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 Ohmic contact is important for silicon carbide (SiC) devices such as Schottky 

diode, junction field effect transistor (JFET) and metal oxide transistor 

(MOSFET). The effect of post metallization annealing (PMA) on the ohmic 

characteristics of Ni/Ti/4H-SiC is investigated. The samples were annealed 

under different ambients of high vacuum, forming gas and N2 gas at 1050˚C 

for 3 minutes using rapid thermal process (RTP). Current-voltage (I-V) 

measurements taken for different distances of a transmission line model 

(TLM) structure have been utilized to extract the contact resistivity. The 

correlation between surface roughness and resistivity has been investigated. It 

was found that the involvement of nitrogen during the annealing process at 

1050˚C was ineffective to reduce the contact resistivity. The resistivity is 

improved when the samples were annealed in forming gas (FG), (a mixture of 

H2+N2) environment, showing that the incorporation of H2 gas during the 

annealing process has produced a better result. On the other hand, high 

vacuum PMA was found to be effective to improve the ohmic characteristic 

with higher current level at lower voltage. Hence, the enhanced performance 

observed in high vacuum annealing samples is beneficial to get ohmic contact 

on Ni/Ti/4H-SiC for PMA process with a low thermal budget. 
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1. INTRODUCTION  

In recent years, there has been an increasing demand for new semiconductor materials that can 

operate in extreme environments such as high temperature, high voltage and high radiation where the 

standard silicon electronics fail to function [1]. SiC is an interesting wide band gap material for electronic 

devices due to its excellent physical properties which involve a large bandgap (3.26 eV), high breakdown 

electric field (3×106 Vcm−1), high electron drift velocity (2×107 cm s−1), and good thermal conductivity 

(4.9 W cm−1 K−1) [2], [3]. In comparison to other wide band gap materials such as gallium nitride (GaN) and 

aluminum nitride (AlN), SiC interestingly can be adopted to silicon technology production line without 

excessive cost. One of the advantages of SiC is the ability to be oxidized at elevated temperatures similar to 

silicon despite not having a good quality of the SiC/SiO2 interface [4]-[6]. 

https://creativecommons.org/licenses/by-sa/4.0/
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Wide variety of 4H-SiC devices require low resistance, reproducible and stable ohmic contact [7]. 

One of the key issues that is limiting the performance of SiC devices is the challenge in forming ohmic 

contact on both n and p-type material because of high potential barrier at the interface between most metals 

and SiC that results in low current driving, low switching and increase of power dissipation. Numerous 

metals and annealing procesess were used to study the ohmic characteristic on SiC substrates. Nickel is the 

most commonly used metal for n-type SiC and Al/Ti for p-type SiC [8], [9]. During annealing process 

(>1000˚C), nickel reacts with SiC substrates to form Ni silicides and result in a formation of graphite which 

deteriorate the electrical properties of the ohmic contact [10], [11]. Titanium nitride (TiN) is also a promising 

material for the formation of ohmic contact on 4H-SiC. It was reported that the TiN (111) lattice planes are 

parallel to (0001) SiC oriented substrate. The calculation of first-principle has shown that the Schottky barrier 

height (SBH) is as low as 0.03 eV where the bandgap almost disappears at the interface [12]. 

Tungsten is one of the hardest material and has an outstanding properties of high melting point 

compared to other metal. It is used as a contact material to improve the thermal stability because of its 

capability to prevent an undesirable influence of carbon. Low specific contact resistance, ρc can be achieved 

with high temperature annealing. One of the approach to reduce the ρc is to use W/Ni bilayeron n-type 4H-

SiC. It was reported that by adding the W layer, it will reduce the voids at the interface, thus makes the 

surface smooth. One of the advantages of having W layer is wore bonding process can be achieved easily [13]. 

Rapid thermal annealing is commonly used for the formation of ohmic contact on 4H-SiC. Due to high 

thermal budget, laser annealing has been proposed as an annealing method for the silicidation of the contact. 

Low ρc in the order of 10-5Ωcm2 was reported using a laser with a power of 0.9 J/cm2 [14]. In this work, we 

investigated the effect of the PMA with different ambient which are high vacuum, forming gas and nitrogen 

gas. The ohmic characteristics of Ni/Ti/n-type 4H-SiC were measured Keithley 4200-SCS semiconductor 

parameter analyzer. Then, the individual contacts were analyzed using AFM and Raman spectroscopy. 

 

 

2. EXPERIMENTAL WORK 

A test structure was prepared to measure the contact resistivity as shown in Figure 1. On the top of 

the rectangular mesa structure, multiple rectangular contacts were formed with varying spacing. The 

resistance between two terminals is measured with four probes, two for current, two for voltage and the 

measured resistance is plotted against the contact spacing. The measured resistance, RT consist of the two 

contact resistances and the resistance of the semiconductor can be expressed as, 

 

 

 
 

Figure 1. Test structure used to measure accurate contact resistivity using the linear transfer length method 

(TLM) [15]-[17] 

 

 

𝑅𝑇 = 𝑅𝑠ℎ
𝑑

𝑤
+ 2𝑅𝐶 (1) 

 

where Rsh is the sheet resistance of the semiconductor, d is the spacing between contacts, w is the contact 

width and RC is the contact resistance. The contact resistivity is given by 

𝜌𝐶 = 𝑅𝐶𝐿𝑇𝑤 (2) 
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N-type 4H-SiC substrate with concentration of 1×1018 cm-3 were used in this experiment. First, the 

samples were cleaned using solvents, then treated with piranha solution prior to standard RCA. Titanium (5 

nm)/nickel (100 nm) were deposited on the rectangular mesa structure and annealed at 1050˚C for 3 minutes 

in different ambients using RTP. The annealing processes for the formation of ohmic contact are described in 

Table 1.  

 

 

Table 1. Description of the annealing processes used in the formation of ohmic contact  
Sample Metal Annealing temperature Ambient 

1 Ni/Ti/SiC 1050˚C High vacuum (1×10-5 mbar) 
2 Ni/Ti/SiC 1050˚C Forming gas 

3 Ni/Ti/SiC 1050˚C N2 gas 

 

 

3. RESULTS AND DISCUSSION  

3.1.  Current-voltage (I-V) measurement 

I-V measurements were performed by Keithley 4200 semiconductor characterization system to 

obtain the specific contact resistance of the samples. The data in Figure 2 (a), (b) and (c) show the I-V 

characteristics with different contact spacing for Ni/Ti n-type 4H-SiC for samples annealed with different 

ambients. All samples show the typical linear I-V curve indicating the formation of ohmic contact. The 

contact resistivity of all samples were extracted using linear transfer length method as shown in (1) and (2). 

Sample 1 exhibits the lowest value with about 1×10-4 Ωcm2, then followed by sample 2 with 7×10-4 Ωcm2 

and sample 3 with 1×10-3 Ωcm2. It can be seen that sample annealed in high vaccum shows better ohmic 

behaviour than samples annealed in Forming gas and N2 gas. 

 

 

  

(a) (b) 

 

 
(c) 

 

Figure 2. I-V characteristics of the Ni/Ti/n-type SiC annealed at 1050˚C for 3 minutes for, (a) sample 1, (b) 

sample 2, (c) sample 3 

 

 

3.2.  Surface morphology 

The surface morphology of Ni/Ti contacts were studied by atomic force microscope (AFM) after the 

annealing process. Two surface roughness parameters of Ra, roughness average and Rq RMS roughness were 

used for this analysis. Ra is the arithmetic average of the absolute values of the surface height deviations 

2 to 20 um 2 to 20 um 

2 to 20 um 
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measured from the mean plane. Rq is the root mean square average of height deviation taken from the mean 

image data plane. Sample 1 in Figure 3 has a smooth surface with Ra=4.88 nm and Rq=6.55 nm. Hydrogen 

atoms in Forming gas annealing has resulted in a rough surface to Sample 2 with Ra=52.8 nm and Rq=68.4 

nm. Sample 3 has better surface quality in comparison to Sample 2 due to the absence H atom in N2 gas. This 

experiment proved that the surface morphology of contact depends on the annealing ambient and also high 

surface roughness could also contribute to the observed decrease in contact resistance. The surface quality is 

better when the process of annealing is in high vacuum. From the observation of contact structures by means 

of optical microscopy, the colour of contact for Sample 2 and 3 changes to black and orange respectively, 

whereas sample 1 reveals almost no colour change during HV annealing. This results indicates that metal 

Ni/Ti on Samples 2 and 3 have changed its properties due to the interaction of SiC and Ni/Ti at 1050˚C. This 

a clear evidence that the character of Ni/Ti/ n-type SiC interaction is different under different annealing 

ambient [18].  

 

 

 
 

Figure 3. Microscope and AFM images of Ni/Ti contact on n-type SiC after PMA process 

 

 

3.3.  Raman study 

It was reported that Raman scattering is useful to study the interface properties between metal and 

semiconductor [19]. Raman scattering is a nondestructive method and since SiC is highly transparent for 

visible lasers, laser probing of the metal/SiC is possible. From Raman spectra, information about the structure 

and the composition of the samples can be given by the phonon frequencies. The information about the 

doping level can be obtained from the frequency of couple plasmon LO phonon modes. In this work, 

Ni/Ti/SiC interface was investigated by Raman scattering. Figure 4 show the Raman spectra observed from 

both the Ni layer. The spectra shows that nickel silicides were formed by annealing [20]. 

Raman scattering was observed at room temperature using the 514.5 nm line of an Ar ion laser for 

excitation. The observation was done in the backscattering geometry as described below using a Raman 

microscope with an objective lens of 100 X magnification. The scattered light was collected by the same 

lens, fed to a double monochromator of focal length 85 cm, and the Raman spectra were observed by a 

liquid-nitrogen cooled charge-coupled device camera. 

Figure 4 (a) and (b) show the Raman spectra observed for samples with different PMA conditions in 

a range of 0 to 300 and 1000 to 2500 Raman shift (cm-1) respectively. According to the reported Raman data 

[19], [21], signals that are ascribed to three kind of nickel silicides are; (1) Ni2Si (100 and 140 cm-1), (2) NiSi 

(190 and 215 cm-1) and NiSi2 (260, 310 and 370 cm-1). For samples annealed in FG and N2 ambient, the 

peaks for Ni2S at 100 and 140 cm-1 are very significant in comparison to peaks for NiSi and NiSi2. Only 

sample annealed in N2 shows peaks at range between 190 and 215 cm-1). 

Due to the lack of knowledge of the Raman scattering efficiency of respective species, the 

discussion is focusing on the dominant species of Ni2Si. The formation of nickel silicide (Ni2Si) show 

interesting variation with the annealing ambient. The data in Figure 4(a) show that the intensity of samples 

annealed in N2 has the highest signal intensity, then followed by the samples annealed in FG. On the 

contrary, the signal for samples annealed in high vacuum (sample 1) are not apparent in comparison to both 
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sample (FG and N2) even annealed at high temperature of 1050˚C. This proves that Ni and Si did not react in 

high vacuum even at 1050˚C. With this result in mind, Figure 4 (a) and (b) clearly show that formation of 

nickel silicides at the interface region is not the key factor for ohmic contact. These results are consistent 

with results from other researchers [1], [22]. 
 
 

  
(a) (b) 

 

Figure 4. Raman spectra observed for samples with different PMA conditions; (a) Raman spectra observed 

from Ni/Ti side, (b) graphite signals observed for sample 1, 2 and 3 in Figure 3. Microscope and AFM 

images of Ni/Ti contact on n-type SiC after PMA process 
 
 

It was reported that decomposition of SiC which starts at 500˚C resulted in a distribution of carbon 

atoms on the surface of electrode layer [23]. Here we observe Raman spectra in higher frequency region, 

1000 to 2000 cm-1. Figure 4 (b) shows the typical two peaks observed at 1350 and 1580 cm-1 respectively, 

called D (disorder), and G (graphitics) bands (characteristics features of graphite clusters or defective 

graphite crystals) [24], [25]. Carbon atoms, which did not react with Ni, may form a carbon rich region at the 

interface, in the layer or at the surface in the form of graphite clusters or defective graphite crystals. In the 

case of cluster, the size, L (nm) can be estimated by the relative intensity of D to G bands as: 

 

𝐿 = 4.4 (
𝐼𝐺

𝐼𝑑
) (3) 

 

We obtain the size L=47.8 nm, L=7.76 nm and L=8.16 nm for sample 1, sample 2 and sample 3 

respectively. From the result, nanometer size carbon cluster were distributed throughout the nickel layer 

where sample 1 yielded the largest cluster size.  

The ohmic behavior may be explained by two possible hypotheses: (1) the formation of graphite 

during annealing process [26] or (2) the interaction at the interface of Ni/Ti and silicon carbide [27]. 

However, from the Raman analysis, there is no correlation between specific contact resistance and average 

size of carbon crystallites, L. Additionally, it can be concluded that it is not the interaction of Ni/Ti during 

annealing process that influences the contacts. Hence, the two hypotheses can be ruled out; which strongly 

suggests that the gas/ambient (vacuum, FG or N2) also play a big role in determining the quality of ohmic 

contact [17], [28].  

 

 

4. CONCLUSION  

The effect of PMA on the ohmic characteristics of Ni/Ti/ 4H-SiC in different environment was 

investigated. PMA in high vacuum is a suitable route to the realization of low resistivity ohmic contact 

without the usage of gas. PMA of Ni/Ti/ n-type SiC in high vacuum has shown good result to obtain better 

characteristics of ohmic contact. Analysis for Raman scattering clearly show that formation of nickel silicide 

has no relation with the formation of ohmic contact. Distribution of nanometer size carbon cluster on the 

contact was also verified. The finding results suggest that PMA of Ni/Ti/ n-type SiC in high vacuum is the 

key to improving the ohmic characteristics of SiC devices. 
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