
 

                                      

            
            
        

 
DEPARTMENT OF PHYSICS AND ASTRONOMY “E.MAJORANA” 

UNIVERSITY  OF CATANIA 

 

Doctoral in Material Science and Nanotecnologies 

( XXXIV Cycle)  

                                               SILVIA CASTORINA 

Ph.D Course Director                                                              Tutors 

Prof. G.Compagnini                                                                 Prof.ssa M.Grimaldi 

                                                                                                 Prof.ssa L.Calcagno 

                                                                                           

 

 

 

 

 

Metalization on SiC surfaces: 

Ohmic contacts of Ni on 4H-SiC by laser treatment 

 

 

 



 

 

  



 

Acknowledgments  

 

I express my deep gratitude to my tutors M.G. Grimaldi and L. Calcagno for their 

invaluable teaching, support and guidance, essential to complete my doctoral studies. 

I also thank Dr. G. Franco and Dr. M. Boscaglia for giving me the opportunity to spend 

almost six months, unfortunately interrupted by Covid-19, working with their group at 

000STMicroelectronics in Catania. This experience has enriched me professionally and 

personally. 

 A heartfelt thanks to Anna Bassi and Paolo Badalà, with whom I shared this experience 

from the beginning. 

I am particularly grateful to Dr. La Magna for his advices and 

availability during my work. 

Special thanks also go to Prof. G. Compagnini, Prof. P. Musumeci, Prof. S. Mirabella and 

all the people of the CNR-IMM group. 

The last, biggest thanks go to my parents and my husband, who most deserve it. 

 

 

 

  



 

     

Contents 

 

Acknowledgments…………………………………………………………………III 

Introduction……………………….……………………………………………....VI 

Thesis Contents…………………...……………………………………………….X 

References…………………………………………….………….……………..…XI 

 

Chapter 1.  Silicon Carbide: A New Material for Power  

Electronics……………………………………………………..………………………………….……...…………………...….…1 

  1.1 Crystal structure and SiC polytypes……………….…………………………………………….….2 

  1.2 Band structure and intrinsic carrier concentration…........................................6 

  1.3 Critical electric field………………...............................................................................10 

  1.4 Carrier mobility and thermal conductivity………………………………….………...........12                    

  1.5 Doping of SiC………….……………………….……………………………........................................14 

  1.6 SiC based devices and applications applications……………………….…………….….15                            

   References……….………………………………………………………….……............................................18 

 

Chapter 2. Metal-semiconductor contact............................................................22 

  2.1 Introduction……………………………………………………….………………….……………………………..22 

   2.2 Schottky and ohmic contacts………………………………….……………………………………....23 

   2.3 Specific Contact Resistance…………….……………………............................................28 

   2.4 Ohmic contact on n-type 4H-SiC by thermal annealing….……….…….….…….33 

                      References……………….……………………………………….............................................................38 

 

Chapter 3. Ohmic contact on SiC by laser process……................................42 

  3.1 Introduction………………………………………………………………………………………………………….42 

  3.2 Laser annealing and SiC:  a brief review ………………………………………………….….42 

  3.3 Laser annealing and SiC: simulations……………………………………………………………52 

  References……………………………………………………………………………………………………………………55 

 

 

           

 

 

 

 

 

 

iv                                                                                                                                                  Contents                                            



 

 

 

       

         
Chapter 4. Silicidation with pulsed-laser annealing method……………58      

        4.1 Experimental methods………………………………………………………………………….………..69 

          4.2 Results…………………………….…………………………………………………………………..…………….60 

             4.2.1 Compositional and structural characterization…………………..…………60 

             4.2.2 Electrical characterization: sheet resistance measurements………92 

             4.2.3 Discussion..................................................................................................94 

          References…………………………………………………………………..…………………………………………..99 

 

 

 

Conclusions…………………………………………………………..……………………………..……….……………..….100 

 

                       

 

 

 

 

 

 

 

 

 

 

 

 

 

iv                                                                                                                                                  Contents                                            



 

 

 

Introduction 

 

 

    he recent developments of the entire field of solid state physics and the success of 

silicon-based electronics are the basis of many revolutionary changes in modern society.  

Integrated circuits, solar cells and sensors are some of the most common silicon-based 

technologies. Indeed, Si-based devices dominated power semiconductor industry for 

several decades, thanks to many years of development and well-established studies 

leading to high manufacturing capability with extremely low cost. 

However, they have almost approached their performance limits and for some specific 

applications, i.e. high-frequency electronics, high-temperature operating system and 

flexible electronics, Si-devices show poor efficiency due to intrinsic material limitations. 

Therefore, a different strategy is needed to overcome this issue and the use of wide band 

gap semiconductors has been proposed to enhance the power devices performances. 

Silicon carbide (SiC), in particular, is an emerging material with many promising aspects 

for power electronics applications. It is an indirect band semiconductor with high 

saturation drift velocity, capable of sustaining high electric fields, wide range doping for 

both p- and n-species and, moreover, it has silicon oxide SiO2   as native oxide.  Table 1 

shows the relevant material properties of SiC, discussed in next chapter, compared with 

some other semiconductor materials such as Si and GaN and diamond. 

                      

                                      
                                  Table 1: Comparison of important semiconductor properties [1]. 
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The potential of SiC-based devices for power electronics was first suggested in 1989 by   

Baliga [2] immediately followed by a large number of reports. 

First applications were made in the fabrications of SiC diodes. Then SiC-based metal-

oxides semiconductor field effect transistor (MOSFET) were developed and different SiC 

polytypes were studied for performance increase.   

Ten years later, in 2000, SiC technology became available in the market. However, much 

work is still required to obtain further improvements in SiC devices large-scale 

production, both in terms of performance and cost reduction.  

One of the most important issues in SiC technology is the fabrication of reliable low-

resistance Ohmic contacts to SiC devices. Typically, rapid thermal annealing (RTA) 

exceeding 900 °C are used to achieve an Ohmic behavior.  

However, nowdays the conventional thermal annealing is gradually substituted by laser 

annealing (LA) processes, carried out on the back-side of thinned wafers at the end of the 

fabrication flow, including the grinding process, see Fig.1  

 

                                       

                                   Fig.1 Schematic flow chart for the fabrication of JBS diode 

 

 



 

To further clarify this aspect let us recall that the relevant parameter of the device, the 

total specific ON-resistance (RON), can be defined by: 

 

                                        
 

 

where RDrift is the drift specific resistance, Rbulk is the bulk specific resistance and ROhmic 

is the Ohmic contact specific resistance of the device (contact resistance per unit area, 

measured in Ωcm2). Figure 1.4 shows the schematic structure of the Schottky Barrier 

Diode.  

                   

                     
          

For example, in a 650 V SiC Schottky diode fabricated onto a 350 μm thick substrate, 

about 70% of the total RON is represented by the SiC substrate contribution, R Bulk [3]. 

On the other hand, thinning the substrate to 110 μm allows reducing this resistive 

contribution down to 44% of the total RON (Fig. 3) [4]. This explains why for medium    

voltage applications (600–1200V), the wafer grinding step has become crucial in SiC  

technology to reduce the substrate thickness and minimize RON. 

 

                 

           

Fig.3: Resistive contributions (in terms of contact resistance, ROhmic, epitaxial-layer resistance, 

Rdrift, and substrate resistance, Rbulk) of the total RON in a 650 V 4HSiC Schottky diode for two 

different substrate thickness of 350 μm (left) and 110 μm (right).  

For this calculation, substrate resistivity of 0.02 Ωcm, specific contact resistance of backside 

contact of 5×10−5 Ωcm2, epilayer doping of 1×1016 cm−3 have been used. 

Fig.2: Schematic structure of the Schottky Barrier Diode 



 

Therefore, thermal annealing is not realiable, due to the presence of defined devices on 

the front of the wafer and the material is fragile, then LA technique is mandatory to obtain 

the Ohminc contact formation on back-side of SiC, although a clear correlation with the 

morphological and structural modifications of the whole metal stack and of  the metal/SiC 

interface is still under investigation. 

The aim of this thesis is the analysis of different aspects concerning the Ohmic contact 

formation on SiC through laser treatment. 

For this purpose, different analyses with various laser conditions (shot numbers, energy 

density) have been carried out to obtain and characterize the Ohmic contact structures 

after LA.  

The present work contributes to clarify some of the previous phenomenological aspects, 

combining the Rutherford Backscattering Spectroscopy (RBS) with other well known 

techniques as X-ray diffraction, cross-sectional TEM, Energy-dispersive X-ray 

spectroscopy (EDX) and Sheet Resistance measurements.   

Moreover, the experimental results are discussed by simulation codes [5] to understand 

the stoichiometry and the cristal phases of formed silicides due to LA process. 

The whole work is the result of an extremely intense collaboration between the University  

of Catania, St-Microelectronics and CNR-IMM HQ. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

     Thesis Contents 
  

The thesis illustrates, after a theoretical background, the experimental results   and 

computer simulations performed to investigate ohmic contacts on 4H-SiC (n-type 

semiconductor) through laser treatments. It contains several chapters with the following 

outline:  

Chapter 1 Briefly recalls the main physical properties of Silicon Carbide mostly suitable 

for the realization of power devices. After a short historical evolution of SiC devices, the 

crystal structures, the energy band gap, the intrinsic carrier concentration, the critical 

electric field, the thermal conductivity and the electron mobility are discussed. 

Furthermore, applications of SiC and some SiC based devices are shown. 

Chapter 2 The basic concepts related to the Schottky barrier formation, the physics of 

Ohmic contacts and the contact resistance measurement techniques are reported. Then, 

some aspects concerning the formation of low Ohmic contacts resistance  

(10-5-10-6 Ωcm-2) on n-type SiC are discussed, focusing on Ni-based contacts and first 

considering thermal annealing. 

 

Chapter 3 Is devoted to formation of ohmic contact through “non conventional 

annealing” as laser process, to the interaction between laser and Ni on SiC surface and 

theoretical methods, with numerical simulations, to evaluate silicides phase formation 

after laser irradiation. 

 

Chapter 4 Contains the Experimental results for Ohmic contact formation in Ni on SiC 

surface samples obtained under different LA conditions and the relative characterization 

by RBS, X-ray diffraction, cross-sectional TEM, EDX and numerical simulations. 
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Chapter 1   

 

Silicon Carbide: A New Material for Power       

Electronics 

 

      
SiC is a wide band gap semiconductor material that has experienced rapid development 

in recent years and it is slowly replacing Silicon devices in many power electronic 

applications. Research on Silicon Carbide started already before 1960s, even though 

difficulties in fabricating high-quality crystals and the increasing success of Silicon 

technology put SiC studies apart [1]. Subsequent technology improvements and new 

fabrication techniques [2-3], which allowed the fabrication of higher quality SiC wafers, 

renewed the interest in this material, especially its applicability in the power electronics 

area.  

First SiC high voltage devices were Schottky barrier diodes [4-6] or PiN diodes [7-8], 

vertical JFETs [9-11] and high voltage MOSFETs [12-16]. The main problem associated 

with power MOSFETs in Silicon Carbide was the very poor quality of the 

oxide/semiconductor interface, which turned in low channel mobility and device 

reliability issues [17-18]. Initially, the diffusion and the development of those devices 

were hindered by the quality of the material and the size of defect-free areas on SiC wafers 

[19].  

In fact, following the market evolution of past years (Figure 1.1), almost a decade passed 

between the first commercial SiC power device in 2001, which was a Schottky diode, and 

the first affordable mass produced Power MOSFET in Silicon Carbide in 2011 [20]. 

          

                               

          
 

  

 

Figure 1.1: Milestones of commercialization of SiC power devices 
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In the next paragraphs the most relevant advantages arising from the use of SiC 

semiconductor due to its inherent physical properties, such as wide band gap, high critical 

electric field, high thermal conductivity, electron mobility, doping and SiC based devices 

will be analyzed.  

       

                     

 

1.1 Crystal structure and SiC polytypes 

 

 

The SiC crystal appears as a semi-transparent, yellow-green crystal. Silicon Carbide is a 

IV−IV compound semiconductor, meaning that both its constituents Si and C have four 

valence electrons. They bond into a tetrahedral structure in which each Si ion is 

surrounded by four C ions, and viceversa. The nature of the bond is nearly purely covalent 

(88% covalent and 12% ionic according to Pauling's definition) and the strong chemical 

bonding between Si and C atoms, with a bond energy of 4.6 eV, gives to the material 

unique properties such as very high hardness, chemical inertness and high thermal 

conductivity. The geometry and high binding energy of the crystal give it many 

properties: SiC has an excellent high hardness of 9 points on the Mohs scale, between 

topaz and diamond, wear resistance and good thermal stability up to the extremely high 

melting point of 3100 K. [21]. 

Silicon Carbide crystals are protected against oxidation by a thin (few Å) surface SiO2 

layer. Thermal oxidation was conducted in dry oxygen ambient at temperature above 

1000 °C. Though the Si-C bond is covalent, the different electronegativity of the ions 

causes the valence electrons to be slightly nearer to C ions than to Si ions.  

From a crystallographic point of view, the variation in the silicon and carbon occupied 

sites along the c-axis in a hexagonal close-packed system brings about different crystal 

structures, called polytypes and for Silicon carbide, over 200 stable polytypes are known 

[22].  

From a crystallographic point of view, the variation in the silicon and carbon occupied 

sites along the c-axis in a hexagonal close-packed system brings about different crystal  
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structures, called polytypes and for Silicon carbide, over 200 stable polytypes are known 

[22].  

Though every polytype consists of exactly the same layers along the 𝒂𝟏, 𝒂𝟑, 𝒂𝟑 axes, each 

is different along the c axis. Indeed, the elementary SiC tetrahedra, as shown in Fig. 1.2 

(a), are adjoined into a hexagonal network. The three base Si atoms (denoted as empty 

circles) and the central C atom (denoted as full circles) form the first SiC plane, as shown 

in Fig. 1.2(b), while the fourth Si atom (empty squares) follows on top of the C atom, 

forming the second hexagonal Si network. However, the positioning of the second C layer 

(full squares) can follow two routes, as shown in 1.2(c) and 1.2(d): respectively, they can 

either be placed on top of the first Si network, or they can be shifted to the centre of the 

triangles formed by the second C network. Then the third Si layer (empty triangles) is 

stacked directly on top of the C atoms, and so on. It may be noticed that a Hexagonal 

Closed Packed (HCP) lattice is formed if every second Si layer is placed on top of the 

previous one, while a face centered cubic (FCC) lattice is formed if it is shifted [22]. 

As shown in Fig.1.2 (e), a notation can be introduced for the stacking sequence known as 

the ABC notation, as originally suggested by Page [23]. In the AB notation we start by 

denoting a first layer by the letter A, and the two following stacking dispositions are then 

denoted B and C. The cubic disposition is referred to as (...ABCABC...) while the 

hexagonal disposition as (...ABAB...). However, the two stacking dispositions can be 

intermixed to form more complex and longer periods. This is easier to notice along the  

{1120} plane, as in Fig.1.3, where we see the most common SiC polytypes with their 

stacking sequences. 
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Figure 1.3: Stacking sequences of 2H, 4H, 6H, 15R and 3C-SiC, respectively, in Ramsdell’s 

notation 

 

Figure 1.2: Positions of Si and C atoms in SiC: (a) Elementary SiC tetrahedron; (b) Projection of the 

first tetrahedral layer; (c) Projection of the first and second layer, in cubic disposition; (d) Projection 

of the first and second layer, in hexagonal disposition; (e) Projection of the first and second layer in 

the alternative dispositions A, B and C [31]. 
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Other nomenclatures were introduced by Jagodzinski [24], in which the stacking 

sequences are defined by the local layer cubic (k) or hexagonal (h) environments, by 

Ramsdell [25], that consists of the number of layers forming the period and the kind of 

resulting lattice (C cubic, H hexagonal or R rombohedral), and finally by Zhdanov [26], 

which specifies the number of consecutive cubic layers. Table 1.1 shows how these 

notations can be used to represent the most common SiC polytypes. Stability of the 

various polytypes is strongly affected by temperature. As an example, 3C-SiC 

spontaneously rearranges as 4H-SiC or 6H-SiC at temperatures higher than 1900 °C [27]. 

2H-SiC also results instable at high temperatures, so that the 4H and 6H polytypes are 

mostly studied for applications. SiC polytypes also show remarkably different lattice 

structure and constants.  

As an example, though the Si-C bond length and SiC bilayer height remain fixed at 1.89 

Å and 2.52 Å, the lattice constants vary: a = 4.3596, 3.0798, 3.0805 for 2H, 4H and 6H 

respectively, while c is 10.0820 for 4H and 15.1151 for 6H. 

 

 

          
 

                    Table 1.1: Stacking sequence notations for the principal SiC polytypes 
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1.2 Band structure and intrinsic carrier concentration 
 

The band structure of a crystalline solid is the relationship between electron momentums 

k and the associated energies E. It is a fundamental concept to understand how the 

electrons interact with photons and phonos, and with each other; group velocity, effective 

masses and other important properties also depend on the concept of band structure [28]. 

The band structure is usually obtained by solving the steady-state Schrodinger equation 

for a one-electron wave function ψ(r,k) in the periodic potential V (r) of the Bravais 

lattice: 

    

                  (−
ℏ𝟐

2𝑚
2 +  𝑉(𝒓))(𝒓, 𝒌)=𝐸(𝒌)(𝒓, 𝒌)            (1.1) 

 

 

 

                         
Figure 1.4: Band structures of 3C, 2H, 4H and 6H SiC, obtained by means of 

relativistic density function theory (DFT) [29]. 
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A number of approximations and numeric calculation methods are then employed -e.g. to 

account for the presence of other electrons, both free and bonded, such as the tight binding 

method [30], the density functional theory (DFT) [31], and the k·p method [32]. 

As it can be demonstrated by means of the Bloch theorem [33], the resulting band 

structure E(k) is periodic in the reciprocal lattice. As such, it can be fully described by its 

values in the primitive cell of the reciprocal lattice, the first Brillouin zone. For 

semiconductors and insulators, the band structure leads to the concept of energy gap, 

which is a range of energy values that electrons cannot access, whatever their momentum; 

the upper band is named conduction band, while the lower valence band. 

Quantitatively, we define energy gap -or band gap- the difference between the conduction 

band absolute minimum and the valence band absolute maximum, 𝐸𝑔= 𝐸𝑐−𝐸𝑣. 

It should be noted that there is no guarantee that the EC and EV values occur for the same 

k.  

When this happens, electrons are free to pass from the two bands by only means of energy 

exchange 𝐸𝑔, and the band gap is called direct; if not, the corresponding ∆k must be 

exchanged as ell in order for the electron to move from band to band, and the gap is called 

indirect. Then, we recall the fundamental concept of effective mass, defined as the inertial 

mass value of the electron moving inside the periodic potential. Since the potential 

changes according to the dispersion relation along the reciprocal lattice directions, the 

effective mass is both a tensor and a function of the momentum, defined as: 

 

                                   
1

𝑚𝑖𝑗
∗ =

1

ℏ𝟐

𝜕2𝐸(𝑘)

𝜕𝑘𝑖𝜕𝑘𝑗
                          (1.2) 

                                                                                                                        

The band structures of various SiC polytypes are different from each other, as a 

consequence of the stacking sequence and primitive cell, as shown in Fig. 1.5 [28]. It 

should be noted that though the band slopes are experimentally confirmed, band gap 

values obtained by DFT calculations are interested by a sistematic error of about 40% to 

60%. Precise values of the bandgap are reported in Table.1.2. The electron effective 

masses also differs, as shown in 1.2, while no significant variation is found for hole 

effective masses, which are m⊥ = 0.66 and m∥ = 1.75 for 4H-SiC. 
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Finally, the intrinsic carrier concentration can be calculated in function of temperature T 

and energy band gap 𝐸𝑔as:  

 

                                                              𝑛𝑖 = √𝑁𝑐𝑁𝑣 𝑒
−𝐸𝑔

2𝐾𝑇                                (1.3) 

 

with 𝑁𝑐,𝑣 conduction and valence bands density of states and k Boltzmann’s constant. The 

(1.3) can be written for Silicon and SiC as:  

 

                                              𝑛𝑖_𝑆𝑖 = 3.87 ∙ 1016𝑇3/2𝑒−7.02∙103/𝑇                    

              

 

 

Table 1.2: Electron effective masses for 3C, 2H, 4H and 6H SiC, obtained by DFT 28, and 

the corresponding band gaps. 
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                                  𝑛𝑖_𝑆𝑖𝐶 = 1.7 ∙ 1016𝑇3/2𝑒−2.08∙104/𝑇 

 

At room temperature T0=300 K the intrinsic carrier concentrations for Si and 4H-SiC are 

respectively 1.4·1010cm-3 and 6.7·10-11cm-3.  

The intrinsic carrier concentration as a function of temperature for Si and SiC is plotted 

in Figure 1.5. 

 

                   
           Fig. 1.5: Intrinsic carrier concentration as a function of temperature for Si and SiC 

 

 

The leakage current of a device is dependent from the intrinsic concentration, and 

obviously it should be minimized for reliable and efficient devices operation. Silicon 

operating temperature is usually limited at about 150 °C before intrinsic concentration 

becomes comparable to typical doping concentration of 1014 cm-3, while SiC devices do 

not suffer this issue for temperature even above 500 °C. Obviously, in this case, device 

operating temperature is limited by other factor such as packaging, contact/bond wires 

metal, etc. 
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1.3 Critical electric field 

 
One of the most celebrated feature of Silicon Carbide is its elevated critical electric field 

𝐸𝑐𝑟. It corresponds to the electric field for which impact ionization takes place. This 

property is due to higher impact ionization coefficient compared to other materials, direct 

consequence of the wide band gap energy. If Silicon has a critical electric field of about 

3·105 V/cm, in Silicon Carbide it is approximately one order of magnitude higher,  

2-3·106 V/cm. 𝐸𝑐𝑟 is a function of the semiconductor doping concentration, and different 

analytical formulas were proposed to model its behaviour. A simple power law was 

suggested in [34]: 

 

                                                    𝐸𝑐𝑟 = 3.3 ∙ 104𝑁𝐷
1/8

                                (1.4)                 

 

According to [35] it could be also expressed as: 

 

 

                                𝐸𝑐𝑟 =
2.49∙106

1−0.25𝑙𝑜𝑔10  (𝑁𝐷 /1016)
              (1.5) 

 

The critical electric field for SiC can be compared in Figure 1.6 with that of Silicon 

(calculated according to [36]). As it is clearly visible in the case of Silicon Carbide 𝐸𝑐𝑟 is 

much larger. This feature results in a thinner and higher doped drift layer compared to 

that of Silicon devices for the same breakdown voltage. In fact, the relations between 𝐸𝑐𝑟, 

𝑉𝐵𝑅 and 𝑊𝐷 are: 

 

                                    

                                           𝑉𝐵𝑅 =
1

2

𝐸𝑐𝑟
2 𝜀𝑠

𝑞𝑁𝐷
                               (1.6) 
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                                              𝑊𝐷 =
2𝑉𝐵𝑅

𝐸𝑐𝑟
                                       (1.7) 

 

 

                             
                Figure 1.6: Critical electric field as a function of doping concentration. 

 

 

 

Thus, given a desired 𝑉𝐵𝑅, the doping concentration 𝑁𝐷 can be increased and the thickness 

𝑊𝐷 can be reduced respect to equivalent Si device. The major upside of having a thin, 

high-doped layer is to reduce the specific ON-resistance RON,sp of drift region. The same 

result can be inferred relating directly RON,sp to the critical electric field: 

 

                                  𝑅𝑂𝑁,𝑠𝑝 =
4𝑉𝐵𝑅

2

𝜀𝑠𝜇𝑛𝐸𝑐𝑟
3                                     (1.8) 

 

 

 

Since this parameter defines how much resistive loss a device generates while operating 

in conduction, it can easily be understood the great advantage in using wide band gap 

semiconductors. 
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      1.4 Carrier mobility and thermal conductivity    

 
An important parameter in semiconductor materials is the carrier mobility depending 

on carrier concentration and temperature. 

Electron mobility for SiC is usually lower than Silicon, and it strongly depends on 

material characteristics such as doping and direction of epitaxially grown crystals [37]. 

Moreover, for metal-oxide-semiconductor structure mobility is extremely dependent on 

interface quality, being affected by defects and traps density [38].  

Specifically, the carrier mobility depends on carrier concentration and temperature (see 

Fig 1.7 that shows a) the electron and b) hole mobility as a function of donor density and 

acceptor density, respectively, at room temperature in 4H and 6H- SiC. The electron 

mobility of 4H-SiC is almost double that of 6H-SiC at a given dopant density, and 4H-

SiC exhibits a slightly higher hole mobility than 6H-SiC. In particular, the maximum 

electron and hole mobility in 4H- SiC are about 1200 cm2V−1s−1 and 120 cm2V−1s−1, 

respectively. The higher 4H-SiC carrier mobility makes this polytype the most attractive 

for electronic power devices application [23]. 

 

 

Fig.1.7: (a) electron and (b) hole mobility as a function of donor density and acceptor density, 

respectively, for 4H-SiC and 6H-SiC at room temperature [23]. 

 

 

 



 

  1 – Silicon Carbide: A New Material for Power Electronics                                                    13 

  

However, at low doping concentration, the 4H-SiC electron mobility µn and hole mobility 

µp are smaller than the carrier mobility in silicon (see Fig.1.8). In both cases, the carrier 

mobility decreases with increasing doping concentration due to enhanced Coulomb 

scattering of free electron and hole by the ionized donors and acceptors [34].  

 

                 

                           Fig.1.8: Comparison between electron and hole mobility for SiC and Si. 

 

 

Silicon Carbide features a thermal conductivity λ about three times higher compared to 

Silicon, with its value approximately equal to 3.7 W/cmK. The high thermal conductivity 

allows a better diffusion of heat generated inside the material. Consequently, it could be 

possible to increase the device operating power level or to simplify cooling strategies 

(heatsink, fans, etc.) reducing system cost and volume. 

SiC also exhibits a saturation velocity vsat almost twice as high as Silicon, approximately 

of 2·107 cm/s. Some values of the main SiC properties are listed in Table 1.3. 

 

                        

                         Table 1.3: Main values of Si and 4H-SiC material properties. 
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1.5 Doping of SiC   

 
Silicon carbide selective doping is performed by ion implantation and diffusion. Due to 

good control over doping concentration and low temperature needed during process, ion 

implantation is widely used instead of diffusion which requires very high temperatures 

due to the low value of diffusion coefficient of many dopants. Selective doping of SiC 

can be done through ion implantation by masking areas over the wafer surface which need 

not be doped. The masking can be done by deposition of high mass metals such as gold 

or an oxide layer. The mask thickness must be carefully chosen, keeping in mind the range 

of ions to be implanted so that they should not reach the underlying areas. For 

implantation the ions are accelerated at energies ranging from 1 KeV to 1 MeV for 

achieving implant depths from 50 nm to 1 µm. Implanted ions occupy interstitial lattice 

positions in SiC together with Si and C atoms which are displaced from their respective 

lattice position due to ion implantation. Ion implantation does not change  

the electrical properties of SiC though; crystal structure may change depending on the 

doping level. For re-crystallization of material and activation of implanted ions the 

annealing is required [39,40], indeed the atoms become active after occupying lattice 

sites. The annealing temperature can be as high as 2000 °C at atmospheric pressure in the 

presence of inert argon gas. 

The SiC electrical activation as a function of the annealing temperature at fixed 

implantation dose shows same features that can be described by general growth laws, 

applied in many different scientific sectors [41].        

High temperature used for post-implantation annealing can be harmful for the mask 

therefore; sometimes it’s useful to perform ion implantation in hot environment with 

temperature ranging from 500 °C to 1000 °C. Hot implantation induces a dynamic 

annealing of ion irradiation defects resulting in a low amount of residual defects. 

Generally, both techniques, hot implantation followed by high temperature annealing, are 

combined to achieve crystal recovery and damage reduction togheter witn activation of 

implanted dopant [39, 40, 41]. 
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1.6 SiC Based Devices and applications   

 

Electronic devices based on SiC are suitable for high power and high frequency 

operations and due to better performance in power conversion and high switching speeds 

find applications in military, avionics, modern hybrid automobile power systems, 

uninterruptible power supplies, microwave and so on. Moreover some properties of SiC 

as the wide band gap and its radiation hardness make this material attractive for 

alternative application fields, such as UV photo-sensors, and charged particle and X-ray 

detectors. Some of the main applications are discussed below. 

          SiC Devices As Gas Sensors  

Schottky barrier diodes (SBD) and FETs based on SiC can detect some important gases 

such as oxygen, hydrogen, carbon monoxide and hydrocarbons. When thin metal film of 

SiC Schottky contact is exposed to gases e.g. hydrogen the current-voltage characteristics 

of the SBD are affected within a few milliseconds of the exposure. This occurs due to the  

fact that the Schottky barrier height of the SBD changes when the device comes in contact 

with some of the gases to which the SiC SBDs are sensitive. SiC gas sensors find 

applications in automobiles and aircrafts for detecting the fuel leakage and for detecting 

fires [42].  

 

SiC detectors   

Silicon carbide (SiC) is already considered as a possible alternative to silicon for photons 

and particles detection. Silicon carbide Schottky barrier diodes (SBD) are able to detect 

ultra-violet radiation (UV) in a better way than Si based UV detectors because of SiCs 

wide bandgap. Because of wide bandgap SiC based SBDs are insensitive to radiation with 

frequencies below UV and can detect exclusively ultraviolet light even in the presence of 

visible and infrared light [43].  

Silicon based sensors however, are sensitive to visible and infrared light too and show 

poor performance in their presence unless additional radiation filtering is provided.  
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Over the last years, considerable effort has been concentrated on better understanding the 

performance of SiC- based radiation detectors to be used in high temperatures and high 

radiation conditions under which conventional semiconductors detectors cannot be 

adequately used. SiC detectors were used with good results for neutrons [44], for x-rays 

[45] and for charged particles emitted by alpha sources [46]. The possibility to use X-ray 

SiC detectors operating at room or high temperature is of large interest as an alternative 

to conventional detectors that must operate at cryogenic temperatures [45]. Moreover, 

SiC detectors have been used to monitor the ionizing radiation emitted from high intensity 

laser- generated plasma [47, 48], permitting prompt measurements of X-rays and ions 

emitted during the short life of pulsed plasma. In particular, Torrisi et al. [49,50] has 

proved that SiC detectors, with an interdigit Ni2Si front electrode, were able to detect 

ultraviolet radiation, soft X-rays, and low energy ions generated by a low intensity laser. 

In such applications these detectors showed high efficiency and very short rise time, due 

to their particular design that leaves a fraction of the active region directly exposed to the 

impinging radiation [51].  

 

Power Conversion  

Major applications of SiC based electronic devices can be found in power conversion 

from DC-DC or from DC-AC. For switched mode DC-DC conversion, Schottky diodes 

are combined with inductors capacitors in a circuit to either step up the input power or to 

step it down. Inductor transfers its stored energy through Schottky diodes during power 

conversion. DC-DC conversion finds widespread applications in industrial and consumer 

electronics. DC-AC conversion, on the other hand, uses multiple diodes coupled with 

inductors which transfer their stored energy through these diodes. DC-AC power 

conversion finds applications mostly in uninterruptible power supplies and motor speed 

control [52].  

 

Microwave Applications  

Superior material properties of silicon carbide are also exploited for microwave 

applications. Due to better RF and dc performance SiC based electronic devices are  
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preferred over devices based on conventional semiconductors such as silicon or gallium-

arsenide. Devices based on SiC exhibit much better microwave power at room 

temperature than their Si and GaAs counterparts [53]. Use of 4H-SiC in microwave 

technology can result in low cost, high power and smaller sized devices with greater 

bandwidth control. For these reasons SiC MESFETs are being designed for continuous 

wave applications through X band and SiC static induction transistors (SIT), for high 

power pulsed transmitter technology, through L band operation. 
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Chapter 2 

 

Metal –semiconductor contacts  

 

2.1 Introduction  

 

Schottky contacts are the key component of Schottky barrier diodes (SBDs) and metal-

semiconductor field effect transistors (MESFETs). The basic theory and knowledge of 

Schottky contacts [1] are also important in understanding ohmic contacts. Ohmic contacts 

play a very important role in the signal transfer to and from the semiconductor and the 

external circuitry. In particular, as discussed in the introduction, the resistance of the 

contact must be negligible with respect to that of the bulk device (the device ON-

resistance), since a voltage drop at the contact adds an undesired contribution to the 

dissipated power, thus decreasing the efficiency of the system. 

More specifically, although a variety of high-power and high-frequency SiC devices 

(Schottky diodes, MESFETs, VJFETs, SITs, etc.) have been demonstrated in the last 

years 2-5], one of the key technology issues which may limit the performances of SiC 

electronic devices is to obtain ohmic contacts with contact resistance, 
𝑐
 (defined in 

par.2.3), in the range 10-5- 10-6 /cm2 6-7. 

As discuss in the next sections, in order to form a good ohmic contact to a semiconductor, 

a metal resulting into a low Schottky barrier with the semiconductor material must be 

selected. In that respect, the wide band gap of SiC, about 3 times higher than that of 

silicon, makes almost all metals on 6H- and 4H-SiC to have a Schottky barrier height 

larger than 1 eV, which presents a serious challenge to obtain a good ohmic contact on 

SiC with a low specific contact resistance. 

Hence, in order to overcome this problem, beyond using heavily doped material for 

creating tunnel ohmic contacts, the most common method is the deposition of a metal 

layer followed by an annealing process.  
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In fact, the post-deposition annealing may result into a reaction of the metal with the SiC 

(i.e. with the formation of silicides, carbides, or ternary phases), with a consequent 

reduction of the barrier height or thickness. 

In addition to the low resistance, the thermal stability of ohmic contacts is required for 

SiC devices like sensors operating at high temperatures and in harsh environments 8-10, 

for the aerospace applications, satellites, nuclear power instruments, etc. 

In this chapter, the basic principles of Schottky contact and Ohmic contact technology 

and the Ohmic contact on n-type SiC are initially recalled.    

Then, evaluation methods of Ohmic contact resistance and the current status of the 

formation of Ohmic contact on n-type SiC by conventional thermal annealing are 

reported. 

 

 

2.2   Schottky and ohmic contacts 

 

Metal-semiconductor contacts fall into two basic categories, the ohmic and the rectifying 

(or Schottky) contacts.  An ohmic contact has a linear and symmetric current-voltage 

characteristic for positive and negative applied  

voltages and a negligible resistance compared with that of the bulk of the device. 

Conversely, a rectifying Schottky contact is characterized by the current flow for only 

one voltage sign. 

Fig. 2.1 shows the energy band diagram of a metal and an n-type semiconductor before 

they are brought into contact. The metal work function q𝜑𝑚 and the semiconductor work 

function q 𝜑𝑠 are the energies required to bring an electron from the Fermi level of the 

material to the vacuum. The energy difference between the vacuum level and the bottom 

of the semiconductor conduction band Ec is defined as semiconductor electron affinity 

q𝑋𝑠. 
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Figure 2.1: Energy band diagram for a metal-semiconductor (n-type) contact, in the case  φm > 

φs before (a) and after (b) they are brought into contact, showing the formation of a rectifying 

contact with a Schottky barrier height qφB. 

 

When the metal and the semiconductor are brought into contact, provided the 

semiconductor work function q𝜑𝑠 is lower than the metal work function q𝜑𝑚, electrons 

will flow from the n-type semiconductor to the metal, leaving behind a positively charged 

donors region over the depletion width W. This charge flow continues until the 

thermodynamic equilibrium is reached and the two Fermi levels line up. In this way the 

energy level of the electrons in the semiconductor will be raised near the contact by an 

amount q𝑉𝑏𝑖, as shown in Fig. 2.1 b. 

From Fig 2.1 b one finds that, for n-type semiconductor, the Schottky barrier height q𝜑𝐵  

is obtained from the difference between the metal work function q𝜑𝑚 and the 

semiconductor electron affinity q
𝑠
: 

 

                                          q𝜑𝐵=q(𝜑𝑚−
𝑠
)                            (1) 

 

Thus, according to the Schottky theory, the barries height of a metal/SiC strongly depends 

on the electron work function 𝜑𝑚 of the metal. 

The Schottky barrier height is the most important parameter in a metal-semiconductor 

contact and it determines the electrical behavior of both an ohmic or a Schottky contact. 

The Schottky barrier can be seen as the energy necessary for electrons in the metal to 

penetrate into the semiconductor. On the other hand, the build-in potential 𝑉𝑏𝑖 is the 

barrier for electrons on the semiconductor side. It is worth noting that the Schottky barrier 

height q𝜑𝐵 is almost independent of the semiconductor doping concentration 𝑁𝐷.  
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Actually, there exists a weak dependence of q𝜑𝐵 on 𝑁𝐷through the image force lowering 

of the barrier q𝜑𝐵 (𝜑𝐵𝑁𝐷
1/4

𝑉1/4) 11. 

On the other hand, the barrier width W depends on the doping level, being W𝑁𝐷
−1/2

. 

As is well known, a rectifying (Schottky) metal contact to n-type semiconductor is formed 

when the electron work function of the metal exceeds the electron affinity of the 

semiconductor (𝜑𝑚 > 
𝑠
). 

If the condition 𝜑𝑚 < 
𝑠
 is satisfied, the formation of an ohmic contact can occur by band 

alignment, as shown in the energy band diagram reported in Fig. 2.2 (a) and 2.2 (b). Here, 

the transfer of electrons from the metal to the semiconductor lowers the energy levels at 

the interface. In this case, when  

a voltage V is applied, the electrons will flow in either direction without overcome any 

barrier. 

 

 

                          
Fig. 2.2: Energy band diagram for a metal-semiconductor (n-type) contact, in the case  φm < 


s
before (a) and after (b) they are brought into contact. In this case ohmic contact formation 

occurs by band alignment. 

 

Since 𝜑𝑚 for most metals exceeds the electron affinity 
𝑠
 of 4H-SiC (see Figure 2.3), the 

formation of ohmic contacts to 4H-n-SiC is typically done by the deposition of the same 

metals as for the Schottky barriers however with subsequent annealing treatment. 
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Therefore, it is difficult to find metals with a low work function, satisfying the condition 

 𝜑𝑚 < 
𝑠
 , particularly for wide band gap semiconductors like SiC or GaN. 

As recalled, the common method to form ohmic contact in wide band gap semiconductors 

like SiC is using a heavily doped material in such a way that when a metal is deposited 

onto a semiconductor layer (heavily doped N>11019𝑐𝑚−3), the Schottky barrier will 

have the same height as in a low doped material but a lower thickness W, thus allowing 

the electrons to tunnel through the thin barrier, as schematically illustrated in Fig. 2.4.  

 

 

 

Fig.2.4. Energy band diagram for a metal-semiconductor (n-type) contact, in the case of heavy 

doping.  

 

 

In this condition, the electrons can tunnel through the thin barrier, with the consequent 

formation of a tunnel ohmic contact:  the carriers transport is ruled by the field emission 

mechanism. 

 

Fig. 2.3: Experimental dependence of the barrier 

height φB of metal/4H-n-SiC on the electron work 

function  φm of the metals [7–10]. Red curve-

theoretical dependence according to the Schottky 

theory (the electron affinity of 4H-SiC,  

𝑋𝑠 = 3.6 eV [11]). 
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Another mechanism of the current transport through the barrier is the thermoionic field 

emission, which is generally dominant for intermediate semiconductor doping levels N, 

in the range 1017-1019 𝑐𝑚−3. This conduction mechanism involves the carriers without 

enough thermal energy to surmount the barrier, as in the case of the classic thermoionic 

emission, but still sufficient to tunnel at an energy higher than the Fermi level, i.e. where 

the barrier is thinner. 

For lightly doped semiconductors (N<11017𝑐𝑚−3) the main conduction mechanism is 

the thermoionic emission, i.e carriers having sufficient thermal energy to surmount the 

Schottky barrier can pass from a material to the other. In this case, the application of a 

Voltage V across a metal-semiconductor junction according to the thermoionic emission 

theory [11] leads to a current density J through the contact given by: 

 

                           

 

 The parameter which determines the dominant conduction mechanism turns out to be: 

 

                                   𝐸00 =
ℎ

4
(

𝑁

𝑚
)1/2

            (3) 

 

where h is the Plank's constant, m the effective mass and  the dielectric constant. 𝐸00 

gives the relation between the temperature T and the semiconductor doping N, because 

kT/q𝐸00 represents the ratio between the thermoionic emission current and the two other 

conduction mechanisms. More precisely, for lightly doped semiconductors 

(N<11017𝑐𝑚−3), kT/q𝐸00» l and the thermoionic emission is dominant, whereas for 

heavily doped semiconductors (N>11019𝑐𝑚−3), kT/q𝐸00«l and the tunneling dominates. 

For intermediate doping levels (11017<N>11019𝑐𝑚−3), i.e KT/q𝐸001, the thermoionic 

field emission process is dominant. 

 

 

(2) 
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 2.3 Specific Contact Resistance: measurement methods 

 

The contact resistance 𝑅𝑐, measured in , is the physical parameter which characterizes 

the resistance of a metal-semiconductor interface which obviously depends on the area 

and on the geometry of the contact.  

For this reason, the most useful quantity used to define the performance of an ohmic 

contact is the specific contact resistance 
𝑐
 (the unit is 𝑐𝑚2 ), which describes, 

independently on geometrical aspects, the metal-semiconductor interface specific 

properties, related to the barrier height of the metal, the surface preparation method, the 

interface roughness, etc.  Indeed, all these factors, in principle independent of the contact 

geometry, strongly influence the value of the contact resistance.  

However, in a "real" contact, like a syntered metallic contact, it may be not true that the 

entire contact interface takes part to the conduction. 

Hence, the general, more rigorous, definition of the specific contact resistance ρc 

expressed as a function of the current density J is given by [12]: 

       

                                   

                               

Since different mechanisms will rule the carrier transport mechanism through the barrier, 

the specific contact resistance 
𝑐
will have a specific dependence on the barrier height 

q𝜑𝐵. As an example, for lightly doped semiconductors (N<11017𝑐𝑚−3), where the 

thermoionic emission dominates the current transport, an expression for the specific 

contact resistance can be derived by   applying Eq. (4) to the thermoionic current density 

J (Eq. (2)):      

 

 

 

(4) 
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Then, in this condition 
𝑐
 depends on the Schottky barrier q

𝑏
 but is independent of the 

semiconductor doping level N. On the other hand, for heavily doped semiconductors 

(N>11019𝑐𝑚−3), i.e. where the tunnelling mechanism is dominant, it can be shown 

[13,14], that the specific contact resistance 
𝑐
 is proportional to an exponential of 


𝑏
divided the square root of the doping: 

 

                       

 

Hence, the specific resistance of tunnel ohmic contacts is strongly dependent both on the 

Schottky barrier q
𝑏
and on the semiconductor doping N. 

In the intermediate doping concentration range (11017<N>11019𝑐𝑚−3) where the 

thermoionic field emission transport mechanism is dominant, the specific contact 

resistance 
𝑐
  has a dependence of the type [12,13]: 

                           

                               

 

In general, due to the inhomogeneous distribution of the current density and of the voltage 

below a real contact, the specific contact resistance  
𝑐
cannot be directly measured or 

simply determined using Eqs. (5-7) and indirect measurement techniques have to be used. 

The method of choice for the determination of the specific contact resistance in SiC, as 

well as in many semiconductors, is the Transmission Line Model (TLM) [14,15,16]. 

 

(5) 

(7) 

(6) 
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Fig 2.5: Scheme of a tipical TLM structure, the total resistance between two adjacent pads can be 

be determined by a current voltage (I-V) measurement. 

 

 

The test structures for the TLM measurements consist of an array of  identical rectangular 

metallic pads of length L and width Z, formed on an semiconductor mesa of width Z+28, 

at different spacing d, as schematically illustrated in Fig. 2.5 Assuming that «Z, the total 

resistance 𝑅𝑇 between two adjacent pads placed at a distance d depends on both the 

contact resistance 𝑅𝑐 and on the semiconductor sheet resistance 𝑅𝑆𝐻 and is given by: 

                     

Therefore, by current-voltage (I-V) measurements between the pads, the total contact 

resistance 𝑅𝑇  at various pad spacing d can be determined. By reporting 𝑅𝑇 as a function 

of d, a linear plot is obtained, as that shown in  Fig. 2.6, in which the intercept with the y-

axis is 2𝑅𝑐 while that with the x-axis is 2𝐿𝑇.The parameter  𝐿𝑇is the so called transfer 

length defined as the distance from the contact edge at which the current density drops to 

1/e of its original value. 

 

 

 

 

 

 

 

(8) 
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Fig 2.6. Plot of the total resistance RT as a function of the distance between the pads d, from 

which the contact resistance Rc, the sheet resistance RSH and the transfer length LT can be 

determined. 

 

The effective contact area, i.e. the fraction of the geometric area which takes part to the 

current conduction, is given by 𝐴𝐶  = Z𝐿𝑇. The semiconductor sheet resistance 𝑅𝑆𝐻 can 

be extracted by the slope of the linear plot. Once𝐿𝑇 has been determined, by the 𝑅𝑇 vs d 

plot, the specific contact resistance can be obtained using the general expression: 

 

                          

 

 

In some special cases, the specific contact resistance
𝑐
 can be approximated with a simple 

form. For example, for electrically long contacts (L»𝐿𝑇), the specific contact resistance 
𝑐
 

can be determined by the product of the contact resistance times the effective contact area 

as: 

                                             

On the other hand, in the short contact limit (L« 𝐿𝑇), the effective contact area is 

coincident with the geometric area, and 
𝑐
 is simply given by: 

 

 

(9) 

(10) 
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In the general case of alloyed contacts, in which the semiconductor sheet resistance 

immediately below the contact can be different from to its bulk value 𝑅𝑆𝐻, the correct 

value of the transfer length 𝐿𝑇 is not simply given by the x-axis intercept of the 𝑅𝑇 vs 

d/plot but it must be obtained by an additional measurement of end-contact resistance, as 

described in Refs. [12,16]. The previously described procedure is based on the assumption 

of identical contact pad and diffusion layer widths. However, in the practical cases the 

contact width Z is smaller than the mesa width, thus giving rise to lateral current crowding 

effects that reduce the accuracy of the analysis. In fact, when the diffusion layer width is 

wider than the contact width Z, at given 𝑅𝑆𝐻 and 
𝑐
, lateral current crowding produces a 

decrease in the measured total resistance 𝑅𝑇, caused by the outer conductive paths, acting 

like a parallel conductance. Hence, applying the simple one dimensional TLM analysis 

leads to a lower slope (i.e. a lower extracted 𝑅𝑆𝐻) in the plot in Fig. 2.6, thus resulting 

into a higher intercept and an overestimation of the value of 
𝑐
. To take into account these 

parasitic effects, corrective factors can be evaluated using complicated two-dimensional 

models [17]. Practically, lateral current crowding effects can be avoided using the 

Circular Transmission Line Model (c-TLM), an implementation of the TLM in which 

circular structures of different radius are used for the determination of the specific contact 

resistance. The fabrication of this kind of test structures is easier than the linear TLM 

structure. In fact, in the c-TLM structures only one lithography masking level is required 

and no dry etching processes is necessary to define the diffusion layer, as instead occurs 

for the rectangular TLM patterns. However, in the c-TLM an extremely low metal sheet 

resistance is required to obtain a good accuracy of the measurement. A detailed 

description of this technique can be found in Refs. [18,19].  

Another method for measuring the specific contact resistance is the four terminal Kelvin 

method [20]. In a diffused or implanted test structure, a current / is forced between two 

pads (1 and 2) while the voltage is measured between two other pads (3 and 4) (for a 

schematic of a typical Kelvin test structure see Ref. [12]). If a high impedance voltmeter 

is used, a very small current flows between the pads 3 and 4. Then, the potential at the 

pad 4 is the same as that in the semiconductor contact under the contact 3 and the specific  

(11) 
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contact resistance 
𝑐
  can be determined by the voltage drop between the pads 3 and 4 

(𝑉34) and the contact area Ac simply using the relation 

 
𝑐
= 𝑉34𝐼−1𝐴𝑐. This technique is suitable for very low values of specific contact 

resistance (10−7c𝑚2 ) and has found a wide diffusion in the case of ohmic contacts for 

Si. However, since the formation of a diffused or implanted layer may be a difficult 

process for SiC, and the typical values of 
𝑐
 are higher than those obtained for contact on 

Si, the TLM is preferred to the Kelvin method for characterizing ohmic contacts to SiC.                      

 

 

 

2.4   Ohmic contact on n-type 4H-SiC by thermal 

        Annealing 

 
As well known, the formation of ohmic contacts to SiC is typically done by the deposition 

of metals, as for the Schottky barriers, but with subsequent high-temperature annealing. 

Such rapid thermal annealing (RTA) produces  

 

▪ the creation of a tunnel contact, which consists of a thin barrier, obtained by heavy 

doping of the semiconductor, through which carriers can readily tunnel; 

▪ the formation of new compounds which reduces the barrier height and the width 

of the depletion region at the metal-semiconductor interface. 

 

Usually, the metals are deposited on SiC material with a wide range of the doping 

concentration (obtained by epitaxial doping or by ion-implantation) and the common 

processes in the reaction of metals with n-type SiC, can be identified as follows: 

 

 

SiC + metals (Ni or Ti, etc) →  silicides (NixSiy, TiSix, etc) + carbides (TiC) + ternary 

phases (TiCSix) + C (carbide layer precipitate in the case of Ni)  
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The fabrication of ohmic contacts to SiC may be achieved using various metallization 

schemes and for the n-type SiC, typically, Ni has been the most widely used metal for 

Ohmic contact to n-type SiC. For p-type SiC Ti is the most used material, however in this 

thesis work we focused on contact on n-type SiC. 

The Schottky barrier height for Ni/SiC contacts strongly depends on the surface 

preparation prior to metal deposition [21]. Values of q𝜑𝐵 in the range of 1.25-1.29 eV on 

6H-SiC [22] and of 1.40-1.59 eV on 4H-SiC [23] are reported for unannealed Ni. These 

high values of q𝜑𝐵 lead to the formation of Ni/SiC rectifying contacts after deposition. 

Hence, post- deposition annealing processes are required to form ohmic contacts, 

generally at temperatures in the range 900-1000°C.   

After annealing at 600 °C the I-V characteristics, see Fig. 2.7, show a rectifying behavior, 

whereas only after annealing at 950°C an ohmic contact is obtained. The contact 

resistance after annealing at 950°C, determined by the TLM method, was 3.9xl0-5 Ωcm2 

for a doping level of  ND=7.4x1018 cm-3 [24]. 

 

 

        

 

As in the case of Ni contacts on silicon, where silicides form upon annealing already at 

low temperatures (250-400°C) [25]., the interaction between the metal and SiC 

determines the electrical properties of the contact. Therefore, the understanding of the 

structural changes of the Ni/SiC system upon annealing is central to the development of 

reliable contacts. 

Fig,2.7: Current-Voltage (I-V) 

characteristics of Ni/6H-SiC contacts, 

annealed at different temperatures between 

600 and 950°C. Ohmic behaviour is 

observed after rapid thermal annealing 

at 950°C in N2. 
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Pai et al. [26] reported the first structural investigation of annealed Ni films on SiC, 

carried out by combining RBS and XRD measurements. After annealing up to 400°C no 

detectable reaction was observed, while complete reaction of the metal film occurred at 

500°C, with the formation of silicides phases. By chemical analysis one shows that nickel 

becomes mobile above 400°C and then can react with SiC by forming silicides [27] but 

ohmic behavior is observed only at higher temperatures. Therefore, a structural 

characterization of the reacted layer was carried out by acquiring X-ray diffraction spectra 

of the contacts annealed at 600°C (Schottky contact) and 950°C (ohmic contact). The 

XRD spectra, reported in Fig. 2.8, show the presence of the two silicide phases (Ni31Si12 

and Ni2Si) at 600°C. On the other hand, after annealing at 950°C Ni2Si is the only 

observed phase. Ohdomari et al. [28] investigated the Ni/SiC interfacial reaction, with 

particular attention to the role of carbon during silicide formation. Auger spectroscopy 

indicate that elementary carbon, i.e.graphitic carbon, was present in the film and no 

carbides were formed. Moreover, from XRD analysis, the formation of polycrystalline 

Ni2Si after annealing at 600°C was confirmed, even though the nickel rich phase 

(Ni31Si12) was not detected. 

 

 
 

Ni/SiC interfaces were also studied by Hochst et al.,[29] who observed the initial 

formation of NiSi after deposition at room temperature of a thin Ni overlayer on SiC 

(100). The system maintained the stability up to 600°C, and the formation of Ni2Si was 

detected above this temperature. By thermodynamic considerations, i.e. from an  

Fig. 2.8: XRD spectra of Ni/6H-SiC 

contacts after annealing at 600°C and at 

950°C. At 600°C the coexhistence of two 

silicides phases (Ni31Si12 and Ni2Si) occurs, 

at 950°C only the Ni2Si phase is present. 
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estimation of the free energy changes at the reaction temperature, the authors concluded 

that Ni-carbide (Ni3C) is unlikely to form because it requires an input of heat, since the 

reaction enthalpy is positive (25 kcal/mol). Indeed, in the interaction Ni/SiC, the silicide 

phase Ni31Si12 is the first to be formed because the reaction is characterized by the largest 

negative enthalpy change [30], while thereafter the formation of Ni2Si becomes 

thermodynamically favourable. 

The reaction of thin Ni films was observed at lower temperatures, already at around 

300°C, by Slijkerman et al.,[31] who also observed that all the carbon released during 

reaction accumulated on the sample surface as a continuos graphite layer. Other works on 

the structural characterization of the interfacial reaction of Ni with amorphous SiC also 

reported the first signs of reaction at around 300°C. [32-33] 

As can be deduced from the aforementioned literature data, there is no good agreement 

on the onset temperature for reaction between Ni and SiC, on the sequence of phase 

formation and on the redistribution of carbon in the reacted layer. 

The first quantitative electrical data on the specific contact resistance of nickel silicide 

ohmic contacts to n-type SiC were reported by Crofton et al. [34] who measured values 

of  
𝑐
<5xl0-6 Ωcm2, in Ni2Si contacts formed by rapid annealing in vacuum at 950°C.  

The mechanism of ohmic contact formation in the nickel silicide/SiC system represents 

one of the most interesting topics concerning the physics of ohmic contacts to n-type SiC 

and was widely discussed [31-34].  

Many models were proposed to explain the Schottky to ohmic transition and there are 

different explanations in the literature concerning the mechanisms of ohmic contact 

formation.  

A possible reason of the formation of ohmic contacts could be a reduction of the silicide's 

Schottky barrier height during annealing. Indeed, Han and Lee [35] found that the 

effective Schottky barrier height of nickel silicides contacts on lightly doped 4H-SiC 

increased from 1.55 to 1.81 eV after annealing at 600°C, but again decreased to 1.25 eV 

after annealing at 800°C. They pointed out that the atomic composition of Si in nickel 

silicides at the interface increased with increasing annealing temperature and then that the 

silicidation process occurs through the outdiffusion of Si, with an increase of the Schottky 

barrier height. However, the temperature of 900°C for ohmic contact formation is higher 

than the onset temperature for silicide formation (about 600°C). 
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Hence, an excess of C atoms outdiffuse towards the surface of contact layer even after 

silicidation is complete, thus leaving C vacancies (Vc) below the contact. These Vc act 

as donors for electrons, determining an increase in net electron concentration and leading 

to the formation of the ohmic contact through the reduction of depletion layer width. [35] 

Conversely, Calcagno et al. [36] reported the distributions of the Schottky barrier heights 

for a set of several Ni/6H-SiC diodes, after deposition and after annealing between 600°C 

and 950°C. From these data an increase of  

q𝜑𝐵 from 1.25 eV to 1.40 eV was observed, that cannot explain the Schottky to ohmic 

transition in the nickel silicide/SiC system. 

Accordingly, Roccaforte et al. [38] also reported a value of barrier height of 1.42 eV for 

Ni2Si/6H-SiC Schottky diodes formed under similar annealing conditions at 950°C. 

Moreover, from capacitance voltage (C-V) measurements no change in the 

uncompensated donor concentration of the substrate was observed.[36] 

Furthermore, the presence of carbon vacancies in the SiC substrate suggested by Han and 

Lee [35] which should introduce a level at 0.5 eV below the conduction band edge, was 

not experimentally revealed by deep level transient spectroscopy.[36] 

More recently, La Via et al. [37] observed that a deviation from the ideal behavior in the 

forward I-V characteristics of Ni2Si/SiC contacts occurs in the diodes annealed at 950°C. 

This behavior, which is also accompanied by a strong increase of the leakage current 

under reverse bias, is characteristic of the presence of interface state defects, i.e. of the 

formation of an inhomogenous Schottky barrier [38]. The formation an inhomogeneous 

Schottky barrier, characterized by the presence of low barrier regions  

embedded in a uniform Ni2Si background, may explain the ohmic behavior. In fact, in the 

presence of inhomogeneities through the nickel silicide/SiC interface, the current will 

preferentially flow throughout the low barrier regions [39], thus determining the ohmic 

properties of the contact. The presence of inhomogeneites of the barrier can be attributed 

to the complicated silicidation process and/or to the presence of fabrication-induced 

defects or residual oxide in the contact area. 
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Chapter 3 

Ohmic contact on SiC by laser processes  

 

3.1 Introduction  

 

As mentioned in chapter 1, thinning the substrate allows reducing the resistive 

contribution down and therefore the wafer grinding step has become mandatory in SiC 

technology to minimize the total device RON. 

From this point of view, laser annealing represents an alternative valid solution for 

achieving the silicidation with a limited heat transfer. Moreover, the use of laser annealing 

in back Ohmic contact formation enables the possibility to complete the device front side 

first, and then to process the back-side contact without detrimental effects for the Schottky 

barrier and without limitation on the thinning of the wafers. 

In this chapter, one recalls some aspects on the formation of Ohmic contacts to SiC 

thinned substrate using laser annealing (LA) processes, suitable both for diode and 

MOSFET technology [1]. Moreover, the specific code used for the simulation of crystal 

phase and thermal budget will be introduced [2].  

 

 

       3.2   Laser annealing and SiC:  a brief review  

Laser annealing (LA), with highly uniform beams in space (over ∼cm2 areas) and 

nanosecond range pulses, is the reference annealing technique in micro- and nano- 

electronics when strongly confined heating is needed in the processes flow [3-9]. The 

key-features of this process are: 

 

(a) the low in-depth thermal diffusion; 

(b) the huge temperature gradient and rate;  

(c) the possibility to melt localized zones with a nanometer resolution.      

Thanks to these particular characteristics, laser annealing is nowadays widely applied as 

a post-fabrication annealing step to activate isolated doped regions (e.g. back junctions) 

with a null or strongly reduced heating of the other zones of the devices [10, 11]. 
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Table I summarizes the laser types and their applications for SiC processing. 

 

         

          

                                           Table I: Laser processing applications of SiC. 

      

 

Before discussing in more details the previous points (a,b), it is useful to recall the 

structure of the contact formed by laser annealing compared to RTA annealed contacts 

[12]. 
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Fig.3.1: XRD pattern of the back-side layer after laser treatment (black line): Ni 100 nm after 4.7 

J/cm2compared with a reference sample (RTA): (green line) grazing incidence profile;(red line) 

2theta-omega profile. The labelled peak positions in blue identify the 

orthorhombic Ni2Si phase [12]. 

 

 

The XRD pattern (see Fig 3.1) shows the formation of Ni2Si for both samples (LA and 

RTA treatments) and the large full width at half maximum of the peaks (compared to the 

reference case-RTA sample), produces the peaks overlap and marks the presence of a 

fine-grained material as reaction product.  

From the morphological point of view, SEM and TEM have been perfomed for LA 

sample, see Figs 3.2-3.3.  
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SEM in plan view (Fig.3.2) shows the covered and uncovered Ni regions. The Ni islands 

observed, composed of nickel silicide in a Ni2Si crystal phases, are mixed with random 

distributed spherical carbon clusters. Moreover, a continuous layer of C cluster has also 

been detected at the interface with SiC, as typically seen in standard RTA Ni-based 

contacts. On the other side, structure and chemical distribution of the uncovered areas 

turn out to be more complex and unexpected. 

By TEM investigation, Fig 3.3, one observes a 350 nm thick defective region, composed 

of three different layer: a 10 nm continuous layer on the surface: (1), an intricate network 

of crystal grains and spherical clusters in the middle (2) and a (3) crystalline SiC layer 

with a high density of fault in the stacking sequence. 

The composition of the first two layers in the uncovered area were detected by using 

scanning TEM configuration and electron energy loss (EEL) spectrum image acquisition. 

Thanks to the parallel acquisition, point by point, of the high angle annular dark field 

image (HAADF) and EEL spectrum, the two dimension chemical maps of the elements 

present in the marked area have been obtained, see Fig.3.3b. Three different elemental 

maps (carbon, silicon and nickel) have been extracted and over imposed in the RGB 

image showed in Fig. 3.3d to recognize carbon accumulation on the surface (green 

continuous layer), pure silicon grains (blue) and pure carbon sphere (green) enveloped by 

a network containing nickel (violet). 

 

 

 

 

Fig.3.2: SEM in plan view of the back-side layer after 100 

nm Ni sputtering and 310 nm laser treatment at an energy 

density of 4.7 J/cm2. 
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Fig. 3.4 shows a schematic of the C-AFM experimental setup employed for high 

resolution mapping of current injection through the LA Ni back-contact. A representative 

morphology and the corresponding current map acquired on a large scan area (50 μm × 

50 μm) are reported in Fig. 3.4b and 3.4c, respectively. 

By comparing the morphological and electrical maps, one notes that the injected current 

levels in the uncovered regions are similar to those measured on the Ni covered islands 

and this interesting observation clarifies that the total current density flows through the 

device, independently on the elemental distribution. 

Furthermore, it indicates that the Ohmic behavior of the LA back contact is guaranteed 

by the thermal reaction needed to form the Nickel Silicide rather than the Ni2Si itself. 

 

 

 

 

 

 

 

Fig. 3.3: TEM images of the laser treated Ni/SiC  

interface, which leads to uncovered area (a-1) and 

Ni agglomeration (a-2). Three different layers in 

the uncovered regions are identified (b-1, b-2, b-

3). HAADF STEM image (c) together with map 

of elements (d), of the marked area in fig b. 
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Fig.3.4: Schematic of C-AFM probe (a). Morphology map (b, d) and current map 

(c, e). 

 

 

Finally, Fig.3.5 shows the I-V characteristic at 175 °C of the SiC JBS diodes processed 

with laser annealing (110 μm thick) in comparison with that ones obtained by standard 

RTA process (180 μm thick). Despite of the better electrical behavior observed in the case 

of contacts processed by standard RTA treatments (see Fig. 3.6) the benefit on the 

reduction of the substrate resistive contribution is clearly visible. Then, the gain in the 

forward voltage drop VF at high current level represents indirectly the benefit in terms of 

surge current ruggedness of diodes on thinned substrate. 
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Fig.3.5: Forward I-V characteristic at 175 °C of 650 V SiC JBS diodes with different substrate 

thickness (110 μm vs 180 μm) and back-side contact process (Laser annealing vs RTA). 

 

 

 
Fig.3.6:I-V curves acquired on adjacent TLM patterns of Ni-based Ohmic contacts formed by 

standard RTA (1000 °C) and Laser annealing processes (at an energy density of 4.7 J/cm2). 
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The formation of ohmic contact can be performed by NiSi deposition on 4H-SiC also. In 

this contest, a main difference is the size of the carbon clusters, which are formed as a 

consequence of the SiC consumption during the reaction with the excess Ni in the 

deposited NiSi layer. In case of laser annealing the carbon is very fine dispersed in the 

resulting NiSi matrix (Fig.3.7a), whereas the traditional annealing process causes quite 

large C clusters to be formed (Fig. 3.7b).  

As large carbon clusters always bear the risk of contact metal delamination (peeling) due 

to weak adhesion within the graphitic structure of the carbon clusters, the finer grained 

structure leads to a better integrity of the contact metal stack. 

As on the other hand the C clusters are also needed for the formation of a low ohmic 

contact to n-SiC [13] a well distributed network of very small clusters is a good 

precondition for a homogenous current flow through the contact area. 

 

 

                                          
 

Fig 3.7: a) TEM picture of the backside metal stack with laser annealed NiSi layer (150 ns, 3.8 

J/cm²). Spherical C-Clusters with a typical diameter of 20-40 nm are visible at the     

SiC interface. 

b) TEM picture of a backside metal stack with RTP annealed NiSi layer (90s, 980°C). Large     

longitudinal C-clusters are visible at the SiC interface. 
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Coming back to the initial aspects (a-b), the heat flow into the material is determined by 

the thermal penetration length Le, which is defined by  

                                                  

 

where D is the material thermal diffusivity and τρ is the laser pulse width. 

From this it is evident that the thermal penetration length of nanosecond lasers should be 

orders of magnitude higher than that of the femtosecond and even picoseconds lasers. 

Detailed modeling has been employed using a modified heat diffusion equation 2 and the 

Beer–Lambert equation 

                                

                                           
 

                                  
 

 

where T is the absolute temperature, t is the time, ρ is the density, Cp is the specific heat, 

k is the thermal conductivity, Io is the laser intensity at the surface, R is the surface 

reflectivity, α is the optical absorption, z is the depth below surface, and Iz,t is the laser 

intensity at a depth z below the surface. Equations 2 and 3 are commonly used for pulsed 

excimer laser annealing, [14-16] but have also been used to model heating during dopant 

incorporation [17]. Ultraviolet (UV) excimer lasers are useful for annealing SiC surfaces 

disordered by ion implantation since the optical absorption of amorphous SiC and 

crystalline SiC is on the same order of magnitude. Table II summarizes the optical 

absorption of crystalline and amorphous SiC for the excimer laser family. 

 

 

            

 

 

(1) 

(2) 

(3) 
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                                     Table II: Optical absorption for excimer laser wavelengths. 

 

 

The laser irradiation model and heating have been used to optimize laser parameters that 

reach the melting temperature of 4H-SiC and 6H-SiC [14] substrates for annealing. 

In this respect, the energy absorbed by a contact depends mostly on the thickness and the 

optical properties of the deposited metal layers. In some cases, the top metal layer highly 

reflects the laser beam. Then, finding an optimal top layer can be crucial in order to 

maximize absorption and reach a sufficient interface temperature to form the expected 

ohmic Metal(M)/Si/C phases. As a result, the temperature reached at the M/SiC interface 

might not be sufficient to form these phases mandatory to achieve a good ohmic 

behaviour. For this reason, finding a top layer, with good laser light absorption, is crucial. 

In these conditions, by UV wavelength and the very short pulse laser, the heat is localized 

at the wafer top surface reaching very high surface temperature, for ultra-thin wafers also, 

thus for a short timing and keeping the opposite surface close to room temperature.  

The surface temperature is indirectly controlled by the laser energy density (ED) per 

pulse. In Figure 3.8a the simulated temperature profile as a function of the wafer depth 

(at the end of the laser pulse) and the corresponding time evolution (Figure 3.8b) is 

presented for different laser annealing conditions. 
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Fig. 3.8: Temperature profile in 4H-SiC, just after the laser pulse (2.5 J.cm-2) as a function of 

the metallization layer. Metal thicknesses are 20 nm (a) and 100 nm (b). 

 

 

      3.3 Laser annealing and SiC: simulations 

 

The application of LA in electronic devices is hindered by the difficulties in the process 

control. Indeed, pulsed laser processes activate a complex ultrafast material evolution 

characterized by different stages and kinetic pathways when process parameters vary. As 

a consequence, the final result of this evolution can be experimentally studied, whereas 

the time dependent details are beyond the experimental analysis. 

In order to gain a complete scenario, software packages of the LA process able to 

effectively simulate the process effects in complex 2D and 3D electronic device 

geometries have been proposed [2]. 

In particular, the simulations reported in chapter 4 are based on the LIAB (LASSE 

Innovation Application Booster) package, which is implemented by Finite Element 

Method solution of partial differential equations and unifies in a single framework several 

literature models and some original formulations. The main features of the LIAB package, 

with a large range of possible applications, are: 
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• Versatile Graphical User Interface for the structure design, the material assignment and 

the simulation analysis; 

• Multiple materials calibration (optical and thermal properties, mass transport) as a 

function of T and phases [18]; 

 • Efficient coupling with Electromagnetic Simulations for the self-consistent source 

estimate (i.e. power dissipation) in nano-structured topographies;  

• Experimental validation in nano-structured samples;  

• Multiple-dopant models simulating dopant redistribution, including dif fusion solubility 

and segregation [19];  

 • Alloy model e.g. SiGe (where the melting point depends on the alloy fraction) [20]; 

 • multiple phase models (e.g. amorphous, liquid, crystal) [21]. 

In this thesis (Chapter 4) the LIAB package will be applied to wafers sample of Ni on SiC 

to study the time dependent phase evolution and temperature profile. 

More precisely, the evolution framework derived from the simulations can be 

qualitatively separated in three main regimes: sub-melting, partial- melting, full-melting 

characterized by the following different features [22]:  

a) a sub-melting regime, i.e. the low fluence range, where the systems remain solid during 

the whole heating/cooling cycle and the main phenomena (both boosted by the 

temperature increase) are the intermixing, which starts at the Ni/4H-SiC interface, and 

the subsequent early and limited silicide formations, if the Si density is above solid 

solubility threshold [22], 

 b) a partial melting regime where a limited region of the Ni-rich layer melts, whilst the 

rest of the layer remains solid, after an initial intermixing and silicide formation due to 

the temperature increases. During the processes, the solid portion follows an evolution 

similar to the sub-melting case whereas the molten region deviates from that evolution in 

the melting transient stage, as discussed later on. In all the investigated cases, the molten 

phase is almost ideal liquid Ni-Si-C alloy with the eventual co-presence of solid carbon 

(C-cluster). Consequently, during the melting stage silicide compounds, formed during 

the heating (see case a), locally release Si and Ni in the monomer forms. The intermixing 

of the molten region is very strong due to the high diffusivity of the monomer species in 

the liquid. After solidification, while the temperature is still high, the formation of silicide  
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restarts, but the intermixed state is completely different from the one achieved in the solid 

portion.  

c) In the full melting regime (higher fluences) the whole Ni-rich layer melts (from the 

surface to the 4H-SiC substrate). The evolution in the previous item for the molten region 

extends with similar characteristics to the whole Ni-rich film. 
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Chapter 4 

 

Silicidation with pulsed-laser annealing:      

experimental results  
 

 

 

 

As mentioned in chapter 2, for the n-type SiC, annealed Ni-films are commonly used to 

form nickel silicide.  The standard silicidation process (RTA) represents today a 

technological bottleneck, due to the complexity of the process flow integration that 

requires multiple flip over of the wafers and to the reliability of back-side layer due to the 

exposition to the remaining steps in the flow. 

In this context, the introduction of wafer grinding, to reduce the resistive contribution of 

the substrate, brings great advantage in terms of device power dissipation.  

Laser annealing represents a valid technological solution for the formation of Ohmic 

contacts based on Ni on SiC for its suitable depth of penetration and the consequent 

localized annealing. 

For the analyses included in this thesis, Nickel films, 100 nm thick, have been sputtered  

on the back-side of heavily doped 110 μm 4H-SiC thinned substrates after mechanical  

grinding.  

Then, to achieve Ohmic behavior, the metal films have been irradiated with an UV 

excimer laser with a wavelength of 310 nm, with different energies per pulse and with  

multiple pulses. 

Morphological and structural properties of the reaction products have been characterized 

by means of SEM (Scanning Electron Microscopy), XRD (X-ray Diffraction), TEM 

(Transmission Electron Microscopy) and RBS (Rutherford Backscattering Spectroscopy) 

which has low sensitivity but turns out to be useful to determine the thickness and the 

stoichiometry of the reacted Ni layer. 

Finally, RBS and laser process simulations have been performed in order to predict 

respectively the stoichiometry of the reacted layer and the temperature evolution and the 

material modifications during irradiation. 
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       4.1 Experimental methods 

 

The backside contacts have been made on highly doped n -type 4H-SiC substrates, 

thinned down to 110 μm by mechanical grinding. Ni layers 100 nm-thick have been 

deposited on grinded SiC surface by DC sputtering in Ar ambient at a base pressure of 1 

× 10 − 3 mbar. Since the silicide reaction can be very sensitive to impurities at the interface 

between Ni and substrate [1,2,3], an in-situ sputter etching step preceded Ni deposition 

in order to ensure a proper interface cleaning. 

The Ni surfaces have been then irradiated under nitrogen atmosphere by an excimer laser  

at single, double and triple pulse with a duration of 160 ns, wavelength of 308 nm and  

using several energy densities (fluences φ) in the range between 1.8 and 3.8 J/cm2. The  

spot size is 10 mm x 10 mm.  

Structure and composition of the silicide contacts have been studied by XRD analysis, by  

a Bruker AXS D8 DISCOVER diffractometer working with a Cu-K source and a thin  

attachment; by TEM coupled with EDX, using a JEOL-JEM microscope working at 200  

keV; by RBS with He2+ source and energy of 2 MeV. 

The LIAB computation tool (see [2] Chap.3 for the detailed presentation of the approach)  

has been used for the laser annealing simulation. 

The electrical characterization has been performed by using a KLA-Tencor OmniMap  

RS75 for Four Point Probe measurements, a semiconductor device parameter analyzer   

(Agilent B1500A) and a high-power curve tracer (Sony Tektronix 371A). 

         In the following paragraphs the results obtained for the different laser characteristics (see  

table I) will be discussed, starting from the deposited sample and then proceeding with  

Ni/SiC annealed samples.  

 

 

  

                 

 

                                      Table 1: Different laser conditions for Ni/SiC samples. 

 

 

Pulse Energy densities (J/cm2) 

1X-2X-3X 1.8 

1X-2X-3X 2.4 

1X 3.2 

1X-2X-3X 3.8 
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4.2  Results  

4.2.1 Compositional and structural characterization  

 

• As deposited Ni/SiC:  RBS analysis 

RBS characterization of Ni/SiC deposited was perfomed in order to controll the 

thickness of Ni deposited on SiC surface.  

 

                                                         

                                                                                                                                 

                                                                                              

 

                          
 

 

               

 

 

 
 

Fig 1: RBS spectrum (black line) combined with RUMP simulation (red- 

line) for Ni/SiC as deposited. 

 

Layer Composition (%) Thickness (1015) 

1 Ni 100 1066 at/ cm2 

2 Si 50.0 C 50.0 20000 A 
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The RBS simulation of the experimental data (see Fig.1) shows a Ni thickness deposited 

on back-side SiC about 120 nm, evaluated by considering the density of Ni of 0.91x1023 

at/cm3 (calculated by structural considerations). 

 

 

• Ni/SiC after 1X 1.8 J/cm2 

I) Compositional characterization: RBS analysis 

 

RBS characterization of the LA treated Ni films have been performed (red line) and in 

Fig.2 is reported the comparison with previous Ni/SiC-as deposited sample (black line), 

showing no difference. This result is in agreement with the RBS spectrum obtained by 

simulations (see Fig. 2 green line and table) where there is no difference in thickness of 

the reacted layer and silicides stoichiometry:  the spectra Ni/Si as-deposited and Ni/SiC 

after treatment are perfectly superimposable, as expected due to low energy to activate 

the reaction. 

 

            
 

Fig.2: RBS spectra for Ni/SiC as-deposited (black line), Ni/SiC after 1X1.8J/cm2 (red line) and  

Rump simulation (green line). 

  

 

 

 

 

 

Layer Composition (%) Thickness (1015) 

1 Ni 100 1066 at/ cm2 

2 Si 50.0 C 50.0 20000 A 
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Similar results are obtained for 2X and 3X 1.8 J/cm2 samples as reported in Fig.3, where 

the various spectra are shown. As sake of completeness, the simulation of the temperature 

on depth is depicted in Fig.4, in which the maximum temperature on surface turns out to 

be ≈1200 K(see Fig.4a) and it reaches room temperature at a depth of about 10 m 

(Fig.4b). 

 

                                             

    

                   Fig 3: RBS spectra for Ni/SiC samples after 1X-2X-3X at 1.8 J/cm2 . 

 

                                                     
Fig.4: a) Temperature as a function of depth, b) temperature profile considering a depth of 100 

m. 
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Based on the RBS results and T simulations, one expects no activation of the reaction 

between Ni and Si at multiple pulses also.  For this reason the other characterizations have 

not been applied. 

                         

• Ni/SiC after 1X 2.4 J/cm2 

I) Morphological and compositional characterization: TEM and EDX analysis 

The morphology and the local structure of the Ni/SiC after irradiation with 1 shot laser 

at 2.4 J/cm2 is performed by TEM analyses. 

After LA process an increase of 22 nm in the layer thickness is observed by TEM. This 

layer is made of big grains and defects such as inclusions and twins. The reacted layer 

is shown in Fig 5a-b. 

 

                         
 
Fig.5: Cross-sectional TEM imagines (a)in bright field and (b) dark field of the Ni/SiC annealed 

1 shot at  2.4 J/cm2 c) Magnification of the red panel in Fig.5a d) SAED image take on the topmost 

cubic layer having [111] twins rotation (rotation by 180 ° around the twin axis). 
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The TEM imagine in dark field (see Fig. 5b), shows the presence of C-clusters at 5-7 nm 

away from the 4H-SiC substrate and a few small C-clusters can be rarely found up to 20 

nm. The magnification of the red panel of Fig.5a, in Fig.5c, detects a difference of the 

morphology between the layer at the interface with 4H-SiC (10-20nm-thick) and the 

remaining Ni layer. In particular, the presence of twinned defects extending up to the 

interfacial layer is clearly visible and tipical diffraction patterns with spots arranged in a  

cubic structure as in the Ni lattice, see Fig.5d, in which is reported Selected Area Electron 

Diffraction (SAED).           

STEM assisted by EDX analyses is applied in order to obtain the local chemical spatial  

distribution for each species of interest, i.e. Ni, Si, and C.  

The Fig.6 shows EDX spectrum of the light blue panel in the STEM image in inset. 

 

 

                                      

                       Fig.6: EDX spectrum of the light blue panel in the STEM image in inset. 

 

The quantitative analysis gives a ratio Ni:Si ≈3:1 and then the silicides phase formed in 

the interfacial layer with 4H-SiC substrate is Ni3Si, that is a cubic phase. 

Fig.7 shows more details related to chemical composition in the remnant of the Ni layer. 
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             Fig7: EDX atomin distribution profile in the region inside the yellow panel in Fig.5a  and 

inset of Fig.6. 

 

In order to obtain the atomic distribution profile of the species of interest (Ni, Si, C), 

STEM analysis probed a region 100 nm thick, as indicated in the selected yellow area 

in Fig 5.a and insert Fig.6. Thus, a first layer (10-20 nm) has been found with 

composition in agreement with what observed in the Fig.6 and moreover, the atomic 

concentration of Si gradually decreases while approaching the sample surface. 

Fig.8 shows the trend of the Ni:Si ratio on along the layer thickness: a growing pattern 

of the Ni:Si is presented with a value 3:1 in proximity of the interface, whilst the Ni:Si 

ratio progressively increases in going toward the surface, describing a Ni matrix with Si 

diffused inside. 

 

                                         

                         Fig.8: Ni:Si ratio profile from the interface with 4H-SiC through entire layer 
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II) Structural characterization: XRD analyses 

XRD analyses are perfomed in different scan configurations, symmetric and grazing 

incidence, in order to get structural information before (black line) and after (red line) 

LA.  

Figs.9a-b show the acquisition in symmetric configuration and related rocking curve and 

indicate that the reference sample is highly textured along the [111] direction of the face- 

centered-cubic Ni structure.  

After one pulse of laser at 2.4 J/cm2, the material maintains the same preferential 

orientation along the [111] direction even if the main (111) peak is larger than in the 

reference sample (see Fig.10). 

 

                    
          

Fig. 9: (a) Normalized XRD patterns in symmetric configuration of the Ni sample laser annealed 

with one pulse at 2.4 J/cm2 for 160 ns (black line) and in as deposited condition (red line). (b) 

normalized Rocking curves of the treated vs the untreated sample. 

 

          

Fig.10: Magnification and deconvolution contributions in the range around the main (111) peak. 
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As shown in Fig.10, this broadening is asymmetric toward lower 2θ values, and this is 

accounted by the presence of a second peak at 2θ=44.266°.  

The extra peak in Fig. 10 is attribuited to Si diffusion into Ni matrix that increases the d-

spacing (d= interplanar distance). Moreover, the size of domains with high 

crystallographic order (crystallite size) associated to this Ni-Si alloy is smaller than that 

one extracted by the Ni peak (21nm), showing a structural change of the starting 

metalization layer. The ratio between the areas under the Ni and Ni + Si peaks depicted, 

provided a qualitative comparison between the two materials, although the difference 

arising from the scattering factors (likely lower in the mixed phase) was not considered.  

Rockin curve, see Fig.9-b gives information on the spread of the main growth axis. It is 

possible to estimate a higher Full Width at Half Maximum (FWHM) for sample annealed 

with respect to the reference one (the peak is also less intense) to verify if the sample has 

partially lost its starting structural order.         

XRD analysis in grazing incident configuration, see Fig.11, shows two main peaks (111) 

and (200) for annealed sample respect to reference sample, because the reference Ni layer 

is textured with preferential (111) growth planes. 

The magnification of this image in the range 41-53 deg (Fig.12), evidences that those 

contributions in the laser treated sample are due to the formation of a cubic β-Ni3Si phase, 

in full agreement with the previous EDX data.  

 

 

 

Fig.11: XRD patterns in grazing incidence configuration of the layer annealed at 2.4 J/cm2 (black 

line) and in as deposited condition (red line). 
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Fig.12: Magnification and deconvoluted contibutions of the treated sample in the range around 

main (111) and (200) peaks acquired in grazing incidence configuration. 

 

 

III) Compositional characterization: RBS analysis 

According with EDX and XRD data, the RBS spectrum and the corresponding simulation 

indicate that, at the present energy, a layer, of Ni3Si stoichiometry at interface Ni/SiC has 

been formed, followed by a compound of Ni and Si atoms, see Fig. 13 and corresponding 

table. 

 

                         

          
  
 

               Fig.13: RBS spectrum of Ni/SiC after 1X2.4J/cm2 (black line) and simulation (red-line). 

 

Layer Composition (%) Thickness (1015) 

1 Ni 93.26 Si 1.76 C 4.97 810 at/ cm2 

2 Ni 77.44 Si 4.50 C18.05 230 at/ cm2 

3 Ni 55.65 Si 15.65 C 28.69        110 at/ cm2  

4 Si 50.0 C 50.0 20000 A 
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          Similar results are obtained by increasing the shot number (2X-3X pulses) at 2.4J/cm2. 

 

IV) Phase field and T simulation 

The Tmax turns out to be 1628 K, with an increase of about 40% with respect to the 

previous simulation at 1.8 J/cm2 and it has an analogous depth dependence. 

One observes the formation of different silicides at the interface, with a more Ni-riched 

phase, Ni3Si, and minor Ni2Si and Ni31Si12 structures, see Fig 14 a. In Fig.14b the 

simulation of C-clusters distribution is reported showing the presence of C clusters mainly 

at the Ni/SiC interfacial with a very low concentration. 

The similar behaviour observed for 1X-2X-3X at 2.4 J/cm2 suggests that the increase of 

energy density could affects the silicide formation.  

 

 

                                                        

                

  Fig.14: a) simulated phase at interface; b) C cluster distribution simulation as a function of depth.  
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• Ni/SiC after 1X 3.2 J/cm2 

I) Morphological and compositional characterization: TEM and EDX 

analysis 

The morphology and the local structure of the Ni/SiC after irradiation with 1 shot laser 

at 3.2 J/cm2 (TEM) shows a further increment of the interfacial layer thickness compared 

with the previous case (22 nm at 2.4 J/cm2 vs 48 nm at 3.2 J/cm2) after LA. 

However, the uppermost part of the layer maintains the same morphological properties, 

i.e., big grains with defects such as inclusion and twins (see Fig.15-a). 

 

                               

Fig15: Cross-sectional TEM imagines (a)in bright field (b) dark field of the Ni/SiC annealed 1 

shot at 3.2 J/cm2 c) Magnification of the red panel and d) SAED image taken at interfacial layer 

that testifies silicide in a not cubic phase. 
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The C- Clusters, increased in number and size, are confined   within first 5-7 nm from the  

 substrate even if some C-clusters are found up to 50 nm from the interface. 

More details on the morphologicall difference between the layer at the interface and the  

substrate are reported in Fig.15c. Twin defects extend up to the border on the interfacial 

layer as shown in Fig.15-c and the diffraction patterns is referable to a cubic and 

hexagonal lattices, see Fig. 15-d. 

Fig.16 gives the EDX spectrum related to the selected light blue area of Fig.15a (7 nm 

thick at the interface) of the STEM image reported as inset. 

 

                                    

                       Fig.16: EDX spectrum of the light blue panel in the STEM image in inset. 

 

                                         

Fig.17: EDX atomin distribution profile in the region inside the yellow panel in Fig.15-a and 

inset of Fig.16. 

 



 

4- Experimental method: Silicidation with pulsed-laser annealing method                           72 

 

The chemical compositions in the Ni layer, Fig.17, indicate a silicide layer at the interface 

of about 30-40 nm, in agreement with the thickness observed in Fig.15c.  Also in this 

setting the atomic concentration of Si gradually decreases toward the surface with a Ni:Si 

trend  that is shown in Fig.18 but with a reduces slope with respect to the energy shot at  

2.4 J/cm2, implying a more diffused  Si in the pristine nickel layer. 

  

                                            

                         Fig.18: Ni:Si ratio profile from the interface with 4H-SiC through entire layer 

 

 

 

 

 

I) Structural characterization: XRD analyses 

XRD data are reported in Figs.19 a-b where the green line is referred to sample after one 

pulse at 3.2 J/cm2 while black line is the reference sample. 
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The annealed sample maintains the texturing along the [111] direction (see Fig.19a-b)     

and the main (111) peak associated to nickel is also broader (and less intense) compared 

to the reference case and narrower than the sample treated at 2.4 J/cm2, as described by 

the corresponding FWHM values: FWHM (ref)= 0.325, FWHM (2.4J/cm
2

) = 0.385 and 

FWHM (3.2 J/cm
2

) = 0.332 (see Fig.20). The reduction of this parameter for the sample 

annealed at 3.2 J/cm2 represents an improvement of the lattice order that could be due to 

the increased temperature during laser treatment. 

 

 

 

 

 

 

 

Fig.19:  a) Normalized XRD patterns in symmetric configuration of the Ni sample laser annealed 

with one pulse at 3.2 J/cm2 for 160 ns (green line) and in as deposited condition. (black line).  b) 

Normalized Rocking curves of the treated vs the untreated sample. 
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Fig.20: Magnification and deconvolution contributions in the range around the main (111) peak. 

 

Also in this case, the peak is asymmetric with a second left-side component due to Ni+Si 

alloy. The relative area of this additional component with respect to the nickel peak is less 

than in the sample at 2.4 J/cm2. 

 

 

                                

Fig.21: XRD patterns in grazing incidence configuration of the layer annealed at 3.2 J/cm2 

(green line) and in as deposited condition (black line). 
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The grazing incidence configuration by XRD analysis are reported in Fig.21 where two 

main peaks are slightly left shifted with respect to the reference sample, (see Fig.22) and 

this signature is associated to the formation of the silicide phase such as the hexagonal β-

Ni31Si12.  

The main component under the peak at 2θ=44.55° is due to a Ni+ Si alloy, other main 

deconvolution results are attribuited to γ Ni31Si12 at 2θ=43.984°, pure nichel at 

2θ=44.588° and β-Ni3Si at 2θ= 44.802°. It has to be further noticed that the peak at 2θ 

51.8° is also a convolution of different contributions, including two of the more Si-rich 

γ-Ni31Si12 phases. 

 

 

                         

Fig.22: Magnification and deconvoluted contibutions of the treated sample in the range around 

main (111) and (200) peaks acquired in grazing incidence configuration. 

 

 

Comparison with 2.4 J/cm2 case implies that the raising of fluence moves the reacted 

phases towards more Si-rich-silicides. 
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II) Compositional characterization: RBS analysis 

 

RBS data and the numerical simulation detect a Ni-riched interfacial layer in agreement 

with EDX and XRD observations, with a stoichiometry ≈ Ni3Si, (see Fig.23 and related 

table). 

 

      

                           

 

 

 

       

 

 

 

                                    Fig.23: RBS anlysis for annealed sample at 3.2 J/cm2 

 

 

 

 

Layer Composition (%) Thickness (1015) 

1      Ni 93.63 Si 1.92 C 5.45 410 at/ cm2 

2 Ni 84.09 Si 4.62 C11.28 668 at/ cm2 

3 Ni 46.01 Si 14.41 C 39.57           180 at/ cm2  

4 Si 50.0 C 50.0 20000 A 
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III) Phase field and T simulation 

The Tmax is about 1990 K and the phase structures consist mainly of Ni3Si with minor 

contributions of Ni31Si12 and other less relevant phases, as reported in Fig24-a. The C 

cluster density observed at interface is about 6 times larger than the corresponding result 

at 1X2.4 J/cm2 (Fig.24-b). 

 

                          

Fig.24: a) simulated phase at interface; b) C cluster density simultion as a function of depth.  

 

 

The experimental results for the samples at 2X and 3X are expected to be intermediate 

between 1X and 1X 3.8 J/cm2, which is the more interesting energy density to be 

analyzed.   
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• Ni/SiC after 1X 3.8 J/cm2 

I) Morphological and compositional characterization: TEM and EDX analysis 

An increment of reacted layer thickness of 67 nm is observed for a 1X 3.8 J/cm2   pulse, 

with big grains and defects (inclusions and twins (Fig.25a)) with a continuous layer of C-

Clusters, about 20 nm-thick, that is 10-15 nm away from the 4H-SiC substrate even if 

some of them are visible up to 30 nm from the interface (Fig.25b) 

 

 

                                           

Fig.25: Cross-sectional TEM imagines (a)in bright field and (b) dark field of the Ni/SiC annealed 

1 shot at 3.8 J/cm2 (c): Magnification of the red panel, (d) SAED image taken at 

interfacial layer that testifies local silicide reaction in the δ-Ni2Si phase. 

 

 

The standard magnification (see Fig25-c), correponding to red panel selected in Fig.25-

a, shows a difference in morphology between the interfacial layer with 4H-SiC, 60 nm 

thick, and residual Ni layer. 
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From the structural point of view, Fig.25-d shows the typical diffraction patterns of the 

orthorhombic δ-Ni2Si phase together with a cubic and hexagonal phase already formed at 

lower energy density. 

The ratio between Ni and Si is about 2:1, i.e.  the silicide phase formed in the interfacial 

layer with 4H-SiC is ascribable to Ni2Si, an orthorombic phase (see Fig.26).  

 

                                     
  

                    

 

         

Mixed composition in the silicide layer is confirmed by EDX analysis and related profile 

(see Fig. 27). 

The silicides layer thickness, 50-60 nm, agree with what observed in the Fig.23-c and in 

the remnant Ni layer and Si atoms have diffused into the nickel matrix gradually decresing 

toward the surface (see Fig.28). 

 

 

 

 

 

 

 

Fig.26: EDX spectrum of the light blue panel in the STEM image in inset. 
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     Fig.27: EDX atomin distribution profile in the region inside the yellow panel in Fig.25a and inset 

of Fig.26. 

  

                            

                    Fig.28: Ni:Si ratio profile from the interface with 4H-SiC through entire layer. 

 

 

II) Structural characterization: XRD analyses  

XRD analyses (blue line) are compared with referecence sample (black line) in Fig.29 

and even in this case the residual part of nickel maintains the texturing along the [111]. 
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Fig.29: Normalized XRD patterns in symmetric configuration of the Ni sample laser annealed 

with one pulse at 3.8 J/cm2 for 160 ns (blue line) and in as deposited condition. 

 

As is shown in Fig.30 the main (111) peak is similar to the reference case but less intense 

and narrower than the corresponding peaks in the samples treated at lower fluences (see 

Fig.10 and Fig.20). The FWHM in the reference and in this treated sample are indeed 

comparable, being FWHM(ref) = 0.325˚ and FWHM(@3.8 J/cm) = 0.328˚. Instead, the 

reduction of the FWHM compared to the rest of annealed samples is symptomatic of an 

improvement of the crystallographic quality in the residual topmost Ni layer. 

Moreover, this testifies a progressive increment of the crystallite size, being 25 nm against 

24 nm and 21 nm estimated in the samples annealed at 3.2 and 2.4 J/cm2 respectively. 

The process of symmetrization of the (111) nickel peak, that is systematic while 

increasing the fluence (see Figs.10,20 and 30), is ascribed to a progressive consumption 

of the nickel layer from interfacial reactions that removes a portion of the nickel layer 

that has been primarily affected by the thermal field and likely by Si diffusion. This 

explains why, only at the highest fluence, the residual nickel peak (we recall that it is less  

intense than the one in the reference) approaches the one before annealing although the  

Ni+Si peak is not any more visible under the (111) Ni peak, a contribution from the alloy  

can be identified in grazing incidence pattern. 
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Fig.30: Magnification and deconvolution contributions in the range around the main (111) peak. 

 

The rocking curve on the (111) peak is shown in Fig.31. Differently from the other cases, 

the peak is left shifted by ~2° and this demonstrates that the preferential growth axis for 

those grains is twisted. In addition, we found a reduction of the FWHM(rc) (0.566˚) for 

this sample against the other treated samples and this means that at high fluence the 

structural order is increased. 

  

 

                                  

                           Fig.31:  Normalized Rocking curves of the treated vs the untreated sample. 
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In grazing incidence configuration (see Fig.32) we found an intriguing scenario with 

several contributions in the pattern that denote the formation of multiple silicide phases. 

In particular, the 2ϑ range between 41° and 48˚ can be deconvoluted into different 

component as shown in Fig.33. 

 

                               

Fig.32: XRD patterns in grazing incidence configuration of the layer annealed a 1X 3.8 J/cm2 

(green line) and in as deposited condition (black line). 

 

        

Fig.33: Magnification and deconvoluted contibutions of the treated sample in the range around 

main (111) and (200) peaks acquired in grazing incidence configuration. 
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The following information can be extracted:  

1)the new evidence on the formation of the orthorhombic Ni2Si, and of the hexagonal    

 ϑ-Ni2Si phases with respect to the other analyzed cases;  

 2) a peak of the Ni+Si alloy can be found at 2ϑ = 44.365°, even though this could be 

equally attributed to slightly strained (by 0.04%) (220) planes of  the δ-Ni2Si phase (both 

attributions are labelled in Fig.25-d); 

 3) hexagonal phases such as γ-Ni31Si12 are found similarly to what found in the 3.2 J/cm2 

treated samples;  

4) the broad peak in the range 46-47.5° has been represented by a double peak 

deconvolution using two strained (102) ϑ-Ni2Si and (300) γ-Ni31Si12 peaks; it could be 

equivalently interpreted by unstrained (1,1,12) and (0,3,0) peaks of the hexagonal Ni74Si26 

(or Ni25Si9) phase, that is given in the literature as a metastable phase observed after fast 

cooling from a Ni:Si ~ 2.9 melted alloy [4,5];  

5) β-Ni3Si contributions are also found. Another main feature in the diffraction pattern is 

found in the range 2ϑ ~ 48-53.5˚ in which main contributors are γ-Ni31Si12, δ-Ni2Si, pure 

Ni and β-Ni3Si.  

Most importantly, the δ-Ni2Si phase can be localized at the interface with the 4H-SiC 

substrate on the basis of TEM results such as the one shown in Fig. 25c/d and also in 

agreement with the Ni/Si chemical profile in Fig.28. 

 

 

 

III) Compositional characterization: RBS analysis 

The RBS analysis for treated sample with one pulse at 3.8 J/cm2 is reported in Fig.34  

and detects an interfacial layer with a Ni:Si ratio of 2.5. 
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                            Fig.34: RBS spectrum and simulation for Ni/SiC after 1X3.8 J/cm2. 

 

IV) Phase field and T simulation 

Also for this sample there is a temperature (2200 K) and C cluster density increase, as 

reported in Fig.35a-b. Moreover, the C cluster density is broder than the previous case. 

 

                             

                 Fig.35: a) T simulation as a function of depth b) C-cluster density simulation of depth. 

 

Layer Composition (%) Thickness (1015) 

1      Ni 80.4 Si 8.70 C 10.9 930 at/ cm2 

2 Ni 47.7 Si 19.8 C 33.2 250 at/ cm2 

3 Si 50.0 C 50.0 20000 A 
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The different simulated phases are given in Fig.36, which shows a growth of silicides 

layer and slight increase of the compound densities in comparison with the previous cases. 

In particular, the Ni3Si phase is still dominant with respect to the other ones. 

 

           

                                    

                    
   

 

 

 

• Ni/SiC after 2X 3.8 J/cm2 

I)  Compositional characterization: RBS analysis 

RBS data for annealed sample with double pulse at 3.8 J/cm2 are reported in Fig. 37 and 

detect an interfacial layer where the ratio between Ni:Si is about 2. 

 

 

 

Fig.36: Simulated phase at interface 



 

4- Experimental method: Silicidation with pulsed-laser annealing method                           87 

 

 

 

                

 

 

 

 

                

                                  

            Fig.37: RBS spectrum and simulation (red line) for Ni/SiC after 2X3.8 J/cm2 

 

             

 

II) Phase field and T simulation 

The corresponding phase field simulations are in agreement with previous value of Ni:Si 

≈2 (see Fig. 38a), while the C-cluster distribution becomes broader (Fig.38b). The  

maximum temperature turns out to be 2385 K (see Fig.39). 

 

            

 

 

 

 

Layer Composition (%) Thickness (1015) 

1 Ni 69.6 Si 15.2 C 15.2 1000 at/ cm
2
 

2 Ni 48.3 Si 17.2 C 34.5 430 at/ cm
2
 

3 Ni 40.6 Si 18.7 C 40.6 420 at/cm2 

4 Si 50.0 C 50.0 20000 A 
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                                         Fig.39: T simulation as a function of depth. 

  

Fig.38: Phase simulation at interface (a) and C cluster distribution (b). 
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• Ni/SiC after 3X 3.8 J/cm2 

I) Compositional characterization: RBS analysis 

RBS data and the numerical simulation detect a Ni-riched interfacial with a stoichiometry 

≈ Ni2Si, (see Fig.40 and related table). 

 

                             

 

 

 

 

 

 

 

Fig.40: RBS spectrum and simulation (red line) for treated sample with triple pulses at 3.8J/cm2. 

 

 

RBS simulation compared with previous case shows the presence of larger layer of Ni2Si. 

 

   

 

 

 

Layer Composition (%) Thickness (1015) 

1 Ni 68.6 Si 15.9 C 15.4 670 at/ cm
2
 

2 Ni 61.8 Si 19.4 C 19.4 180 at/ cm
2
 

3 Ni 50.5 Si 22.6 C 26.9 980 at/cm2 

4 Si 50.0 C 50.0 20000 A 
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II) Phase field and T simulation 

The Tmax is about 2403 K (see Fig.41) and the phase structures consist of Ni2Si layer 

interfacial that it is expands to the surface with other Ni-riched phases as reported in Fig 

(see Fig.42a). The C cluster density observed at interface is larger than the corresponding 

result at 1X and 2X 3.8 J/cm2 (Fig.42b). 

 

                                             

                                Fig. 41: T simulation as function of depth. 

 

                       

                             Fig.42: Phase simulation at interface (a) and C cluster distribution (b). 
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The phase field simulation (see Fig.42a) compared with the previous samples (see Fig.36-

38) suggests that the Ni2Si phase (green line) diffuses toward the surface as the energy 

increases.  
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      4.2.2 Electrical characterization: sheet resistance measurements 

 

Electrical measurements on dedicated test patterns have been performed on the back side 

of heavily doped substrate. In particular, sheet resistance, Rs, of the as deposited Ni layer 

and of laser annealed samples as a function of the energy density has been measured by 

a Four Point Probe (FPP). This parameter provides a first indication on the layer 

conductivity that is related to a combination of stoichiometry, morphology and thickness 

of the reacted contact. Indeed, the lack of a vertical isolation of the TLM patterns, together 

with the low sheet resistance of the substrate, did not allow a better quantitative 

determination of the value of the specific contact resistance. 

Fig. 43 shows the Rs values normalized to the initial value R0 (as deposited) for a starting 

Ni thickness of 100 nm and for different laser settings. 

A sharp reduction of Rs is observed for energy density larger than some specific threshold 

which depends on the total deposited energy. 

Indeed, the content of Ni2Si and its redistribution down to the surface observed by phase 

simulation and RBS measurements could be considered crucial ingredient to achieve low 

resistivity in Ni/SiC devices This phase recrystallization requires the fairly large energy 

density with a threshold that depends on the number of pulses. 
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Fig.43: Sheet resistance Rs normalized to the initial value R0 (as deposited) by Four Point  

Probe (FPP) measurements as a function of energy density (E.D.) 
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4.2.3 Discussion  

The morphological analysis of Ni/SiC laser annealed samples suggests an almost linear 

increase of the thickness of the reacted layer, wich starting from deposited 100 nm, turns 

out to be 122 nm for 1X2.4 J/cm2, 148 nm for 1X3.2 J/cm2 and 167 nm for 1X3.8 J/cm2.  

Moreover, the simulation of the typical variation of the C cluster distribution with the 

single pulse fluence, reported in Fig .44 (green line: 3.8 J/cm2, red line: 3.2 J/cm2 and 

orange line:2.4 J/cm2), shows the dependence on the energy of the C atoms content and 

localization. 

 

                    

                                   

 

Its dependence on the number of pulses at fixed energy density is given in Fig.45 (1X-

2X-3X at 3.8 J/cm2). The C-cluster distribution becomes broader with increasing the shot 

number and the energy density, and simultaneously their intensity increases. 

 

 

 

 

Fig.44: Variation of C-clusters 

distribution with the single pulse 

fluence for different values of energy 

density. 
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        Fig.45: C-cluster distribution as a function of number of pulses at fixed E.D (3.8 J/cm2) 

    

The simulated temperature for single pulse is depicted in Fig.46 versus the energy density 

and it shows an almost linear trend. This temperature also increases with increasing the 

shot number at fixed energy (Fig.47). 

 

                     

                           Fig.46: Simulated temperature for single pulse versus energy density. 
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The previous sections give a detailed description of the phase formation during LA with 

various energies and, therefore, with various temperatures, by applying different 

techniques and simulations. 

The results are summarized in Table 1, with a qualitative agreement between EDX and 

RBS methods (the latter technique is less accurate). 

 

 

                                   Table 1: Description of the phase formation after LA process. 

 

 

Energy density 

(J/cm2) 

EDX 

Ni:Si 

RBS 

Ni:Si(data/simulation) 

XRD Phase simulation 

1X2.4 3 3.47 Ni3Si; Ni+Si Ni3Si; Ni2Si 

1X3.2 2.55 3.28 Ni3Si; 

Ni31Si12;others 

Ni3Si; Ni2Si;Ni31Si12 

1X3.8 1.82 2.50 Ni3Si; Ni2Si; 

Ni31Si12;Ni+Si 

Ni3Si; Ni2Si;Ni31Si12 

2X3.8 Future work 2.0 Future work Ni3Si; Ni2Si;Ni31Si12 

3X3.8 Future work 2.0 Future work Ni3Si; Ni2Si;Ni31Si12 

Fig.47: Simulated temperature behaviour as 

a function of different pulses at fixed E.D 

(3.8 J/cm2). 
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The results at 3X3.8 J/cm2, correspond to the conductive phases, dominated by Ni2Si, as 

seen in the Rs/Ro ratio in Fig.43. 

Indeed, considering the ohmic contact formation, Fig.43 clearly shows a transition to 

more conductive phases with a sharp behaviour near a critical enegy threshold, which 

depends on the number of pulse. In fact, for 3X3.8J/cm2 the transition occurs at 3.8J/cm2, 

whereas it is observed at 4.0 J/cm2 for 2X3.8 J/cm2 and expected at an energy larger than 

4.2 J/cm2 for the single pulse. 

This conclusion is further confirmed by analizyng the Ni2Si content in 1X-2X-3X 3.8 

J/cm2 given in Fig.48, where a Ni2Si layer is redistribute up to to the surface by increasing 

of number of pulses. 

 

 

                                             

          Fig.48: Ni2Si distribution as a function of number of pulses at fixed E.D (3.8 J/cm2). 

 

 

The previous data and simulations on the C-atoms content are useful since an important   

role in the ohmic contact formation of carbon localization has been propose (see [35]  
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Chapter2). C-clusters are generally localized on the Ni-silicide/SiC interface, inside 

silicide layer or on free silicide surface [6]. 

The results indicate the C-clusters formation at distance larger than 7 nm from the 

substrate at 1X 2.4 J/cm2, which reduces at 1X3.2 J/cm2 but wit larger size C-Clusters. At 

energy pulse of 1X3.8 J/cm2 the formation of a C-layer at 10-15 nm from substrate is 

observed. 

Moreover, the simulations suggest a C-Cluster density of ≈ 0.008 (a.u.)  formed at 1X2.4 

J/cm2 which increases to 0.043 for 1X3.2 J/cm2 and to 0.065 for 1X3.8 J/cm2. Therefore,  

a phase with a growing number of C-Cluster/layer is expected closer to the substrate at 

larger energy.  

 

 

A different proposal, still related to C-atoms role, is the structural changes of the SiC 

substrate in close vicinity of silicide/SiC interface [7], due to the creation of vacancies, 

which lower the Schottky barrier [8].  

The diffusion of carbon atoms towards free silicide surface is the suspected mechanism 

for the creation of these vacancies [8,9]. However, this proposal can not be completly  

accepted due to the result by DLTS on the concentration of carbon vacancies for 950 °C 

annealed contacts. (see [36] Chap. 2]. 

In general, the contribution of carbon to ohmic contact creation may be very complex 

although the detection of additional carbon cluster/ layer close to the interface suggests a 

possible catalytic role of this element. 

On the other hand, the phase transition is the dynamical aspect difficult to neglect. The 

sharp transition of Rs in Fig.43 suggests a conductive phase, which should be related to 

larger uniform thickness Ni2Si. Nevertheless, future investigations are needed to 

accurately determine the nature of the conducting phase. 
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Conclusions 

 

Laser annealing process for ohmic contact formation on 4H-SiC has attracted increasing 

attention in the last years, because it enables the fabrication of SiC power devices on very 

thin substrates. Thinning wafers, indeed, can bring great improvement in terms of power 

dissipation, but it is not compatible with Rapid Thermal Annealing (RTA) process 

commonly used to form ohmic contact on SiC, due to the high temperature required.   

Moreover, the realization of ohmic contacts on the wafers back side requires the Laser 

Annealing (LA) due to the presence of defined devices on the front of the wafer. 

In this thesis, different characteristics of the LA processes have been studied (by changing 

the number of shots and the laser energy density) in order to evaluate the conditions to 

obtain the best performance of the device, i.e.  the lowest values of sheet resistance. 

According to the XRD-TEM-EDX-RBS and the simulation results, the initial formation 

of Ni2Si for Ni / SiC after 1X3.8 J / cm2 and its subsequent enrichment also on the surface 

for Ni / SiC after 3X3.8 J / cm2 could lead to a decrease in Rs, as found in Fig. 43. 

Furthermore, it has been found that at high energies and number of hits the C-clusters 

increase and enrich the interface more and more. 

The results obtained in this research confirms that the origin of ohmic contact is still an 

open problem, probably related to a combination of different mechanisms (C-atoms 

distribution and conductive) synergistically operating to reduce the Scottky barrier. 

The obtained results call for further XRD, TEM and EDX characterization of 2X and 3X 

at 3.8 J/cm2 in order to confirm the RBS measurements and Phase simulation results and 

also researches will be aimed at direct deposit NixSiy on the back -side of SiC substrate, 

to reduce the silicon consumption of SiC during the silicides reaction. 

More generally, alternatives in term of pulse duration and wavelength could offer 

additional process option and a wider process window (see [10]). 

 

 

 

 

 

 

 


