑐𝑜𝑠ℎ[(𝐿−𝑥) 𝐿𝑇⁄ ]

sinh (𝐿 𝐿𝑇⁄ )
                                                       (45)                                       

where is the so called transfer length LT. The voltage drops nearly 

exponentially with the distance from the contact edge (x=0). The transfer 

length LT is the distance where the voltage drops to 1/e of its highest value, 

and is is defined as:  
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𝐿𝑇 = √𝜌𝑐 𝑅𝑆𝐻⁄                                   (46) 

 

The contact resistance Rc is calculated from the voltage drop V measured 

between two adjacent contacts at x=0, considering the Eq. (45): 
 

 𝑅𝑐 =
𝑉

𝐼
=

√𝑅𝑆𝐻𝜌𝑐

𝑊
coth(𝐿 𝐿𝑇⁄ ) =

𝜌𝑐

𝐿𝑇𝑊
coth(𝐿 𝐿𝑇⁄ )         (47) 

 

Fig 3.7 (b) shows the I-V curves measured in a L-TLM structure between 

adjacents contacts as a function of the pads distances d. The total resistance 

RT measured between two adjacent pads placed at a distance d is given by 

the sum of the contact resistance of the two pads (2 RC) and the 

semiconductor resistance Rs.  

Hence, RTOT can be expressed as: 
 

𝑅𝑇 = 2𝑅𝑐 +
𝑅𝑆𝐻

𝑊
𝑑               (48)

    

where RSH is the sheet resistance of the semiconductor. 

From the linear fit of the RT vs d plot (Fig. 3.7(c)), it is possible to extract 

the contact resistance RC and the transfer length LT , as the intercepts of the 

fit at d = 0 and at RT = 0, respectively. The semiconductor sheet resistance 

RSH can be determined from the slope of the fit.  

Finally, the specific contact resistance ρc can be determined as: 
 

𝜌𝑐 = 𝑅𝑐𝑊𝐿𝑇𝑡𝑔ℎ(𝐿 𝐿𝑇⁄ )                                                (49)

   

The TLM theory is based on the assumption that the current is forced to 

flow within the width of the resistor W. However, in the real case, part of 

the current flows also laterally, out of the contact width. For that reason, an 

isolation is realized around the contacts, very close to the contact width, 

with the aim of forcing the current to flow in one direction.  The TLM 

method assumes that the contact width W and the width of the entire 

structure are identical. However, in the real cases, the contact width is 

smaller than the width of the TLM resistor. In our case, the isolation trench 

was at distance of 10 µm from the contact pad. Under these conditions, the 

current crowding effects at the contact edge are negligible, and do not 

significantly impact the contact resistance measurement. Hence, even in 

the presence of a lateral isolation, this condition is not satisfied, thus 

leading to a non-complete suppression of the lateral current. The way to 
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overcome this problem is to realize circular TLM structures, which do not 

need a lateral isolation and, hence, are simpler to be fabricated. The circular 

TLM (C-TLM) structure consists in a sequence of circular sized metallic 

contacts of radius L placed at different distance d, as schematically shown 

in Fig. 3.8).  

 

 
Fig. 3.8. Schematic of a C-TLM structure. 

 

The contacts are circularly symmetrical. Then, by applying a bias between 

the external and the internal contact, the current will flow in the radial 

direction. In this case, the total resistance RT is given by [46]:  
 

 

𝑅𝑇 =
𝑅𝑆𝐻

2𝜋
⌊

𝐿

𝐿𝑇

𝐼0(𝐿 𝐿𝑇⁄ )

𝐼1(𝐿 𝐿𝑇⁄ )
+

𝐿𝑇

𝐿+𝑑

𝐿

𝐿𝑇

𝐾0(𝐿 𝐿𝑇⁄ )

𝐾1(𝐿 𝐿𝑇⁄ )
+ ln (1 +

𝑑

𝐿
)⌋         (50) 

                          

where I and K are the Bessel functions of the first order.  

For large structures, L>>d, Eq.(51) becomes 
 

 

 𝑅𝑇 =
𝑅𝑆𝐻

2𝜋𝐿
[𝐿 ∙ ln (1 +

𝑑

𝐿
) + 2𝐿𝑇] =

𝑅𝑆𝐻

2𝜋𝐿
(𝑑 ∙ 𝐶 + 2𝐿𝑇)        (51)                                        

 

Where 𝐶 =
𝐿

𝑑
𝑙𝑛 (1 +

𝑑

𝐿
) is the corrector factor. 

And for d/L<<1, RT takes the following expression 
 

 

𝑅𝑇 = 𝐿𝑇
𝑅𝑆𝐻

𝜋𝐿
+

𝑅𝑆𝐻

2𝜋𝐿
𝑑                                            (52)

                          

Also in this case, the linear fit of the RT vs d plot enables to extract the 

contact resistance RC and the transfer length LT , as the intercepts of the fit 

at d = 0 and at RT = 0, respectively. RSH can be determined from the slope.  

Considering the definition of LT: 
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𝐿𝑇 = √𝜌𝑐 𝑅𝑆𝐻⁄                         (53)
     

 

The ρc can be determined from: 
 

 

𝜌𝑐 = 𝑅𝑆𝐻𝐿𝑇
2                               (54)

      

Clearly, the sensitivity of these techniques strongly depends on the 

metal/semiconductor properties. In fact, for high values of RSH (and then 

RT) it become very difficult to extrapolate low value of ρc. 

The fabrication process of L-TLM and C-TLM adopted in this thesis is 

described in Section 3.3.  

 

 

3.2.2 Van der Pauw and Hall-effect measurements 

 

The combination of Van der Pauw and Hall effect measurements give 

information on the electrical properties of semiconductor layers, allowing 

the determination of the resistivity ρ (Ω·cm), the carriers concentration 

(carriers/cm3), their sign (i.e., holes or electrons) and their mobility µ 

(cm2/V·s).  

The Van der Pauw method consists in a current-voltage measurement 

carried out in an appropriate configuration. Typically, different geometries 

can be realized to perform these measurements [47].  

 
Fig. 3.9. Schematic of the experimental configuration used for Van der Pauw (a) 

and Hall effect measurements (b). 

 

As an example, Fig. 3.9(a) schematically depicts a square shaped Van der 

Pauw structure, with four Ohmic contacts placed on the sample periphery. 
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Such kind of structure has been used in this thesis. The fabrication process 

is described in section 3.3. 

In a Van der Pauw measurement, a current I is injected through one pair of 

contacts and the voltage V is measured on the other pair of contacts. From 

the measured resistance R12,34  is possible to determine the sheet resistance 

RSH (Ω/sq) and resistivity ρ of the semiconductor layer:  
 

 

𝑅12,34 =
𝑉34

𝐼12
                                                                                              (55)                                          

 

𝑅𝑆𝐻 =
𝜋

𝑙𝑛2
𝑅                                                                                             (56)                                          

 

𝜌 = 𝑅𝑆𝐻𝑡                                                                                          (57) 

                                                        

where t is the thickness of the layer. 

The Hall effect measurements allows the determination of the sheet carrier 

density of a semiconductor layer. In the Hall measurements, a magnetic 

field B is applied perpendicular to the current flow (Fig. 3.9(b)). In this 

configuration, an electric field perpendicular to I and B directions is 

produced and the separation of the carriers induces a Hall voltage VH 

between the second pair of contacts. 

A charged particle in a magnetic field is subjected to the Lorentz force FL, 

proportional to its velocity and to the magnetic field: 
 

 𝐹𝐿 = 𝑞(𝐸 + 𝑣 × 𝐵)                                                                                (58)                                                 
 

The current I can be expressed as a function of the carriers velocity and 

concentration. Hence, for a p-type semiconductor : 
 

𝐼 = 𝑝𝐴𝑣𝑞                     (59)
                              

while for an n-type semiconductor: 
 

𝐼 = −𝑛𝐴𝑣𝑞                    (60)
                            

where p and n are the carrier densities and A is the cross-sectional area of 

the conductor.  

Considering the case of a p-type semiconductor (which will be described 

in this thesis in chapter 5), the drift velocity v is given by: 
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𝑣 =
𝐼

𝑝𝐴𝑞
                (61)

                   

The electric field is then given by: 
 

𝐸 = 𝐵𝑣 =
𝐵𝐼

𝑝𝐴𝑞
                (62)

                     

Then the Hall voltage is calculated from the integral of the electric field: 
 

𝑉𝐻 = − ∫ 𝐸𝑦 =
𝐵𝐼

𝑝𝑡𝑞

0

𝑊
                                    (63)

       

The Hall coefficient RH (m3/C) is defined as:  
 

𝑅𝐻 =
𝑉𝐻𝑡

𝐼𝐵
              (64)

          

From Eq. (64) it is possible to calculate the hole concentration value: 
 

𝑝 =
1

𝑞𝑅𝐻
              (65)

          

Analogous consideration can be made for n-type semiconductors, thus 

leading to the following expression for the electron concentration: 
 

𝑛 = −
1

𝑞𝑅𝐻
               (66)

         

Then, the combination of a Van der Pauw measurement (to determine the 

semiconductor sheet resistance) and a Hall measurement (to determine the 

sheet carrier density) makes possible to extract the carrier mobility as: 
 

𝜇𝑝 =
1

𝑞𝑝𝑅𝑆𝐻
                      (67)

          

𝜇𝑛 = −
1

𝑞𝑛𝑅𝑆𝐻
                        (68)

         

In this work, a MMR Hall Effect Measurement System H-50 equipment 

has been used (Fig. 3.10). 

Hall measurements were carried out either at room temperature to 

determine the sheet electron density of the 2DEG in AlGaN/GaN 

heterostructures (chapter 4), or for keeping the sample at different 

temperatures in the range of 300-500 K to study the electrical properties of 

p-type implanted 4H-SiC layers (chapter 5). 
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Fig. 3.10. Hall-effect measurement equipment of the CNR-IMM of Catania. 
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3.3 Fabrication of test patterns for electrical characterization 

 

The electrical characterization of GaN and SiC samples carried out in this 

thesis required the fabrication of appropriate test patterns. This was a part 

of the experimental work and has been carried out  in the clean room of 

CNR-IMM in Catania (photo on Fig. 3.11). The clean room is equipped 

with several tools, e.g., wet benches (for sample cleaning and wet etching), 

optical direct write lithography (for the definition of contacts), plasma etch 

(for the isolation of TLM and VdP structures), rapid thermal annealing 

furnaces (for Ohmic contact formation).  

 

 
 

Fig. 3.11. Clean room of CNR-IMM in Catania. 

 

Some processing steps (i.e., Al-implantation and high temperature 

annealing of 4H-SiC samples) been performed in the R&D line at 

STMicroelectronics in Catania. In this work, both L-TLM and C-TLM 

patterns have been used. The flow chart of fabrication is described as 

follows and is schematically shown in Fig. 3.12. 
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Process description Equipment Notes 

Cleaning of the 

wafer  

Wet bench For AlGaN/GaN :  

-  HF:HCl:H2O (10 min) 

For SiC: 

-  H2SO4:H2O2 3:1 

(10min); 

- HF (10 min) 

Photoresist 

deposition 

Spin coater BLE - AZ 3012  (2000 

lap/min, 1 min) 

- Resist thickness: 1.5 

um 

- Bake: 100 °C  

Optical 

photolithography 

DWL66 

Heidelberg 

Instruments 

Solide State Laser  

λ 405 nm., power 3 mW 

Resist development Wet bench AZ 726 MIF 

Postbake BLE Hot Plate T=120°C (2 min) 

Plasma etching for 

isolation 

ICP Roth and 

Rau 

Ar/CHF3 

Resist removal Resist removal Acetone 

Photoresist 

deposition 

Spin coater BLE Ar 5320 - 4000 lap/min 

(1 min) 

Resist thickness: 1 um 

Bake  T=105 °C (3 min) 

Optical 

photolithography 

DWL66 

Heidelberg 

Instruments 

Solide state laser  

λ 405 nm., power 1 mW 

Resist development Wet bench AR 300-26 

Postbake BLE Hot Plate T=105°C (2min) 

Metals deposition QUORUM 

Q300TD 

Metal deposited by 

sputter technique 

 

Resist removal by  

lift-off process 

Wet bench - Acetone (T=90°C) 

- Ultrasound bath 
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Rapid Thermal 

Annealing 

Jipelec JetFirst 

furnace 

Temperature 400-950 

°C (depending on 

sample) in Ar 

environment 

 

 

Fig. 3.12. Schematic representation of the flow-chart for the fabrication of the test 

patterns structures. 

 

The fabricated L-TLM structures consisted of rectangular pads (100 µm × 

200 µm), at distances d varying between 20 and 100 µm or 5 and 25 µm. 

The C-TLM structures have been fabricated with a radius of 200 µm and 

distances d varying between 5 and 25 µm. In the case of C-TLM structures, 

it is possible to avoid the fabrication steps of photolitography and plasma 

etch needed to obtain the isolation. In fact, in C-TLM the current is 

confined between the contacts because of the circular geometry. 

Fig. 3.13 shows the mask design used for the fabrication of L-TLM and 

C-TLM performed by means of Autocad program, together with optical 

images of L-TLM and C-TLM structures. 
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Fig. 3.13: Mask design used to fabricate the test pattern (a) and optical images 

of L-TLM (b) and C-TLM (c) structures. 

 

Similarly, Van der Pauw structures have been fabricated following the 

same flow chart. In this case, the mask for the contacts definition consists 

of 4 squared contacts with contact length of -1 cm, placed at a distance of 

4 mm one to each other. The Van der Pauw structure is fabricated on a 1x1 

cm substrate square. Fig. 3.14 shows the masks design and the optical 

image of the Van der Pauw structure. 
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Fig. 3.14: Mask design used to fabricate the test pattern (a) and optical images of 

Van der Pauw structure (b).  
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Chapter 4 – Ohmic contacts on 

AlGaN/GaN heterostructures 

 
As specified in Section 1.2, AlGaN/GaN heterostructures are very 

interesting systems employed for the fabrication of high electron mobility 

transistors (HEMTs). Good source and drain Ohmic contacts, with a low 

specific resistance, are required to improve the performance of HEMTs 

devices. Moreover, in GaN-on-Si technology, it is important to realize Au-

free Ohmic contacts. This chapter reports a study of Au-free Ohmic 

contacts. The experiments were carried out both on Ti and Ta based 

contacts, comparing the structural, morphological and electrical behaviour 

and providing insights on the carrier transport mechanism at the 

metal/semiconductor interface. At the end of this chapter, a modification 

of the TLM method, which can be used to quantify the modification of the 

sheet resistance under the contact, will be described.  

 

 

 4.1. State of the art on Ohmic contacts on AlGaN/GaN 

heterostructures 

 

Ohmic contacts on GaN-based materials have been widely investigated in 

the last decades [48], exploring several combinations of metals layers and 

annealing conditions. The most common solutions adopted on AlGaN/GaN 

heterostructures are Ti/Al/X/Au multilayers (where X = Ni, Mo, Ti…), 

which typically reach an Ohmic behavior after annealing at 800-850°C 

[49,50]. In these systems, each metal layer  has a specific influence on the 

final structural and electrical properties of the contact. In particular, a low 

work function metal (“contact layer”) is directly connected with the AlGaN 

substrate, in order to reduce the metal/semiconductor barrier height and 

enables a minimum the contact resistance. Refractory metals (e.g., Ti,Ta,. 

. .) are well suitable for this purpose, because they can react with AlGaN 

forming new intermetallic phases and nitrides at the interface [51]. An 

“overlayer”, generally Aluminium (Al), is deposited on the top of the 

contact layer. In fact, Al can easily form low work function compounds 
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with the other metals. A third layer, called “barrier layer”, made by high 

melting point metals (Ni, Ti, Pt, Pd, Mo, …), serves to stabilize the 

multilayer during annealing, limiting the inter-diffusion between the first 

two metal layers and the uppermost layer. Noteworthy, the barrier layer 

also participates in the reaction with the other metals and, hence, its choice 

has a non-negligible impact on the contact properties [52]. Finally, the 

uppermost “cap layer”, typically Au, is used to prevent the surface 

oxidation, but it also forms highly conductive phases upon annealing, 

which improve the electrical conduction of the entire reacted stack and its 

contact resistance [34]. The presence of Au inside the stack is considered 

as one of the causes of the high surface roughness of the contacts after 

thermal annealing [53]. This aspect is very important, since the surface 

roughness, together with a poor edge acuity of the contacts, are detrimental 

for the device reliability. In addition, the increasing interest to integrate 

GaN-on-Si HEMTs technology on the existing Si CMOS fabrication lines 

imposes the adoption of “Au-free” solutions for source-drain Ohmic 

contacts. This is still a challenging aspect in GaN-based HEMT technology 

and was object of investigation in this thesis. 

Several routes to obtain low resistance Au-free Ohmic contacts have been 

proposed in literature.  

A first possibility is appropriately tailoring the AlGaN material to 

ameliorate the electrical properties of the contacts. The use of intentionally 

doped AlGaN barrier layer has been proposed to improve the contact 

resistance, but this approach inevitably leads to an increase of the gate 

leakage current of the device [54]. Moreover, the local n-type doping of  

AlGaN/GaN heterostructures below the contact by Si-ion-implantation 

favors the achievement of an Ohmic behavior. However, the implantation 

doping requires high temperatures for electrical activation that can severely 

degrade the nitride material surface [55]. The use of n-GaN layer under the 

metal has been employed to reduce the contact resistance, but this solution 

is significantly complex [56]. 

In principle, the easiest approach to fabricate Au-free Ohmic contacts is the 

removal of the Au cap layer from a conventional Ti/Al/X/Au stack. Indeed, 

several contacts based on Ti/Al or Ti/Al/Y covered by a cap layer have 

been reported (Ti/Al, Ti/Al/TiN, Ti/Al/W) [57,58,59,60,61,62]. Moreover, 

also the combination with Ta has been considered because of the low work 
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function, similar to Ti [63,60]. The electrical properties of Au-free contacts 

depends on several processing parameters, such as the metals thickness, the 

thermal annealing conditions, or the nitride material quality [64,65]. The 

formation of new phases at the interface after annealing is one of the key 

factor for the improvement of the electrical characteristics.  

Many works in literature reported on the formation of TiN 

[53,61,66,67,68,69] or TaN [70,71] phases at the interface as a result of the 

reaction between Ti or Ta and AlGaN. In particular, this phase is formed 

because of the extraction of N atoms from AlGaN, inducing a high 

concentration of N-vacancies, which act as n-type doping, thus decreasing 

the contact resistance. Equally important is the formation of phases 

between Ti and Al or Ta and Al. In particular, in Ti-based contacts, it has 

been reported that for low annealing temperatures (<650°C) the favored 

phase is the Al3Ti [60,72], while increasing the annealing temperature also 

the formation of Al2Ti or Ti2AlN phase occur [58]. In Ta- based contacts, 

the Ohmic behavior has been also related to the TaAl3 phase formation into 

the metal stack, that is the most stable phase between 600 C and 1500 C for 

Ta concentrations between 25% and 35% [60,73]. However, in Au-free 

contacts it has been observed that the Ohmic behavior is achieved at 

annealing temperatures lower than temperatures required for Au-based 

contacts [50]. 

Another parameter that strongly influences the Ohmic contact formation is 

the Ti/Al ratio [58, 62]. In particular, for a certain annealing condition, an 

optimum Ti/Al relative thickness can be achieved in order to minimize the 

contact resistance. Thinner Ti layers are necessary to avoid  the formation 

of voids below TiN and a thicker Al layer is able to reduce the aggressivity 

of the reaction between Ti and AlGaN [58,61,62,74]. Similarly to Ti-based 

Ohmic contacts, metal layer thicknesses strongly impact on the contact 

resistance, resulting in the lowest value of Rc for a Ta/Al ratio of about 10 

[63,75]. 

Finally, a peculiarity of both Ti and Ta Au-free Ohmic contacts is the 

improved surface  morphology with respect to the metallizations containing 

Au [ 34,38,53,59,63,76]. In fact, the annealing temperature required for the 

Ohmic contact formation, lower than the aluminum-layer melting point 

(<660°C), leads to a better morphology of the contact area [77]. Indeed, the 
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presence of Au leads to the formation of Al-Au phases, which are 

responsible for a high surface roughness of the reacted layer [78].  

Beyond considering all the parameters discussed so far, a method to 

improve the electrical properties of Ohmic metals is to use “recessed 

contacts”. The recession consists in the complete or partial removal of the 

AlGaN barrier layer below the Ohmic contact. In particular, reducing the 

distance between the metal interface and the 2DEG favors the electron 

tunneling, reducing the specific contact resistance of recessed contacts with 

respect to conventional ones.  Lee et al. [79] obtained good Ohmic contacts 

on AlGaN/GaN heterostructure using TiAlW contacts annealed at 870°C.  

From a critical analysis of the literature results, some aspects related to Au-

free Ohmic contact formation are still not clear, e.g., the role of the contact 

layer, the thickness of the metal, the phases responsible for Ohmic contacts 

formation, the mechanism of carrier transport at the interface, etc. To gain 

a deeper comprehension of the Au-free Ohmic contact formation based on 

low work function metals, in this thesis a comparative study of Ti- and Ta-

based systems has been carried out. A special emphasis has been given to 

the correlation between the macroscopic electrical behaviour and the 

interfacial microstructure, corroborating the results by the determination of 

the metal/semiconductor barrier height by temperature dependent TLM 

measurements. 

 

 

4.2. Characterization of the AlGaN/GaN heterostructures 

 

Commercial AlGaN/GaN heterostrutcture grown on Si (111) substrates 

have been used for the study of the Ti- and Ta- based Ohmic contacts. The 

nominal AlGaN barrier layer was of 16 nm thick and the percentage of 

aluminum concentration was of 25%.  First, a characterization of the 

incoming material has been carried out, employing different techniques. 

Fig. 4.1 shows the AFM images of the AlGaN/GaN heterostructure surface 

acquired on different scan areas. As can be seen, for low areas, 2×2 µm2 

(Fig. 4.1 (a)) and 5×5 µm2 (Fig.4.1 (b)), the surface appears quite smooth, 

showing the typical atomic steps of the AlGaN, with RMS values of 0.14 

nm and 0.40nm, respectively. By increasing the scanning area, a higher 
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surface roughness is measured, RMS=0.73 nm for a 10×10 µm2 area (Fig. 

4.1 (c)) and RMS=1.56 nm for a 20×20 µm2 scan area (Fig. 4.1 (d)). 

The aluminum concentration of the AlGaN layer has been verified by 

means of photoluminescence measurements. Fig. 4.2 shows the PL 

spectrum acquired on the AlGaN/GaN heterostructure. In this spectrum, 

two signal have been detected, i.e., the peak at about 4.2 eV that is related 

to the emission from the AlGaN, and the peak at 3.4 eV that is related to 

the emission from the GaN. For comparison, Fig 4.2 shows also the PL 

emission of a bulk GaN sample, peaked at 3.4 eV, which corresponds to 

the GaN bandgap.  

 

 
Fig. 4.1. AFM images acquired on 2×2 µm2 (a), 5×5 µm2 (b), 10×10 µm2 (c) and 

20×20 µm2 (d) scan areas of AlGaN/GaN heterostructure surface. 

 

From these data, it was possible to estimate the Al concentration(x)  of the 

) in the 𝐴𝑙𝑥𝐺𝑎1−𝑥𝑁  alloy, using the relation: 
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𝐸𝑔(𝐴𝑙𝑥𝐺𝑎1−𝑥𝑁) ≈ (1 − 𝑥) ∙ 𝐸𝑔(𝐺𝑎𝑁) + 𝑥 ∙ 𝐸𝐺(𝐴𝑙𝑁)         (69) 
 

   By using the value of  𝐸𝑔(𝐴𝑙𝑥𝐺𝑎1−𝑥𝑁) ≈ 4.2 eV, determined by the PL 

measurements, allowed us to estimate a value of   x≈0.28. This value is in 

reasonable agreement with the nominal Al concentration given by the 

material provider.  

 

 
 

Fig. 4.2. Photoluminescence (PL) spectrum of the AlGaN/GaN heterostructures, 

excited at 4.77 eV (black line) and PL spectrum of GaN bulk and detected excited 

at 4.66 eV (red line). Both the spectra have been detected with a time window TW 

=1 ms and a time delay TD =0 ns. 

 

Fig. 4.3 shows the cross section TEM analysis of the AlGaN/GaN 

heterostructures. From this image, it was possible to identify the 

heterostructure layers and measure an AlGaN barrier thickness of 16 nm. 

Finally, the sheet carrier density of the 2DEG at the AlGaN/GaN interface 

has been determined from Hall-effect measurements. The van der Pauw 

structure has been fabricated with the procedures described in section 3.3, 

using  Ti(10nm)/Al(300nm)/Ti(20nm) square contacts at the sample 

corners, subjected to annealing at 600°C for 60s in Ar. Fig. 4.4 shows a 

representative I-V curve measured on van der Paw structures.  
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Fig. 4.3. Cross section TEM image of an AlGaN/GaN heterostructure used in this 

thesis. 

 
 

 
Fig. 4.4. I-V curve measured on van der Paw structures fabricated on AlGaN/GaN 

heterostructure. 

 

From these measurements, a sheet carrier density of the two dimensional 

electron gas (2DEG) ns=7.45 1012 cm-2 could be determined. 
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4.3 Ti- and Ta- based Ohmic contacts on AlGaN/GaN 

heterostructures 

 

The properties of Ti(10nm)/Al(300nm)/Ti(20nm) and Ta(10nm)/Al(300nm)/Ta(20nm) 

on AlGaN/GaN heterostructures have been investigated, performing a 

direct comparison of the two systems by means of morphological, 

structural and electrical characterization techniques. The metal stacks have 

been deposited by sputtering and TLM structures have been defined by 

lithography and lift-off, as described in Section 3.2.1. For the structural 

analyses, blanket samples have been used. Then, the contacts have been 

subjected to thermal annealing processes at different temperatures in the 

range 400°C- 600°C. Basing on previous literature results, moderate 

annealing temperatures (≤ 600°C) and short annealing times (≤ 3min) have 

been chosen in this thesis to avoid contact degradation. The electrical 

response has been analyzed with the TLM method (see section 3.2.1). 

Figs. 4.5 (a) and 4.5 (b) report the I-V curves acquired on adjacent pads of 

TLM structures based on Ta/Al/Ta  and Ti/Al/Ti. The curves have been 

measured between contacts placed at a distance of 20 µm after different 

annealing treatments.  

 
 

Fig. 4.5.  I-V curves acquired between adjacent TLM pads placed at a distance 

of 20 µm in Ta/Al/Ta  (a) and Ti/Al/Ti (b) after deposition (as deposited) and 

annealing at different temperatures (550°C and 600°C).  
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The I-V characteristics of the contacts exhibited a non-linear behavior after 

deposition (as deposited) and annealing at temperatures up to 550°C. Such 

curves reported in Fig. 4.5 have been multiplied by a factor of 10 or 100 in 

order to be more visible in the graph.  The Ohmic behaviour is achieved 

after annealing at 600°C. Noteworthy, the Ti-based contact showed an 

Ohmic behavior after an annealing process of 60s at 600°C, while a longer 

annealing duration (180s) was needed for the Ta- based contact. 

In order to understand the mechanism of Ohmic contact formation in the 

two systems, the samples at the onset annealing condition have been 

considered, i.e., the Ta/Al/Ta sample annealed at 600°C for 180s and the 

Ti/Al/Ti sample annealed at 600°C for 60s. The I-V curves acquired on 

TLM structures in both Ta/Al/Ta and Ti/Al/Ti samples annealed at 600°C 

are shown in Fig. 4.6 (a) and Fig. 4.6 (b), respectively. As can be seen, the 

current decreases with increasing the TLM pad distance. Moreover, 

Ti/Al/Ti contacts show a higher current level.  

Fig. 4.6 (c) and Fig. 4.6 (d) report the total resistance RTOT , determined 

from the slope of the I-V curves, as a function of the distance d between 

adjacent TLM pads. I-V curves have been acquired on several TLM 

patterns, and the reported results are an average on tests performed in 

different positions of the samples.  As expected by the TLM theory, the 

average RTOT increases linearly with the pad distance.  The value of specific 

contact resistance ρc extracted for the Ti/Al/Ti contacts was c (Ti/Al/Ti) = 

1.6±0.610-4 Ω.cm2 , i.e., more than a factor of two lower than the value 

extracted in Ta/Al/Ta (c (Ta/Al/Ta) = 4.0±1.110-4 Ω.cm2). Similar 

semiconductor sheet resistance values RSH were extracted for the two 

contacts, RSH = 472±10 Ω/□ for the Ti/Al/Ti sample and RSH = 475±9 Ω/□ 

for the Ta/Al/Ta sample.  

The formation of Ohmic contacts is generally associated with the 

modification of the morphology and/or of the microstructure of the layers 

upon annealing. To highlight this aspect AFM, XRD and TEM analysis 

have been performed on the two samples. Fig. 4.7 (a) and Fig. 4.7 (b) show 

the morphologies of the Ti/Al/Ti and Ta/Al/Ta as deposited contacts 

acquired on a 20µm × 20µm region. The as deposited metals show a 

morphology with a low roughness value for both the Ta- and Ti-based 

contacts of 9 nm and 10 nm respectively. 
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Fig. 4.6. I-V curves acquired on TLM structures in Ta/Al/Ta  (a) and Ti/Al/Ti (b) 

contacts annealed at 600°C. Plots of the total resistance RTOT as a function of the 

TLM pads distance d for Ta/Al/Ta (c) and Ti/Al/Ti (d).  
 

 
 

Fig. 4.7. AFM images of Ta/Al/Ta (a) and Ti/Al/Ti (b) as deposited contacts 

on 20µm ×20µm scan areas. 
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Fig. 4.8 (a) and Fig. 4.8 (b) show the morphology of the contacts annealed 

at 600°C, acquired on a 40µm × 40µm region. In both cases, the surface is 

characterized by flat areas with some isolated hillocks. The RMS roughness 

values are 48 nm and 79 nm for Ta- and Ti- based contacts respectively.  

 

 
Fig 4.8. AFM images of Ta/Al/Ta contact on 40µm ×40µm (a) and 5µm ×5µm 

(c) scan areas and  AFM images of Ti/Al/Ti contact on 40µm ×40µm (b) and 5µm 

×5µm (d) scan areas after annealing at 600 °C. 

 

These hillocks are more pronounced in the case of the Ti/Al/Ti system, thus 

justifying the higher RMS. Fig. 4.8 (c) and Fig. 4.8 (d) show the AFM 

images acquired on the flat areas on a 5µm × 5µm region. Interestingly, 

also in the flatter areas the Ta/Al/Ta contacts exhibited a lower roughness 

(RMS=14.2 nm) with respect to the Ti/Al/Ti samples (RMS=18.5 nm). 
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Despite the presence of such isolated hillocks, the two Au-free systems 

exhibited a flatter surface compared with that of standard Ti/Al/Ni/Au 

contacts formed at 800°C [76]. This result is important, since it 

demonstrates the technological advantage of using these contacts for device 

fabrication. The hillocks have been investigated from an electrical point of 

view by means of C-AFM analysis. The surface scanning has been 

performed with a conductive diamond coated tip, by applying a positive 

bias of +5V to the samples backside. Then, the current flowing to the tip 

across the metal/semiconductors interface was collected by a current 

amplifier connected to the tip. Figure 4.9 (a) and (b) show a representative 

morphological image and the corresponding current map on 20 µm × 20 

µm scan area for the Ta/Al/Ta sample.  

 

 
Fig. 4.9. (a) AFM image and (b) associated C-AFM map acquired on Ta/Al/Ta 

contact. (c) AFM image and (d) associated C-AFM map acquired on Ti/Al/Ti 

contact. The images were acquired on 20µm × 20µm scan areas. 
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The morphological and electrical analyses performed under the same 

conditions on the Ti/Al/Ti sample are reported in Figure 4.9 (c) and (d). As 

can be seen, there is a clear correlation between the surface features and the 

current maps on both samples. In particular, a uniform current level is 

detected in the flat areas of the samples. Furthermore, the hillocks in the 

Ta-based contacts display a higher conductivity with respect to the uniform 

background of the surrounding metal surface, whereas a lower conductivity 

has been observed over the hillocks in the Ti-based contacts. The different 

composition (e.g., the phase or the Al content presents in the core of the 

hillocks) can be responsible of the different conductivity detected by C-

AFM analyses. However, the area occupied by the hillocks is only 1% 

and 5% of the overall contact area in Ta- and Ti- based systems, 

respectively. Hence, the contribution to the increase or the decrease of the 

total current flowing across the overall contact area is 1-2% in both cases. 

For these reasons, it can be argued that the presence of these hillocks on 

the surface does not significantly impact on the specific contact resistance.  

XRD analysis, shown in Fig.4.10, has been performed to identify the 

main phases formed in the layer upon annealing at 600°C.  
 

 
 

Fig 4.10. XRD patterns for Ta/Al/Ta and Ti/Al/Ti contacts annealed at 600°C, 

showing the presence of the Al3Ta and Al3Ti phases. 
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As can be seen, for Ti/Al/Ti contact Al3Ti phase and unreacted Al have 

been identified. Typically, Ti reacts with Al and form Al3Ti phase [80] for 

annealing temperatures higher than 450°C. According to the literature, in 

these systems unreacted Al can be still present also at higher annealing 

temperatures [58], which is consistent with our experimental observation. 

A similar behavior has been observed in the annealed Ta/Al/Ta contact. In 

this case, XRD analysis detected the Al3Ta phase, coexisting with 

unreacted Al. In fact, the formation of Al3Ta phase is expected in a 

temperature range between 600-1500°C [58,60]. The Al3Ta and Al3Ti 

phases are the most thermodynamically favored processes for the annealing 

temperature considered in our case [81].  

As described in section 2.2, a quantitative description of the carriers 

transport mechanism through the metal/AlGaN interfaces can be given by 

monitoring the temperature dependence of the specific contact resistance 

ρc. For this purpose, TLM measurements have been performed using a hot 

chuck keeping the substrate at temperatures between 25°C and 175°C. The 

ρc values have been determined at each measurement temperature T. Fig. 

4.11 shows the values of ρc as a function of the measurement temperature 

T for the two contacts.  

 
 

Fig 4.11. Specific contact resistance ρc as a function of the measurement 

temperature, T for the Ta/Al/Ta (squares) and Ti/Al/Ti (circles) contacts annealed 
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at 600°C. Solid lines are the fits of the experimental data with TFE model. The 

values of the barrier height extracted from the best fit procedure are also reported. 

As can be seen, ρc  decreases with increasing T and  both samples exhibit 

a similar trend of the ρc(T), in terms of temperature variation. 

Among those described in chapter 2, the current transport mechanism 

that better fitted the experimental ρc values was the Thermionic Field 

Emission. Accordingly, the specific contact resistance C can be expressed 

as [82]: 
 

𝜌𝑐 = (
1

𝑞𝐴2)
𝑘2

√𝜋(𝛷𝐵+𝑉𝑛)𝐸00
𝑐𝑜𝑠ℎ (

𝐸00

𝑘𝑇
) √𝑐𝑜𝑡ℎ (

𝐸00

𝑘𝑇
) 𝑒𝑥𝑝 (

𝛷𝐵+𝑉𝑛

𝐸0
−

𝑉𝑛

𝑘𝑇
)       (70) 

 

From the analysis of the data, the values of the Schottky barrier height 

could be determined as fit parameters, i.e., ΦB = 0.58 eV for Ti/Al/Ti and 

ΦB = 0.63 eV for Ta/Al/Ta. Moreover, the carrier concentration was 

ND=1.25×1019 cm-3 for both contacts. This value is much higher than the 

nominal doping level of the AlGaN layer. This results can be explained by 

the fact that in AlGaN/GaN heterostructures a high carrier density is 

present in the 2DEG.  

A structural analysis of the reacted layers was carried out by means of 

cross sectional TEM and STEM analysis. Fig 4.12  shows TEM (Fig. 4.12 

(a) and 4.11  (b)) and STEM (Fig. 4.12  (c) and  4.12 (d)) images of the two 

samples annealed at 600°C. Clearly, a strong interaction between the metal 

layers of the stack occurred after annealing processes. In particular, a 

modification of the region close to the AlGaN is visible, as two different 

interface structures are observed in the samples. In the Ti/Al/Ti contact the 

formation of a continuous TiN layer, few nanometers thick, is visible at the 

interface with the AlGaN. On the top of this interfacial layer, the presence 

of an Al-Ti layer is detected, which is consistent with the XRD observation 

demonstrating the presence of Al3Ti. The rest of the film closer to the 

surface region is composed of pure Al (Fig. 4.12 (b) and 4.12 (d)). On the 

other hand, in the Ta/Al/Ta sample, TEM analysis detected large Al3Ta 

grains coexisting with pure unreacted Al. The Al3Ta grains can be very 

large, often covering the entire metal thickness from the surface to the 

interface with the AlGaN. On the top, a  Ta layer is still present (see Fig. 

4.12 (a) and 4.12 (c)). 
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Fig 4.12. Cross section TEM images of Ta/Al/Ta (a) and Ti/Al/Ti (b) contacts and 

STEM images of Ta/Al/Ta (c) and Ti/Al/Ti  (d) annealed at 600°C. 

 

The TiN formation has been detected and reported in many works in 

literature on Ti-based contacts on GaN materials [83,84,85,86]. In fact, 

annealing of Ti/GaN (or Ti/AlGaN) systems can lead to a reaction with the 

TiN formation at the interface. Under these conditions, nitrogen vacancies 

are released from the material below the metal contact, which act as donors, 

increasing the net carrier concentration near the interface. Hence, TiN 

formation can be a key factor for the Ohmic behavior in our annealed 

Ti/Al/Ti stack.  

The formation of an interfacial TaN layer was not observed in the case of 

Ta-based contacts. These contacts required a longer annealing time to reach 

the Ohmic behavior and exhibited a higher c. The reaction of Ti with 

respect to Ta is facilitated by the larger negative heat of formation of TiN 

(-336 kJ/mol) with respect to TaN (-247 kJ/mol) [54]. Then, it can be 

argued that the different interfacial microstructure is responsible for the 

different values of B determined by the temperature dependence of c. 
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4.4 Effects of layer thickness and annealing time on Ti- based 

contacts 

 
 

A preliminary study to understand the role of the metal thickness and 

annealing time has been conducted on the Ti/Al/Ti contacts, which 

exhibited the best electrical properties. These samples have been annealed 

at 600°C for 180s so that the contact morphology was practically 

unchanged with respect to the sample annealed for 60s. In fact, also in this 

case, flat areas with some isolated hillocks are visible in the AFM images, 

leading RMS of 79 nm (almost coincident with the RMS  of Ti- based 

contacts annealed for 60s).  

 
 

Fig 4.13. AFM images of Ti/Al/Ti contact on 40µm ×40µm (a) and 5µm ×5µm 

(b) scan areas after annealing at 600 °C for 180s.  

 

Looking at the 5µm × 5µm region (Fig. 4.13 (a)) Ti/Al/Ti contacts annealed 

for 180s exhibited a lower roughness (RMS=13.7 nm) with respect to the 

Ti/Al/Ti samples (RMS=18.5 nm) annealed for 60s.  

Fig. 4.14 shows the I-V curves acquired between TLM pads at a distance 

of 20 µm on Ti/Al/Ti contacts (Tann=600°C, tann=60s and tann=180s). As can 

be seen, a further increase of the current occurs in Ti/Al/Ti annealed for a 

longer time, corresponding to a decrease of the specific contact resistance 

down to  c (Ti/Al/Ti 180s) = (7.0±0.3)10-5 Ω.cm2. 
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 In spite of this electrical difference, XRD analysis, not reported here, did 

not show significant structural changes with respect to the Ti/Al/Ti sample 

annealed for 60, i.e Al3Ti phase and unreacted Al.   
 

 
 

Fig. 4.14.  I-V curves acquired on TLM pads placed at a distance of 20 µm in 

Ti/Al/Ti (Tann=600°C, tann=60s and tann=180s). 

 

Temperature dependent TLM measurements have been performed between 

25°C and 175°C. Figure 4.15 shows the values of ρc as a function of the 

measurement temperature T . Also in this case, TFE was the current 

transport mechanism that better fits the experimental ρc data. From the fit, 

an additional lowering of the Schottky barrier height was detected, i.e., ΦB 

= 0.52 eV.  Then, it is clear that the increase of annealing time leads to an 

improvement of the electrical response of the Ti/Al/Ti contacts. However, 

XRD and AFM analysis did not detect differences with the contacts 

annealed for 60s. However, the increase of the annealing time leads to a 

stabilization of the contact/AlGaN interface resulting in a lowering of the 

barrier height and specific contact resistance.  
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Fig 4.15. Comparison of the temperature dependence of ρC for the Ti/Al/Ti 

contacts annealed at 600°C for 60s and for 180s. The continuous lines represents 

the fit of the experimental data with TFE model. 

 

As mentioned at the beginning of this chapter, several parameters influence 

the behavior of a contact, such as metal thickness, thermal annealing 

temperature, surface treatments etc. [64,87]. In particular, the metal 

thickness ratio plays an important role on the electrical performance, since 

different metal thickness can lead to different phases formation during 

annealing. This aspect, however, is still not well understood and is object 

of discussion. 

This aspect was preliminary investigated by monitoring the behavior of a 

contact with a 4 times thicker Ti layer at the interface, i.e., 

Ti(40nm)/Al(300nm)/Ti(20nm). This contact shows an ohmic behavior after 

annealing at 600°C for 180s. Fig. 4.16 shows the comparison between 

morphology of the Ti- based contacts (Ti(10nm)/Al(300nm)/Ti(20nm) Tann=600C 

tann=60s and Ti(40nm)/Al(300nm)/Ti(20nm) Tann=600C tann=180s)  with the 

different thickens Ti layers.  
 



80 

 

 
Fig 4.16: AFM images of Ti(10nm)/Al(300nm)/Ti(20nm) contact on 40µm ×40µm (a) and 

5µm ×5µm (c) scan areas and  AFM images of Ti(40nm)/Al(300nm)/Ti(20nm) contact on 

40µm ×40µm (b) and 5µm ×5µm (d) scan areas, after annealing at 600 °C and a 

time of 60s and 180s respectively. 

 

As can be seen, the surface of the Ti(40nm)/Al(300nm)/Ti(20nm) exhibited much 

larger hillocks than the Ti(10nm)/Al(300nm)/Ti(20nm) sample, thus resulting into 

a higher value of roughness (RMS=404nm). The RMS of the 

Ti(40nm)/Al(300nm)/Ti(20nm) was higher than that of the 

Ti(10nm)/Al(300nm)/Ti(20nm) also when determined on the flatter regions (i.e., 

outside the hillocks). 

On these contacts, I-V curves shown in Fig. 4.16 have been acquired 

between adjacent TLM pads at a distance of 20 µm. As can be seen, a 

significant lower value of current is measured in the contact with thicker Ti 
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layer. In fact, the TLM analysis revealed a much higher value of specific 

contact resistance c (Ti40/Al/Ti) = (2.2±0.9)10-3 Ω.cm2. 
 

 

 
 

Fig. 4.17.  I-V curves acquired on pads of TLM structures placed at a distance of 

20 µm in Ti(10nm)/Al(300nm)/Ti(20nm) and Ti(40nm)/Al(300nm)/Ti(20nm) annealed at 600°C 

and a time of 60s and 180s respectively. 

 

Figure 4.18 shows the temperature dependence of ρc for the 

Ti(40nm)/Al(300nm)/Ti(20nm) contact. For comparison, the results obtained in 

the Ti(10nm)/Al(300nm)/Ti(20nm) sample are also reported . In this case, from the 

fit of the experimental data, a Schottky barrier height of ΦB = 0.66 eV could 

be determined for the Ti(40nm)/Al(300nm)/Ti(20nm) sample, higher than the value 

(ΦB = 0.58 eV) determined in the Ti(10nm)/Al(300nm)/Ti(20nm) sample.  

Then, the use of a thicker Ti layer in contact with the AlGaN/GaN 

heterostructures showed a worsening of the contact performance resulting 

in a higher specific contact resistance and Schottky barrier value. 

Moreover, in this case the reaction within the metal layer exhibit a higher 

surface roughness.   
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Fig 4.18. Specific contact resistance ρC as a function of the measurement 

temperature T for the Ti10nm/Al300nm/Ti20nm and Ti40nm/Al300nm/Ti20nm annealed at 

600°C and a time of 60s and 180s respectively. The continuous lines are the fits 

of the experimental data with TFE model. 

 

 

4.5 Modification of the sheet resistance under Ohmic contacts 

on AlGaN/GaN heterostructures 

 

As explained in chapter 2, the most common method to determine the 

specific contact resistance  in Ohmic contacts is the TLM method. This 

method is based on the assumption that the sheet resistance of the 

semiconductor, RSH (Ω/□), is identical to the value assumed under the 

contacts, RSK (Ω/□) [88]. However, in the presence of thermal induced 

reactions between the metal stacks and the AlGaN (as those described in 

the previous sections), this assumption may not be valid, and the sheet 

resistance under the contact can be different from its value outside the 

contact (RSK ≠RSH) as can be seen in Fig. 4.19. 
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Fig. 4.19. Schematic representation of the case RSK ≠RSH. . 

 

As a matter of fact, changes of the electrical properties of n-type GaN 

below the contacts have been already deduced by temperature dependent 

electrical measurements in Ohmic contacts [89]. To determine the value of 

the sheet resistance under the contact RSK, the standard TLM method can 

be corrected, by measuring the end contact resistance ( RE ), that is, the 

resistance due to the voltage drop at the end of the contact [90]. 

 

In this thesis, we have performed this kind of measurement in order to 

estimate possible changes of the sheet resistance under the contact. For this 

purpose, Ti(15nm)/Al(200nm)/Ni(50nm)/Au(50nm) Ohmic contacts, formed with an 

annealing at 800°C in Ar, have been chosen as a reference for testing this 

methodology. Fig. 4.20 (a) shows a representative I-V characteristics 

measured on TLM patterns between adjacent contacts. The experimental 

values of the total resistance RT, determined from these curves at each 

distance d, are reported in Fig. 4.20 (b). From a linear fit of the data, it was 

possible to extract the values of  RC = 5.7 ± 0.2 Ω, LT = 2.1 ± 0.1 μm and 

RSH = 535.5 ± 12.1 Ω/□. The specific contact resistance determined from 

this analysis was ρC = (2.4 ± 0.2)  10-5 Ω·cm2.  

The estimation of the sheet resistance under the contact, RSK, can be done, 

by the modified TLM method proposed by Reeves et al. [88]. First, metal 

sheet resistance was measured by four points probe measurements. Its 

value (1.93 Ω/□) is low enough to apply the model. 
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Fig 4.20. (a)  I-V characteristics acquired on TLM patterns of Ti/Al/Ni/Au 

contacts formed with an annealing at 800°C; (b) Plot of the total resistance RT as 

a function of pad distance d, used to determine the electrical parameters. 

 

Considering that RSK can be different from its value outside the contact (RSK 

≠ RSH), the expression of the total resistance RT measured between two 

adjacent TLM pads (Eq. (48))  is modified  as [88] 
 

𝑅𝑇 = 2
𝑅𝑆𝐾𝐿𝑇𝐾

𝑊
+

𝑅𝑆𝐻

𝑊
𝑑            (71)

     

and the expression of the contact resistance  becomes [88] 
 

𝑅𝑐 =
√𝑅𝑆𝐾𝜌𝑐𝑘

𝑊
coth (𝐿 𝐿𝑇𝐾⁄ )                                    (72)                           

      

where LTK is the corrected transfer length value  
 

𝐿𝑇𝐾 = √𝜌𝑐𝑘 𝑅𝑆𝐾⁄                                               (73)                                                                            
    

and ρCK is the corrected specific contact resistance, which take into account 

the modification of the semiconductor under the contact. 

To determine RSK, an additional measurement of the end contact 

resistance (RE) is necessary [45], where RE can be considered as the 

resistance due to the voltage drop at the end of the contact length. The 

standard procedure used to measure this parameter is to force a constant 

current (I) between two adjacent TLM pads and to measure the potential 

(V) between one of these pads and an opposite outside TLM pad. Then, RE, 

given by the ratio V/I, can be expressed as : 
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𝑅𝐸 =
√𝑅𝑆𝐾𝜌𝑐𝑘

𝑊

1

𝑠𝑖𝑛ℎ(𝐿 𝐿𝑇𝐾⁄ )
            (74) 

      

Combining the Eqs. (73-75) gives:   
 

𝑅𝑐

𝑅𝐸
=  𝑐𝑜𝑠ℎ(𝐿 𝐿𝑇𝐾⁄ )            (75)  

 

Hence, from the measure of RE it is possible to determine the correct value 

of the transfer length LTK using Eq. (76). Then, the value of RSK can be 

estimated from:  
 

𝑅𝑆𝐾 =
𝑅𝑆𝐻𝐿𝑇

𝐿𝑇𝐾
              (76)

         

However, measuring RE from the voltage drop at the end of the contact is 

difficult, due to the extremely low values of voltage drop. Hence, Reeves 

et al. [88] demonstrated an equivalent procedure to determine RE, using 

standard I-V measurements carried out on a “three terminals test-pattern”, 

as schematically depicted in the inset of Fig. 4.20. From the resistance 

measurements between the adjacent contacts 1-2 and 2-3 (R1 and R2) placed 

at a distance d, and between the two external ones 1-3 (R3), it is possible 

extract the end contact resistance RE as [88]: 
 

𝑅𝐸 =
1

2
= (𝑅1 + 𝑅2 − 𝑅3)          (77) 

       

Fig. 4.21 shows the I-V characteristics acquired in the three terminals test-

pattern. In our case, from the values of the three resistances it was possible 

to extract  values of RE=1.2 ± 0.6  and  LTK = 44.6 ± 10.2 μm. Then, by 

applying Eqs. (73-77) the sheet resistance under the contact RSK= 26.1 ± 

5.0 Ω/□  was determined. This value is much lower than the value of the 

sheet resistance measured outside the contacts (RSH = 535 ± 12 Ω/□) by the 

standard TLM analysis. This result is typically correlated with the 

structural modification of the semiconductor below the contact [86,91,92, 

93]. However also other parameters, as the specific contact resistance or 

the resistivity of the metal can have an influence on the value of RSK [94].  
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Fig 4.21. I-V characteristics acquired on a three terminals test pattern 

(schematically shown in the inset) for the determination of the end contact 

resistance RE. The value of RE can be extracted as  321
2

1
RRRRE  . 

 

Then, it is also possible to correct the specific contact resistance ρCK as:  
 

𝜌𝑐𝑘 = 𝑅𝐸𝑊𝐿𝑇𝐾𝑠𝑖𝑛ℎ(𝐿 𝐿𝑇𝐾⁄ )                (78)                                                      
  

In our case, the corrected value of ρCK=(5.0 ± 1.2)  10-4 Ω·cm2 is about 20 

times higher than the value obtained by standard TLM method ρC =(2.4 ± 

0.2)  10-5 Ω·cm2 . Evidently, ρCK is correlated to the calculated sheet 

resistance under the contact RSK, as the ratio ρCK/ρC is proportional to 

RSH/RSK.    

To explain the modification of the semiconductor sheet resistance under 

the contact, morphological and structural analyses of the annealed 

Ti/Al/Ni/Au contact have been carried out. Fig. 4.22 shows an AFM image 

acquired on a 10  10 μm2 area on the contact surface, showing the presence 

of grains/hillocks, which indicate the occurrence of a thermal reaction 

between the metal layers.  
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Fig 4.22. AFM image (1010 m2) of the surface of a Ti/Al/Ni/Au Ohmic contact 

formed with an annealing at 800°C. 

 

Then, XRD and TEM analyses have been performed to inspect the 

microstructure of the reacted metal stack and the interface with the AlGaN.   

 The XRD patterns (Fig. 4.23 (a)) show several peaks, associated with 

the formation of new phases, mainly Al2Au and AlNi, with the presence of 

a Au2Ti minor phase and some unreacted Au.  

The formation of Al-Au phases is believed, on one side, to provide 

preferential conduction paths for the current and, on the other side, to be 

responsible for the rough surface morphology of this kind of contacts 

[34,88]. Cross section TEM micrograph (Fig. 4.23 (b)), combined with 

EFTEM mapping, revealed a significant intermixing of the metal layers. In 

particular, the Al-Ni phase has been mainly observed in the uppermost part 

of the reacted layer, while a considerable Au in-diffusion towards the 

AlGaN has taken place, as can be deduced by the presence of Al-Au phases. 

Close to the interface, a non-uniform layer containing Au has been 

identified, together with the presence of Ti and N. Hence, TiN has formed 

during the annealing process, and it is visible in the TEM image as darker 

grains near the interface. Plausibly, the decrease of the sheet resistance 

observed under the contact RSK, can be correlated to the electrical 

modification of the interface induced by the TiN formation.   

0 10 μm

300 nm
RMS = 37.9 nm

0 10 μm

300 nm
RMS = 37.9 nm
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The decrease of the sheet resistance under our Ti/Al/Ni/Au Ohmic 

contact qualitatively resembles the results obtained by Hajasz et al.[86] on 

the Au-free Ti/Al system. However, they measured a decrease of RSK by a 

factor of 2.13 with respect to RSH, i.e., much lower than in our case 

(RSH/RSK=20.5). Such difference suggests that the modification of RSK in 

AlGaN/GaN heterostructures can depend on several parameters, such as 

the contact resistance or the resistivity of the metal [94,95], or even the 

geometry of the TLM pads. 

 
Fig 4.23. (a) XRD pattern of a Ti/Al/Ni/Au contact formed with an annealing at 

800°C; (b) Cross section TEM image of the same contact, showing the reacted 

metal layer and the underlying AlGaN/GaN heterostructure. 

 

The end contact resistance method has been used to determine RSK and ρC 

in systems with different metallizations (Ti/Al/Ti, Ta/Al/Ta, TiAlW) 

annealed at different temperatures on the same AlGaN/GaN 

heterostructure. Interestingly, the value of ρCK could be correlated to the 

calculated RSK, as the ratio ρCK/ρC is proportional to RSH/RSK. In Fig. 4.24, 

the calculated values of ρC are reported as a function of RSK for these 

systems. The results show a correlation between RSK and ρC. In particular, 

for low values of ρC (up to ~ 10-3 Ωcm2) RSK results to be lower than RSH, 

whereas higher values of ρC result in RSK > RSH. The trend shown in Fig. 

4.24 is in agreement with the results obtained by Henry et al. [92] on GaAs 

structures. Further investigations on the structural changes of the different 

metallization schemes could help to explain the observed behaviour.  
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Fig. 4.24 Values of ρC as a function of RSK for different metallization schemes on 

the same AlGaN/GaN heterostructures. 
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Chapter 5 – Ohmic contacts on Silicon 

Carbide materials 
 

 

As anticipated in the first chapter, among the SiC polytypes, the hexagonal 

4H-SiC is today the most mature for power electronics applications. 

However, some fundamental questions are strongly debated to improve the 

device technology. In particular, the fabrication of Ohmic contacts on 4H-

SiC that is crucial in Junction Barrier Schottky (JBS) diodes and metal 

oxide semiconductor field effect transistors (MOSFETs), remains a 

difficult task. On the other hand, the cubic 3C-SiC is still in its infancy. In 

fact, although it has been studied for long time, its crystalline quality has 

not reached an adequate level for the fabrication of reliable electronics 

devices. Hence, understanding the mechanism of Ohmic contact formation 

on 3C-SiC is an interesting topic. 

This chapter reports the experimental results achieved in this thesis on 

Ohmic contacts to SiC materials. In the first part, the realization of Ohmic 

contacts on p-type implanted 4H-SiC is described. In particular, as the 

specific contact resistance is strongly influenced from the semiconductor 

doping, the electrical activation of the p-type implanted dopant 

(aluminium) was first studied for different annealing conditions by means 

of Hall effect measurements. On the implanted layers, Ti/Al-based Ohmic 

contacts have been fabricated and characterized. The second part is 

dedicated to the study of Ohmic contacts on the cubic polytype 3C-SiC. In 

this case, both n-type and p-type layers were used for the experiments, 

comparing different metallizations based on Ni and Ti. 

 

 

5.1 Ohmic contacts on p-type implanted 4H-SiC 

 
 

5.1.1. State of the art on implantation doping and Ohmic contacts on p-

type 4H-SiC 
 

As mentioned before, Ohmic contacts are fundamental building blocks of 

many SiC-based devices, linking the signal transfer from the 
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semiconductor to the external circuit [35]. Such contacts are required in 

both n-type and p-type doped regions in real devices but their fabrication 

is difficult on p-type materials. In fact, because of the wide band gap of 4H-

SiC, it is not easy to find metals giving  a low Schottky barrier on the p-

type doped regions. Moreover, the high ionization energy of the p-type 

dopant makes the tunnelling contacts extremely difficult [35].  

Because of the extremely low diffusion coefficients of the dopant species 

in SiC even at high temperatures [96,97], selective area doping of 4H-SiC 

during devices fabrication is obtained uniquely through  ion implantation. 

In fact, all the commercially available 4H-SiC power devices, i.e., Schottky 

diodes, JBS diodes, MOSFETs, are fabricated using ion-implantation to 

create selectively doped regions or resistive edge terminations [96].  

The main dopant species for SiC are Nitrogen (N) and Phosphorous (P) for 

n-type doping and Aluminum (Al) for p-type doping. High post-

implantation annealing temperatures (> 1500°C) are typically required to 

bring these species in substitutional positions and achieve their electrical 

activation [98,99,36]. In particular, selectively doped p-type regions are 

key parts of both JBS and MOSFETs and the control of their electrical 

properties has a significant impact on several devices parameters (e.g., 

Ohmic contacts formation, device on-resistance, threshold voltage and 

channel mobility, etc.). Hence, understanding the dependence of the 

properties of p-type implanted layers on the activation annealing 

temperature is very important to set the optimal conditions to create good 

Ohmic contacts on p-type 4H-SiC. Although several literature 

investigations reported on the properties of Al-implanted 4H-SiC layers 

[100,101,102], the large variety of experimental conditions and the 

evolution of the annealing procedures make this topic always object of 

scientific discussions. 

Hall-effect measurements are often used to study the electrical properties 

of p-type 4H-SiC layers, in order to determine key parameters like the holes 

concentration and mobility [37]. A critical issue of this methodology is the 

choice of the Hall scattering factor rH for SiC [103,104]. In fact, the 

difficulty to extract the mobility and the free hole concentration from Hall 

measurements is related to the correct knowledge of rH. Many authors often 

interpret the experimental Hall results on p-type 4H-SiC assuming rH=1, 

which, in turn, leads to an overestimation of the doping level in the material 
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[101,105]. Only few works specifically reported experimental calculations 

of rH for SiC [106,107], whose findings should be considered for a correct 

analysis of the currently available data. The activation of the p-type Al-

dopant has been investigated by means of Van der Pauw and Hall Effect 

measurements, taking into account the concentration dependence of rH 

[106,107]. This study was preparatory for the study of the electrical 

properties of Ohmic contacts fabricated on these layers, described in 

section 5.1.3. 

As mentioned before, the formation of Ohmic contacts on p-type 4H-SiC 

is a challenge for 4H-SiC technology, due to the wide band gap of the 

material and the high ionization energy of the acceptors [35,108]. Nickel is 

the metal generally employed to fabricate Ohmic contact to n-type 4H-SiC. 

The Ohmic behaviour is related to nickel silicide formation upon annealing 

at temperatures higher than 900°C [109]. In the case of p-type 4H-SiC, 

Ohmic contacts, achieved with Ti- based metallization, have been 

considered [110][111]. In fact, with such metallization, Ti forms new 

phases by reacting with SiC that are able to reduce the barrier height for 

holes upon thermal processes [112]. Generally, Al is used over Ti to 

prevent oxidation through the formation of Ti-Al phases and the 

temperature required to show an Ohmic behaviour are usually high, over 

800°C. Finally, many solutions have been reported as cap layer (e.g., Si, W 

or Ni [108,113,114]) to improve the reproducibility of the contact, 

obtaining different microstructure and electrical properties after annealing. 

These literature results reveal the importance of Ti-Si, Ni-Si and Ti-Al 

phases. Hence, the use of Ti/Al/Ni stack can be very promising. Despite 

the many steps forward that have been made, Ohmic contact formation is 

still an open issue, mostly about the improvement of the stability of the 

metallization within thesystem operating under high temperatures.  

 

 

5.1.2 Electrical activation of the p-type dopant after high temperature 

annealing  

 

 N-type doped 4H-SiC (0001) epitaxial layers grown onto heavily doped 

substrates with a nominal doping concentration of ND-epi=1×1016 at/cm3 

were used. The samples were implanted in STMicroelectronics at 500°C 
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with Al-ions at different energies (30-200 keV) and doses of 3×1014 – 

1×1015 at/cm2 in order to obtain an almost flat (box-like) profile with a 

thickness timp = 300 nm and  a concentration of 1×1020 at/cm3. After 

implantation, the samples were annealed at three different temperatures 

(1675°C for 30 minutes, 1775°C and 1825°C for 15 minutes).  

It is known that the thermal budgets necessary for the electrical activation 

of implanted dopants strongly modify the surface morphology of SiC [101]. 

In fact, at high temperatures (~ 1500 °C) Si from the surface starts to 

evaporate, leading to a roughening of the surface. Hence, during annealing, 

the sample surface was protected by a graphite-capping layer, formed by 

an appropriate thermal backing of photoresist [115]. 

Fig. 5.1 shows the AFM images of p-type implanted 4H-SiC samples, 

subjected to three different annealing temperatures.  

 

 
 

Fig. 5.1. AFM images of p-type implanted 4H-SiC layers after activation 

annealing at different temperatures Tann: (a) 1675°C, (b) 1775°C and (c) 1825°C.  

 

The root mean square (RMS) roughness of the sample annealed at 1675°C 

is 0.17 nm and  increases with increasing the annealing temperature (e.g., 

RMS=0.24 nm at 1775°C) until a certain deterioration of the surface 

morphology is observed after annealing at 1825°C (RMS=1.2 nm). In this 

latter case, the sample surface is characterized by the presence of holes that 

reach a depth of about 8-10 nm and a diameter of about 200 nm. The 

implanted layers have been electrically characterized by means of Van der 

Pauw and Hall-effect measurements. The Hall structures were fabricated 

by defining isolated p-type implanted square structures and contacting their 

four corners by Ti (70nm)/Al (200nm) Ohmic contacts annealed at 950°C 
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(see section 3.3). First, the current-voltage (I-V) curves (Fig. 5.2 (a)) have 

been acquired on the Van der Pauw structures fabricated on the three 

samples (inset of Fig. 5.2 (a)), which allowed the determination of the sheet 

resistance of the implanted layer (RSH) as described in section 3.1.2 (see 

Eq. 56). The slope of the I-V curves increases with increasing the annealing 

temperature, due to the decrease of RSH. The following values of RSH of the 

p-type implanted 4H-SiC were found at the different post-implantation 

annealing temperatures Tann: 12.0 k/sq (Tann=1675°C), 9.75 k/sq 

(Tann=1775°C) and 7.47 k/sq (Tann=1825°C). 

 

 
Fig. 5.2.  (a) I-V curves acquired on Van der Pauw structures (inset) fabricated on 

p-type implanted 4H-SiC samples annealed at three different temperatures: 

1675°C, 1775°C and 1825°C. (b) Schematic of the Hall effect measurement. 

 

Useful information on the mechanism of activation of the implanted dopant 

can be obtained from the dependence of the resistivity on the annealing 

temperature. By assuming a uniform doping concentration in the entire 

implanted layer thickness timp, it was possible to quantify the decrease of 

the resistivity of the p-type 4H-SiC upon annealing, i.e., from c = 0.36 

Ωcm (1675°C) down to c = 0.22 Ωcm (1825°C). The obtained data are 

reported in Table 5.1. Fig. 5.3 reports an Arrhenius plot of the sheet 

resistance of the Al-implanted 4H-SiC layers as a function of the annealing 

temperature. This plot allows estimating the activation energy of the 

dopant, i.e., the energy needed from the implanted Al atoms to contribute 

as acceptors to the p-type doping of the 4H-SiC layer. From the linear fit 
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of the data an activation energy of about 1eV has been determined. For 

comparison, other literature data referring to 4H-SiC layers implanted with 

a similar Al content (1-31020cm-3) are reported [36]. Almost the same 

activation energy has been extracted, meaning that the mechanism of 

electrical activation of Al for high concentrations (i.e., in the order of 

1020cm-3) is the same in the two cases. Giannazzo et al. [116] found a value 

of 6.3 eV for Al electrical activation. However, in that work, Al was 

implanted at room temperature (not at 500°C as in our case), while the post-

implantation annealing temperatures ranged from 1550 to 1650 °C (much 

lower than in our case). These differences explain the strong discrepancy 

in the activation energy values.  
 

 
 

Fig. 5.3: Arrhenius plot of the sheet resistance of the Al-implanted 4H-SiC 

samples as a function of the annealing temperature, giving an activation energy of 

1 eV. For comparison, a similar Arrhenius plot for the data reported in Ref.  [36] 

is also reported. 

 

The carrier density and mobility values have been calculated from Hall-

effect measurements. The experiments have been carried out  by applying 

a magnetic field of intensity B = 0.1 T perpendicular to the sample surface, 

as schematically reported in Fig. 5.2 (b). Using Eqs. (65) and (67) the 



97 

 

following values have been extracted: p=1.38×1018 cm-3 and μ=13 cm2/Vs 

(1675°C), p=2.29×1018 cm-3 and μ=10.7 cm2/Vs (1775°C), p=2.58×1018 

cm-3 and μ=10.9 cm2/Vs (1825°C). These values of p and µ at room 

temperature have been evaluated, in a first approximation, assuming a Hall 

scattering factor rH = 1.  

As mentioned before, the study of the electrical activation and the 

compensation ratio of the p-type implanted dopant can be performed by 

meaning of temperature dependent Hall measurements. The hole 

concentration p as a function of the temperature can be described by the 

neutrality equation [104]:  
 

𝑝(𝑝+𝑁𝐷)−𝑛𝑖
2

𝑁𝐴−𝑁𝐷−𝑝+𝑛𝑖
2 𝑝⁄

=
𝑁𝑉

𝑔
𝑒𝑥𝑝 (−

𝐸𝐴

𝑘𝑇
)           (79)

      

where NA is the acceptor concentration, ND is the compensating donor 

concentration, NV is the density of states in the valence band, EA is the 

activation energy (i.e., the energy level of the acceptors above the valence 

band) and g is the degeneracy factor of the ground level of the Al-acceptor 

fixed to 4 [106].  

For WBG semiconductors, the intrinsic carrier concentration ni is 

extremely low. Hence, the expression of the hole concentration in Eq. (4) 

can be approximated by [37]: 
 

𝑝 ≈
1

2
[−𝑁𝐷 − 𝑥 + √(𝑁𝐷 − 𝑥)2 + 4𝑁𝐴𝑥]          (80) 

 

where 

𝑥 =
𝑁𝑉

𝑔
 𝑒𝑥𝑝 (−

𝐸𝐴

𝑘𝑇
)                                  (81)

     

The hole concentration p is related to the Hall coefficient RH by the 

expression [104]:  
 

𝑝 =
𝑟𝐻

𝑞𝑅𝐻
              (82)

    

As mentioned before, the correct determination of the hole concentration 

p, presents the methodology issues relating to rH. In fact, by simply 

assuming rH = 1 typically leads to an overestimation of the carrier density 

in SiC [37]. To overcome this problem, firstly Pensl et al. [106] proposed 

to derive the Hall scattering factor rH for p-type epitaxial SiC from the 
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comparison between the temperature dependence of experimental and 

theoretical values of p: 
 

𝑟𝐻 =
𝑝𝑡ℎ𝑒𝑜𝑟(𝑇)

𝑝𝑒𝑥𝑝(𝑇)
              (83)

       

where pexp (T) is the experimental hole concentration obtained assuming 

rH=1 and ptheor (T) is the theoretical value calculated from the neutrality Eq. 

(79) using values of NA and ND obtained by independent chemical and 

electrical analyses [106].  

Then, the Hall scattering values should be considered in order to estimate 

the correct value of carrier concentration. As first approach, the 

temperature dependent Hall scattering factor rH reported by  Pensl et al. 

[106] was considered to analyse our results, thus resulting into values of NA 

larger than the total Al-implanted concentration when fitting the 

experimental data with the neutrality equation. However, such an 

overestimation could be related to the fact that the values of rH reported in 

Ref. [106] were determined for Al-doping levels of about 1×1018 cm-3, i.e., 

about two orders of magnitude smaller that the Al-implanted concentration 

of our samples (1×1020 cm-3). 

More recently, Asada et al. [107] derived the Hall scattering factor rH for a 

wider range of Al-concentration in 4H-SiC epilayers.. Hence, we 

considered these results [107] to correct our experimental data for all the 

measurement temperatures. Namely, the experimental values of the hole 

concentration pexp.(T), determined by temperature dependent Hall 

measurements, were corrected using the expression:  
 

𝑝𝑡ℎ𝑒𝑜𝑟(𝑇) = 𝑝𝑒𝑥𝑝(𝑇) ∙  𝑟𝐻(𝑇)           (84)
        

As an example, Fig. 5.4 shows the values of the hole concentration on the 

sample annealed at 1675°C assuming rH=1 (black squares) and after 

correction (red circles). A significant decrease of the hole concentration 

occurs after correction, since in the temperature range of our experimental 

measurements (300-500K) the values of rH decrease from 0.5 to 0.25 [107].  
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Fig. 5.4. Experimental data (rH=1) of the hole concentration measured on the Al- 

implanted 4H-SiC sample annealed at 1675°C (black squares) and data corrected 

(rH≠1) using the rH factor  reported in Ref. [107] (red circles). 

 

The experimental Hall mobility values have been corrected considering the 

Hall scattering factor. Then, the same correction has been applied for the 

other samples annealed at 1775°C and 1825°C. Table 5.1 summarizes all 

the physical parameters calculated by Van der Pauw and Hall effect 

measurements for the three samples at room temperature. 

 

Annealing 

Temperature 
RSH (Ω/sq) ρ (Ωcm) p (cm-3) µ  (cm2V-1s-1) 

1675°C 12000 0.36 6.491017 26.7 

1775°C 9750 0.29 9.681017 22.1 

1825°C 7470 0.22 1.341018 20.8 

 

Table 5.1. Summary of the parameters extracted by Van der Pauw and Hall.effect 

measurements at room temperature on p-type implanted 4H-SiC samples, 

annealed at three different temperatures Tann: 1675°C, 1775°C and 1825°C. 

 



100 

 

The Hall mobility values are in the range 21-27 cm2/Vs for these annealing 

temperatures, which is in good agreement with the results reported by 

Rambach et al. [102] for similar doping and annealing conditions.  

From the temperature dependent Hall effect measurements is possible to 

determine the acceptor concentration NA and the compensation ND, as 

expressed in the neutrality equation (Eq. (81)). For this calculation, it is 

necessary to know the ionization energy of the Al acceptors EA. The 

temperature dependent sheet resistance RSH(T) of an implanted layer arises 

from both µ(T) and carrier concentration p(T),i.e.,:  
 

𝑅𝑆𝐻(𝑇) =
1

𝑞𝜇(𝑇)𝑝(𝑇)𝑡𝑖𝑚𝑝
            (85)

                   

where timp is the thickness of the implanted layer. 

From the neutrality equation (see Eqs. (81) and (82)), it can be deduced that 

the temperature dependence of the carrier concentration is dominated by an  

 

exponential of the ionization energy of the Al-dopant EA: 

𝑝(𝑇) ∝ 𝑒𝑥𝑝 (−
𝐸𝐴

𝑘𝑇
)             (86)

                              

On the other hand, the carrier mobility shows a much weaker dependence 

on the measurement temperature [115]. Hence, it is possible to approximate 

the sheet resistance as: 
 

𝑅𝑆𝐻(𝑇) ∝
1

𝑒𝑥𝑝(−
𝐸𝐴
𝑘𝑇

)
                          (87)

                               

Under this approximation, the value of the ionization energy EA can be 

estimated from a linear fit of ln(RSH) as a function of q/kT. As an example, 

Fig. 5.5 shows this plot for the sample annealed at 1675°C, from which an 

activation energy EA=110 meV could be determined.  
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Fig. 5.5. Logarithmic values of RSH  as a function of q/kT  for the sample annealed 

at 1675°C. Solid lines represents the linear fit of the experimental data. 

 

Following this method, it was possible to determine the values of EA for 

higher annealing temperatures, i.e., EA=105meV and EA=99meV for the 

sample annealed at 1775°C and 1825°C, respectively.  

The temperature dependence of the hole concentration for the three samples 

annealed at 1675°C, 1775°C and 1825°C is shown in Fig. 5.6.  

 

 
 

Fig. 5.6. Temperature dependence of the hole concentration for the Al-implanted 

4H-SiC samples annealed at Tann=1675°C (a)), Tann=1775°C (b)) and Tann=1825°C 

(c). The solid line represents the fits of the experimental data with the neutrality 

equation. 
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The solid lines represent the fit of the experimental data with the Eq. (87), 

assuming the values of EA estimated by the temperature dependence of RSH 

(as the example in Fig. 5.5) and considering the acceptor concentration NA 

and the compensating donor concentration ND as free parameters. Table 5.2 

reports the acceptor and donor concentration values determined from the 

best-fits procedure, together with the value of the ionization energy EA. It 

can be observed that the acceptor concentration increases with increasing 

the annealing temperature, thus being accompanied by a slight decrease of 

the compensating donors concentration. The obtained values correspond to 

an increase of the Al activation from 39% to 56%, with increasing the 

annealing temperature from 1675°C to 1825°C, consistently with the 

decrease of the sample resistivity. Similar activation values have been 

obtained by Negoro et al. [98] considering an annealing temperature of 

1800°C and similar values of Al implanted concentration and temperature 

of implantation. However, Nipoti et al. [117], reported a higher activation 

values, of 69%, using a microwave system which reaches an annealing 

temperature of 2100°C. In our case, the estimated activation percentage can 

be justified by the lower annealing temperature. In fact, for a value of 

1750°C, an activation of 35% has been reported by Saks et al. [118]. 

Moreover, a further improvement of the Al activation (up to close to 100%) 

was reported by increasing the implantation temperature up to 1000°C 

[101]. 

 

Annealing 

Temp. 

EA 

(meV) 
NA (cm-3) ND (cm-3) Al activ. Compens. 

1675°C 110 3.871019 3.661018 39 % 9.4  % 

1775°C 105 4.841019 3.491018 48 % 7.2 % 

1825°C 99 5.641019 3.481018 56 % 6.2  % 

 

Table 5.2.  Values of  activation energy EA, acceptor concentration NA , 

compensating donor concentration ND , Al activation and compensation ratio for 

the Al-implanted 4H-SiC samples annealed at 1675°C, 1775°C and 1825°C. 

 

As could be deduced from our analysis, an Al activation of 56% could be 

obtained with an annealing at 1825 °C. At his temperature, however, a 

deterioration of the surface morphology has been observed by AFM (Fig. 
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5.6 (c)), which in turn may be detrimental in MOSFETs technology where 

the p-type region is a part of the transistor channel. However, in other cases, 

such as in the case of JBS or bipolar devices, the need of a high acceptor 

concentration is required to minimize the specific contact resistance of 

Ohmic contacts on the implanted regions. In this case, considering that the 

current transport in metal/p-type 4H-SiC interfaces is typically ruled out by 

TFE mechanism [119] and assuming a barrier height of 0.56 eV [108], the 

increase of the acceptor concentration from 3.9  1019 cm-3 to 5.6  1019 

cm-3 should result in an 82% improvement of c (i.e., from 1.8  10-4 Ωcm2 

to 3.2  10-5 Ωcm2). 

Finally, as mentioned before and reported in Table 5.2, the ionization 

energy EA decreases with increasing the acceptor concentration NA. In fact, 

it is known that EA is inversely proportional to the average distance between 

Al atoms, which in turn decreases with the increase of the acceptor density 

NA [37].  

In general, this dependence of the ionization energy on the acceptor 

concentration is described by the empirical expression [120]: 
 

𝐸𝐴 = 𝐸0 − 𝛼 ∙ 𝑁𝐴
1 3⁄

             (88)
                    

where E0 is the ionization energy for an isolated impurity centre, and α is a 

constant.  

Fig. 7 reports a plot of EA as a function of NA of our experimental data 

together with other literature works [100,101] on Al-implanted 4H-SiC 

layers. This collection of data has been fitted with the theoretical behaviour 

of EA as function of NA (Eq. (89)), giving a ionization energy E0=216 meV 

and a coefficient α = 310-5 meV cm-1. Noteworthy, Frazzetto et al.[115] 

determined an activation energy of 144 meV and a doping level of 210-19 

cm-3 by modelling the temperature dependence of the specific contact 

resistance of Ohmic contacts on p-type implanted 4H-SiC layers using 

transmission line model (TLM) structures. This data, reported in Fig. 5.7, 

is also well described by the experimental fit obtained using Eq. (88). This 

results suggests that an appropriate analysis of temperature dependent TLM 

measurements can also provide useful information on the electrical 

activation of Al dopant in 4H-SiC. This point is an open issue for future 

activities and also other groups in the SiC community are currently working 

on that [121]. 
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Fig. 5.7. Ionization energy of the acceptors (EA) in 4H-SiC as a function of the 

acceptor concentration (NA) determined by Hall measurements.  The experimental 

data of this work (red circles) are reported together with data from Refs. 

[100,103,115]. The solid line corresponds to a fit with the empirical expression 

EA=E0- α NA
1/3 with E0=216 meV and α=310-5 meV cm-1. 

 

In conclusions, our analysis allowed to determine an active Al-doping 

concentration of 3.871019 cm-3 after annealing at 1675°C, corresponding 

to an activation of 39%. The electrical activation increased up to 56% at 

1825°C. This information can be useful for JBS technology to improve the 

quality of Ohmic contacts. However, a further optimization of the capping 

layer process could be required to prevent the RMS increase of Al-

implanted 4H-SiC regions upon annealing at such high temperature. 

 

 

 

 

 

 



105 

 

5.1.3 Study of Ti/Al/Ni Ohmic contacts on p-type implanted 4H-SiC  

 
 

In this section, Ti(70nm)/Al(200nm)/Ni(50nm) contacts have been studied 

on the p-type implanted 4H-SiC layers described in section 5.1.2. These 

contacts have been fabricated by sputtering and then annealed at 950°C in 

Ar atmosphere for 60s (see section 3.3). 

Fig. 5.8 (a), (b) and (c) show the AFM images of as deposited Ti/Al/Ni 

contacts on p-type implanted 4H-SiC samples, subjected to three different 

implantation  annealing temperatures.  

 

 
 

Fig. 5.8 AFM images of the Ti/Al/Ni contacts formed at 950°C on p-type 

implanted 4H-SiC samples, activated at three different post-implantation 

annealing temperatures. 

 

The morphologies are very similar and quite smooth.  Fig. 5.8 (d), (e) and 

(f) show the morphologies of the Ti/Al/Ni contacts annealed at 950°C. The 

root mean square (RMS) roughness of the sample are very similar, resulting 
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in the values of  85.8 nm at 1675°C, 69.8 nm at 1775°C and  72.9 nm at 

1825°C. 

The electrical characterization of the contacts has been performed by I-V 

measurements on TLM structures, with the standard procedure adopted for 

the other materials. Fig 5.9 shows the comparison of I-V curves acquired 

between adjacent contacts on TLM structures (distance of 20 µm) at 

different post-implantation annealing temperatures.  

As can be seen, linear characteristics are obtained in all three cases. 

Moreover, an increase of the current is observed with the increase of the 

post-implantation annealing temperature. 
 

 
 

Fig. 5.9. I-V curves acquired between Ti/Al/Ni contacts at a distance of 20 µm 

on p-type 4H-SiC implanted subjected to different post-implantation annealing 

temperatures. 

 

The I-V curves acquired in the three samples on the TLM structures with 

different pad distances are shown in Fig5.10. From the slope of these 

curves, it was possible to extract the total resistance RTOT. Fig. 5.11 reports 

the plots of the total resistance RTOT measured as a function of the distance 
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d between adjacent TLM pads. The different slope of RTOT in the three 

samples is due to the different sheet resistance of the implanted layer.   

Fig. 5.10. I-V curves acquired on L-TLM structures at different distances for 

annealed (950°C) Ti/Al/Ni contacts on Al-implanted 4H-SiC samples annealed at 

Tann=1675°C (a)), Tann=1775°C (b)) and Tann=1825°C (c).  

 

 
Fig. 5.11. Plots of the total resistance RTOT as a function of the pad distance d, 

used for the extraction of the specific contact resistance, on Al-implanted 4H-SiC 

samples annealed at Tann=1675°C, Tann=1775°C and Tann=1825°C. 

 

The L-TLM analysis (see section 3.1.2) allowed to determine the 

following values of the specific contact resistance values: (5.2±0.9)10-4 

Ωcm2 (Tann=1675°C), (2.6±0.3)10-4 Ωcm2 (Tann=1775°C) and  
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(2.0±0.1)10-4 Ωcm2 (Tann=1825°C). As can be seen, the values of ρc 

decreases with the increase of the annealing temperature. This result is 

linked to the increase of the active Al-doping concentration as a function 

of the annealing temperature, calculated from the analysis Hall effect 

measurements. The values of sheet resistance of the p-type implanted 4H-

SiC were: 12.4 k/sq (Tann=1675°C), 9.8 k/sq (Tann=1775°C) and 8.0 

k/sq (Tann=1825°C). These results are consistent with the sheet resistance 

values calculated from Van der Pauw measurements, previously discussed.  

Finally, Fig. 5.12 Shows the values of specific contact resistance as a 

function of the acceptor concentration NA.  

 
Fig. 5.12. Specific contact resistance of Ti/Al/Ni contacts as a function of the 

doping density on Al-implanted 4H-SiC samples annealed at Tann=1675°C, 

Tann=1775°C and Tann=1825°C. The continuous line represents the fits of the 

experimental data with the neutrality equation. 

 

The experimental data have been fitted with the Termionic Fied Emission 

(Eq. 37) mechanism in order to extrapolate the value of the Schottky barrier 

eight. This parameter resulted in a barrier height of  0.63 eV. Other 

literature works reported a TFE current transport mechanism for similar 

values of acceptor concentration in Ti/Al based contacts [115]. In these 

works, the barrier height depends on several parameters, such as the 
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doping, deposition technique, metal thickness, and annealing conditions. In 

fact, for a doping concentration of 4  1019 cm-3 barrier height values of 

0.82eV [122], and 0.37 eV [110] have been reported. Slightly lower values 

of Schottky barrier have been obtained by Frazzetto et al. [115] (0.51 eV) 

and Vivona et al.  [108] (0.56 eV) using Ti/Al based contacts on p-type 4H-

SiC implanted at the same conditions. However, in this work the 

extrapolation of ΦB has been made with a different method, e.g. by the 

dependence of c from the doping density. 

 

 

5.2 Ohmic contacts on 3C-SiC 

 

5.2.1. State of the art on Ohmic contacts on 3C-SiC 

 

In the past years, Ohmic contacts formed using annealed Nickel- and 

Titanium-based metallic layers have been investigated on n-type heavily 

doped 3C-SiC layers, grown on different substrates [123,124,125]. Nickel 

is the most used metal for n-type 3C-SiC after annealing at temperatures 

up to 950°C [126]. In this context, the surface preparation method and the 

sample morphology are crucial issues affecting the contacts properties. 

Some treatments like the chemical mechanical polishing (CMP) are 

typically used to reduce the surface roughness and to improve the electrical 

properties of the contacts (reproducibility, specific contact resistance, 

reliability).  

Very recently, Ohmic contacts were obtained on heavily doped 

(degenerate) n-type implanted 3C-SiC without annealing and applied to the 

fabrication of 3C-SiC MOSFETs [127]. However, only a limited work has 

been reported on moderately doped n-type 3C-SiC and on p-type doped 

3C-SiC [128,129].  

To overcome this lack of literature data, in this thesis, the properties of 

Ohmic contacts have been studied on n-type and p-type doped 3C-SiC 

layers grown on Si substrates, considering Ni and Ti/Al/Ni contacts. 
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5.2.2 Ohmic contacts on n-type 3C-SiC 
 

The investigation on Ohmic contacts has been carried out on a moderately 

doped n-type 3C-SiC layer (with a nominal donor concentration of ND ~ 

1017cm-3) and thickness of 5 µm. The metal contacts consisted of Ni(100nm) 

films. In order to carry out the electrical characterization of the contacts, 

C-TLM structures have been fabricated on the sample surface combining 

optical lithography and lift-off of the metal (see section 3.3). In this case, 

differently from the case of 4H-SiC and AlGaN/GaN heterostructrures, 

here we have used C-TLM structures due to the difficulty to create a lateral 

isolation on such thick (5 m) 3C-SiC layer. Then, the contacts were 

subjected to rapid thermal annealing at different temperatures up to 950°C 

in Ar atmosphere for 60s.   

  First, the electrical response of the contact has been studied as a function 

of the annealing temperature. For this purpose, the Ni contacts have been 

subjected to thermal process at temperature from 400°C to 950°C. Fig 5.13 

shows the comparison of I-V curves acquired between adjacent contacts on 

C-TLM structures (distance d= 25 µm). As can be seen, the electrical 

behavior shows a gradual improvement upon annealing until achievement 

of Ohmic characteristics at 950°C. 

Fig. 5.14 reports the I-V characteristics acquired on adjacent C-TLM pads 

for the Ni contacts annealed at 950°C together with the extrapolated values 

from the linear fit of the equation (53). By using the C-TLM analysis, it 

was possible to determine a specific contact resistance of 3.710-3 Ωcm2, 

which is a reasonably good value for the moderate doping level (ND ~ 

1017cm-3) of the 3C-SiC layer. 
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Fig. 5.13 I-V curves acquired between Ni contacts at a distance of 25 µm on n-

type 3C-SiC at different annealing temperatures, showing an Ohmic behavior at 

950°C. 

 

Fig. 5.14. I-V curves acquired on C-TLM structures at different distances for 

annealed (950°C) Ni contacts on moderately doped n-type 3C-SiC (a). Linear fit 

of the total resistance RTOT as a function of the pad distance (b), used for the 

extraction of the specific contact resistance. 
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Fig 5.15 shows the AFM images acquired on the n-type 3C-SiC surface 

(Fig 5.15a) and on the Ni-contact surface annealed at 950°C, i.e., after 

Ohmic behaviour is reached (Fig 5.15b). The as-grown 3C-SiC material 

shows irregular morphology, resulting in a high surface roughness with a 

root mean square (RMS) value of 18.6 nm. As mentioned in section 1.1.3, 

such features are typically observed in 3C-SiC layers grown on Si, and are 

related to the presence of planar defects, such as anti-phase boundaries, 

twins and stacking faults characterizing the heteroepitaxial 3C-SiC layers 

[130]. 
 

 

Fig. 5.15. AFM images of the bare n-type 3C-SiC sample surface (a) and of the 

Ni contact after annealing at 950°C (b). 

 

After contact deposition and annealing, the metal surface exhibits a higher 

RMS value (33.1 nm) and its morphology suggest the occurrence of a solid 

state reaction.  Then, XRD and TEM analysis have been performed in order 

to get more information on the contact microstructure after annealing. The 

XRD analysis of the Ni/3C-SiC sample after annealing at 950 °C are 

reported in Fig. 5.16 [131]. As can be seen, the XRD patterns indicate the 

formation of the nickel silicide phase (Ni2Si) [132]. Fig. 5.17 shows the 

cross section TEM analysis of the sample. After the annealing treatment, 

the interface becomes very irregular , showing a reacted layer composed of 

Ni2Si nickel silicide phase (confirming the XRD result) with embedded 

spherical carbon clusters. Hence, it can be argued that the formation of the 

silicide (Ni2Si) is a  key factor for the achievement of a Ohmic behavior in 

Ni/3C-SiC system. 

0 50 μmRMS= 18.6 nm

300 nm

a)

0 50 μmRMS= 18.6 nm

300 nm

a)

0 50 μmRMS= 33.1 nm

300 nm

b)

0 50 μmRMS= 33.1 nm

300 nm

b)
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Fig. 5.16. XRD diffraction patterns of Ni/3C-SiC samples after annealing at 

950°C. 

 

 

 
Fig. 5.17. Cross section TEM micrographs of Ni/3C-SiC samples after annealing 

at 950°C. 

 

Finally, a Ti(70nm)/Al(200nm)/Ni(50nm) multilayer has been fabricated on the 

same n-type material. The contacts exhibited a Ohmic behaviour with 

similar values of c as the Ni2Si contacts (i.e., in the order of 10-3 Ωcm2). 

The AFM scans (Fig. 5.18) on the contacts surface showed a different 
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morphology with respect to Ni contacts. Also in this case high values of 

surface roughness have been detected. 
 

 
Fig. 5.18. AFM surface morphology of 950 °C annealed Ti/Al/Ni contacts to n-

type 3C-SiC. 

 

 

5.2.3 Ohmic contacts on p-type 3C-SiC 
 

Heavily doped p-type 3C-SiC layers (1.1 µm thickness) with a nominal 

acceptor concentration of NA ~ 51019cm-3 were used to study the Ohmic 

contacts on p-type 3C-SiC.  The p-type doping of the layer has been 

confirmed by Hall-effect measurements, not reported here. The metal 

contacts consisted of a Ti(70nm)/Al(200nm)/Ni(50nm) multilayer. Also in this 

case, C-TLM structures were used for the electrical characterization. These 

contacts have been annealed directly at 950°C. The I-V characteristics 

acquired on the C-TLM structures showed a linear behavior  (Fig 5.19). 

The C-TLM analysis gave a very low value of the specific contact 

resistance, i.e., 1.8 10-5 Ωcm2  , with respect to that found on Ni contacts 

on n-type 3C-SiC.  
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Fig. 5.19. I-V curves acquired on C-TLM structures at different distances for 

annealed (950°C) Ti/Al/Ni contacts on heavily doped p-type 3C-SiC (a). Linear 

fit of the total resistance RTOT as a function of the pad distance, used for the 

extraction of the specific contact resistance (b). 

 

Fig. 5.20 shows the AFM images of the surface of the p-type 3C-SiC 

material and that of the Ti/Al/Ni contact formed on it after annealing at 

950°C with RMS values of 14.2 nm and 44.9 nm, respectively. Comparing 

the two contacts on n- and p-type 3C-SiC, the annealed Ti/Al/Ni layers 

exhibit a higher RMS with respect to the Ni ones.  

 
Fig. 5.20. AFM images of the bare p-type 3C-SiC sample surface (a) and of the 

Ti/Al/Ni contact after annealing at 950°C (b). 
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TEM image reported in  Fig. 5.22 shows that this phase is typically 

localized in the uppermost part of the reacted stack. This result is rather 

similar to the behavior of the same Ti/Al/Ni multilayer on p-type 4H-SiC 

[108]. The lower part of the reacted metal shows a layered structures with 

a more irregular interface. With the help of EELS chemical maps, we were 

able to identify a ~6 nm thin TiC layer at the interface with 3C-SiC, which 

is probably responsible for the Ohmic behavior of the contact. 

 
 

 
Fig. 5.21. XRD diffraction patterns of Ti/Al/Ni/3C-SiC samples after annealing 

at 950°C. 

 

Sometimes, Ti/Al bilayers on 4H-SiC shows the ternary phase Ti3SiC2 

upon annealing of 950°C [115], but in our Ti/Al/Ni system it was not 

observed, i.e., in the presence of a Ni cap layer. 
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Fig. 5.22. Cross section TEM micrographs of Ti/Al/Ni/3C-SiC samples after 

annealing at 950°C. 

 

In order to get insights into the transport mechanism at the 

metal/semiconductor interface, the temperature dependence of the specific 

contact resistance in Ti/Al/Ni contacts on the heavily doped p-type 3C-SiC 

was studied. Fig. 5.23 (a) shows the I-V characteristics acquired on 

adjacent C-TLM pads (d=25 µm) as a function of the measurement 

temperature in a range from 25°C to 150°C.  

 
Fig. 5.23. I-V curves acquired between Ti/Al/Ni contacts at a distance of 25 µm 

on p-type 3C-SiC as a function of measurement temperatures (a). Temperature 

dependence of the specific contact resistance. The continuous line is the fit of the 

experimental data with the TFE model (b). 
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As can be seen, there is an increase of the current with the increase of the 

temperature. From the C-TLM analysis, the values of the specific contact 

resistance have been determined as a function of the measurement 

temperature and are reported in Fig. 5.23 (b). The values of ρc slightly 

decreased with increasing the measurement temperature. The current 

transport mechanism that better fitted the experimental ρc values was the 

TFE [46]. From the fit with the TFE model of the experimental data 

(depicted as continuous line in Fig. 7) a barrier height of ΦB=0.69 eV and 

a carrier concentration NA=81019 cm-3 have been determined. The value 

of the barrier height is higher that measured on 4H-SiC (0.56 eV) [108]. A 

lower barrier could be expected for the cubic polytype, this result suggests 

that the interface composition and roughness of the reacted layer on 3C-

SiC plays a role in the formation of the Ohmic contact and of its barrier. 

For completeness, the morphological and electrical behaviour of Ni 

contacts on the p-type material has been studied. In this case, the values of 

c (~ 4.9 10-3 Ωcm2) were almost two orders of magnitude higher with 

respect to those obtained in annealed Ti/Al/Ni.  
 

 
Fig. 5.24. AFM surface morphology of 950 °C annealed Ni contacts to p-type 3C-

SiC. 

 

This result confirms the difficulty of achieving good Ohmic contacts on p-

type wide band gap materials and must be taken into account during device 

fabrication. Also in this case, from the morphological point of view, the 
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two types of contacts  exhibited a different surface morphology (see 

Fig.5.24). 

 

In conclusion, independently of the 3C-SiC substrate (n-type or p-type), 

annealed Ni contacts exhibited a better surface morphology than Ti/Al/Ni 

ones, but, these latter showed a better electrical behavior on p-type doped 

material. In general, the carrier transport properties are strongly influenced 

by the quality of the metal-semiconductor interface [124] and the 

improvement of the 3C-SiC morphology still remains a crucial issue. In 

this context, in the future, additional structural analyses of the interface 

could enable to clarify the physics behind Ohmic contact formation on 3C-

SiC materials of different quality.  
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Conclusion and outlook 
 

 

This thesis was focused on some physical issues related to Ohmic 

contacts formation on the wide band gap (WBG) semiconductors silicon 

carbide (SiC) and gallium nitride (GaN). Thanks to their properties, these 

semiconductors have become important candidate to replace silicon (Si) in 

power electronics devices. The formation of good Ohmic contacts on WBG 

semiconductors is still a challenging task, due to the high values of 

metal/semiconductor barrier height in these materials. Hence, this topic is 

continuous object of investigation.  

The semiconductors studied in this thesis were AlGaN/GaN 

heterostructures, hexagonal silicon carbide (4H-SiC) and cubic silicon 

carbide (3C-SiC). The metal/semiconductor interfaces have been 

investigated with different techniques and with temperature dependent 

measurements, to identify the carrier transport mechanisms, determine the 

barrier height values, and correlate the electrical properties with the 

chemical and physical modification occurring upon annealing.  
 

AlGaN/GaN heterostructures are mainly used for the fabrication of high 

electron mobility transistors (HEMTs). In this work, Au-free non-recessed 

Ta/Al/Ta and Ti/Al/Ti metal stacks have been compared to clarify the role 

of the interfacial metal in the Ohmic contact formation. In particular, both 

systems exhibited an Ohmic behavior after an annealing treatment of 

600°C, with specific contact resistance values of 4.0±1.110-4 Ω.cm2 for 

Ta/Al/Ta and 1.6±0.610-4 Ω.cm2 for Ti/Al/Ti. The current transport at the 

interfaces was ruled by the Thermionic Field Emission (TFE) mechanism. 

The Schottky barrier height measured in these systems was 0.63 eV for 

Ta/Al/Ta and 0.58 eV for Ti/Al/Ti. These measurements were not 

previously reported in literature. The better electrical behavior of Ti-based 

contacts with respect to Ta-based ones has been associated with the 

different interfacial microstructure. In fact, the best Ohmic behavior in Ti-

based contacts has been related to the creation of a TiN layer at the 

interface, thus leading to a lower barrier height and a better specific contact 

resistance. In our Au-free systems, the surface morphology of the contacts 

was improved with respect to the conventional Au-containing 
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metallization. A nanoscale analysis carried out by means of C-AFM 

demonstrated that isolated hillocks, present on the surface, have no 

significant impact on the contact resistance value. Preliminary experiments 

carried out on the Ti/Al/Ti contact indicated a further improvement of the 

electrical performance with the increase of the annealing time. On the other 

hand, an increase of the Ti thickness in contact to the AlGaN/GaN 

heterostructures leads to a higher barrier and a higher specific contact 

resistance, as well as a higher surface roughness.  
 

Another subject of investigation was the modification of the sheet 

resistance (RSK) under the contact. In fact, the structural modification 

occurring upon annealing can lead to significant changes on the electrical 

properties of the semiconductor underneath. In this case, only a limited 

number of literature data have been reported previously. To address this 

issue, “end contact resistance” measurements have been performed using 

appropriate test patterns. Experiments performed on a conventional 

Ti/Al/Ni/Au Ohmic contact demonstrated the significant decrease of the 

sheet resistance of the AlGaN/GaN heterostructure under the contact with 

respect to the sheet resistance outside the contact. This findings was 

correlated with the structural modification occurring upon annealing. The 

comparison with other literature results and additional measurements in 

Au-free systems (Ti/Al/Ti, Ta/Al/Ta, TiAlW) suggested that the 

modification of RSK in AlGaN/GaN heterostructures can depend on several 

parameters, such as the contact resistance, the metal resistivity or even the 

geometry of the TLM pads. In particular, the correlation found between RSK 

and ρC suggests the need of additional investigations to develop an 

analytical model describing this effect. 

 

Hexagonal silicon carbide, 4H-SiC, is the most mature polytype already 

used for the fabrication of a wide variety of power devices, such as JBS and 

MOSFETs. In these devices, the fabrication of  Ohmic contacts on p-type 

doped 4H-SiC regions is critical, due to the large Schottky barrier heights 

at metal/p-type semiconductor interface and the high ionization energy of 

the p-type dopants. Moreover, the semiconductor doping strongly 

influences the specific contact resistance. Hence, the comprehension of the 

electrical activation mechanism of the dopant is very important to achieve 

good Ohmic contacts on p-type 4H-SiC. In this work, the electrical 
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activation of the p-type implanted Al dopant on 4H-SiC was studied for 

different annealing conditions. The estimation of  the active doping fraction 

has been performed by means of van der Paw and Hall-effect 

measurements, using an accurate analysis that considered the Hall 

scattering factor rH recently reported in literature. In particular, an increase 

of the Al activation from 39% to 56% was found with increasing the post-

implantation annealing temperature from 1675°C to 1825°C. On these 

implanted layers, a study of Ti/Al/Ni Ohmic contacts has been also carried 

out. A decrease of the specific contact resistance c was observed with the 

increase of the post-implantation annealing temperature, consistently with 

the increased active Al-doping concentration. The dependence of c on the 

active Al concentration was well modelled by the TFE theory, extracting a 

Schottky barrier height of 0.63 eV.  

 

Finally, Ohmic contacts on the cubic polytype 3C-SiC have been 

studied. 3C-SiC is promising with respect to 4H-SiC, as it can be 

heteroepitaxially grown on large diameter Si substrates, facilitating the 

fabrication of power devices on a large scale and at a low cost. However, 

the quality of the available material severely limits its practical 

applications, and the electrical behaviour of metal/3C-SiC contacts can be 

strongly influenced by the material properties (defect density, surface 

roughness, surface preparation, etc.). In this case, Ni and Ti/Al/Ni contacts, 

annealed at 950°C, were studied on both n-type and p-type 3C-SiC. The 

specific contact resistance of annealed Ni contacts on moderately doped n-

type 3C-SiC was 3.710-3 Ωcm2. The formation of nickel silicide phase 

(Ni2Si) has been detected after the annealing process, in a similar way as 

commonly observed in the hexagonal polytype. On the other hand, Ti/Al/Ni 

contacts on heavily doped p-type 3C-SiC showed a very low value of the 

specific contact resistance (1.8 10-5 Ωcm2). After annealing, the 

intermixed stacks are characterized by the presence of Al3Ni2. In this case, 

a barrier height of 0.69 eV was determined, this value is higher than that 

measured on 4H-SiC, probably due to different interface composition and 

material quality. In fact, the 3C-SiC material typically shows irregular 

morphology, which can have an impact on the reaction kinetics. In our 

experiments, Ni contacts showed a better surface morphology than Ti/A/Ni 
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ones, independent of the 3C-SiC substrate (n-type or p-type). The Ti/Al/Ni 

contacts exhibited a better electrical behaviour on p-type doped material.  

 

The experiments carried out in this thesis allowed to obtain some 

interesting results for a better comprehension of some metal systems for 

Ohmic contacts on AlGaN/GaN heterostructures, 4H-SiC and 3C-SiC. 

However, this work revealed the existence of additional scientific open 

issues that deserve further investigations. The results on Ohmic contacts on 

AlGaN/GaN heterostructures have a clear importance from a materials 

science point of view. In addition to that, the performed work has a 

technological relevance for the possible applications in GaN-on-Si HEMTs 

technology. In this context, the results suggested the possibility to explore 

the behaviour of a Ti/Al/Ta stack, in order to take the benefits of both 

systems, separately studied in this thesis. It is also clear that it is necessary 

to better clarify the role of the Ti thickness in the reaction kinetics and in 

the Ohmic properties. Hence, future experiments will be required to 

correlate the electrical behaviour with the contact microstructure. All the 

work performed on GaN-based heterostructures concerned “non-recessed” 

Ohmic contacts. In this frame, a partial or total recession of the AlGaN 

layer under the Ti/Al/Ti or Ta/Al/Ta contacts could be beneficial for the 

electrical properties and deserve a further investigation in the future. 

The information obtained by this work on 4H-SiC can be particularly 

useful for JBS technology, where Ohmic contacts on  highly doped p-type 

regions are present in the device structure. Firstly, the work confirmed that 

an accurate analysis is required to correctly determine the electrical 

activation of the dopant. Although the results obtained on Ti/Al/Ni Ohmic 

contacts on p-type implanted 4H-SiC followed the trend of the electrical 

activation of the Al-dopant, there are still discrepancies with respect to 

previous literature results on the values of the barrier height and specific 

contact resistance. This latter suggests that the reproducibility of the 

contact properties must be improved. To this aim, a better control of the 

4H-SiC surface roughness after post-implantation annealing could be 

required. 

Finally, the first results on Ohmic contacts were also reported for the 

cubic polytype 3C-SiC, focusing on Ni and Ti/Al/Ni contacts on n-type and 

p-type doped material. The interest for this polytype is growing, but the 

number of studies is still limited. In this case, it is clear that the quality of 
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the material strongly influences the contacts properties. For that reason, in 

the future it will be interesting to monitor the effects of an improvement of 

the morphology and of the reduction of the defect density in this material 

and on the electrical behaviour of metal/3C-SiC interfaces. Additionally, 

while this thesis has been focused on Ohmic contacts, it is clear that the 

formation of good Schottky contacts on 3C-SiC will be an open issue for 

the next years, being highly desired for the development of rectifying 

devices.  

The aforementioned open issues can be at the basis of future activities 

at CNR-IMM in the framework of the running project on GaN and SiC.  
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Glossary 
 

 

Abbreviations 

 

2DEG    Two Dimensional Electron Gas 

AFM    Atomic Force Microscopy 

C-AFM  Conductive Atomic Force Microscopy 

C-V    Capacitance-Voltage 

EELS    Electron Energy Loss Spectroscopy  

FE    Field Emission 

HEMT   High Electron Mobility Transistor 

HF    High Frequency 

I-V    Current-Voltage 

JBS    Junction Barrier Schottky 

LED    Light Emitting Diode 

MOCVD   Metal Organic Chemical Vapor Deposition 

MOSFET  Metal Oxide Semiconductor Field Effect Transistor 

PL    Photoluminescence 

RMS    Root Mean Square 

STEM    Scanning Transmission Electron Microscopy 

TE    Thermionic Emission 

TEM    Transmission Electron Microscopy 

TFE    Thermionic Field Emission 

TLM    Transmission Line Model 

VdP    Van der Pauw 

WBG    Wide Band Gap 

XRD    X-Ray Diffraction 

 

Commonly used symbols 

 

A∗    Richardson’s constant (Acm−2 K−2) 

a0, c0    Equilibrium lattice constants (Å) 

a    lattice constant (Å) 

B    Magnetic field (G) 

Cij    Elastic constants (GPa) 
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dAlGaN    Thickness of the AlGaN layer (nm) 

E00    Characteristic energy (eV) 

eij,    Piezoelectric coefficients (C/m2) 

E    Electric field (MV/cm) 

EC    Critical electric field (MV/cm) 

EG    Band gap (eV) 

h    Planck constant (J·s) 

kB    Boltzmann constant (m2 ·kg/ s· K) 

me    Electron mass (9.11 × 10−31 kg) 

m∗    Effective mass (kg) 

n    Electrons density (cm-3) 

ND, NA   Donor, Acceptor density (atoms/cm3) 

ni    Intrinsic carrier concentration (cm-3) 

ns    Sheet charge density of 2DEG (electrons/cm2) 

p    Holes density (cm-3) 

PPE    Piezoelectric polarization (C/m2) 

PSP    Spontaneous polarization (C/m2) 

q    Elementary charge (1.6×10-19C) 

RC    Contact resistance (Ω·mm) 

RH     Hall coefficient (m3/C) 

RON    Specific ON-resistance (mΩ·cm2) 

RSH    Sheet resistance (Ω/sq) 

RSK    Sheet resistance under the contact (Ω/sq) 

VB    Breakdown voltage (V) 

vsat    Electron saturation velocity (cm/s) 

Vth    Threshold voltage (V) 

ΔEC    Conduction band discontinuity (eV) 

ΦB    Barrier height (eV) 

Φm    Metal work-function (eV) 

Φs    Semiconductor work-function (eV) 

χS    Electron affinity (eV) 

k    Thermal conductivity (W/cm·K) 

ε0    Vacuum permittivity (F/cm) 

εGaN, εAlGaN   Relative permittivity of GaN, AlGaN 

εx, εy, εz   Strain coefficients 

μ    Carrier mobility (cm2/V·s) 
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ρc    Specific contact resistance (Ω·cm2) 

ρ    Resistivity (Ω·cm) 

σ    Polarization-induced charge density (C/cm2) 
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