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1. Introduction     
 

The FEM (sometimes referred to as finite element analysis (FEA)) is a numerical technique 
for finding approximate solutions of partial differential equation as well as of integral 
equations. The solution approach is based either an approximating system of ordinary 
differential equations, which are then solved using standard techniques such as Newton 
Method. It is the objective of this paper to describe the application of the method to device 
simulation. The device which described in this paper is Silicon Carbide Gate Turn-Off 
Thyristor (SiC-GTO Thyristor). The doping profile with the material properties of the device 
can be modelled. This paper specifically focuses on the numerical simulation of the device 
compare with the common Silicon GTO Thyristor. 
The main advantages of the FEM are that conservation laws (e.g., current conservation) are 
exactly satisfied even by coarse approximations, it is easy to treat irregular geometries, the 
computational mesh can be graded to be fine in regions to rapid change, local mesh 
refinement is easier to implement than finite difference method (FDM).  
In the following sections, the finite element equations which are arise from the 
semiconductor equations are derived and it is shown the equations are the base of 
semiconductor device simulations. The implementation of finite element equations will be 
discussed in the next section.  For detailed discussion of the numerical simulation, it is in the 
results and discussion section. 

 
2. Numerical Method 
 

2.1 Semiconductor Equations 
The semiconductor equations are a set of five equations that govern the behavior of 
semiconductor materials and devices. The set of equations composed of: 
Poisson’s equation 

 dNpnq 


2                                                        (1) 

Current Continuity equations 

2
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Drift-Diffusion equations 
 

 pDvpq pp  ~
pJ                                          (4) 

 
  nDvpq nn  ~

nJ                                          (5) 
 

In these equations, the three unknown quantities are the space-charge potential ( ), the 

electron (n) and hole (p) densities, dN is the doping densities, the constant q is the 

magnitude of electronic charge and   is the dielectric permittivity. pJ  and nJ  are the hole 

and electron current densities. R is the recombination rate. pv~ and nv~  are the hole and 

electron drift velocities. pD  and nD  are the hole and electron diffusion coefficients. 

The diffusion coefficients and drift velocities are electric field dependent and so the 
equations are nonlinear. The recombination term which is also nonlinear may be 
approximated by its thermal equilibrium value (Shockley Read Hall Theory).  

 
2.2 Finite Element Equations 
To solve (1) to (5), boundary conditions for the space-charge potential and electron and hole 
charge carrier densities are required. The finite element equations are derived from (1) to (3) 
by multiplying them by  i(x,y) and integrating over the region Ω occupied by the 
device[4]. 
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2.3 Final Form of Equations 
In computer solution by the finite element method there are four stages: 

1. Read in (or generate internally) material properties- Si and SiC) and element 
connectivity (mesh). 

2. Assemble the equations (6), (7) and (8) which the finite element equations and 
inserting boundary conditions. 

3. Solve the resulting linear equations 
4. Repeat 2 and 3 iteratively for nonlinear and/or time dependent problems. 

 
3. Simulation Flow 
 

The simulation systems have been implemented by using MATLAB/Simulink surrounding. 
The simulation process is used Poisson’s equation together with current continuity and 
drift-diffusion equations to simulate the performances of SiC GTO thyristor. Figure 1 shows 
the schematic structure of the simulator. Each phase describes complex process which 
involves the physical models along with the basic semiconductor equations as the basis to 
simulate the GTO performances.  
The simulation process is controlled by the Material Input Database in each phase. The red 
line indicates the connection with the material database. Material Input Database is 
initialized at the initialization process. The basic structure of SiC GTO thyristor is initialized. 
The device structure and circuit definitions and additional information like material 
properties are loaded from the Material Input Database.  
In the next step, the device or the circuit and its embedded devices are loaded and analyzed. 
For each segment of each device the material is determined. In the calculations steps, the 
basic semiconductor equations along with the physical models are solved by using 
numerical method, finite element method. The method is a powerful method for solving 
partial differential equations which involves lots of integral and differential. The method is 
used because of its approximation to the solution of the equation. In the postprocessing, the 
output quantities are calculated from the computed solution. 
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Fig. 1. Simulation flow of the device. 

 
4. Calculation Method 
 

The full set of semiconductor equations are solved numerically. As for discretization of 
space, the Scharfetter-Gummel scheme and the standard three-point formula are used 
formula are used for the Poisson’s Equation and the continuity equation, respectively. These 
difference equations are solved based on Newton method. 
 
  
 
 

 

5. Results and Discussions 
 

5.1 Turn-on Characteristics 
Figure 2 shows the single-shot GTO thyristor turn-on voltage and current waveforms. These 
waveforms show the GTO thyristor’s switching characteristics such as turn-on delay and 
turn-on rise time. The turn-on delay, is defined when the gate current, Ig, rises to 10% of its 
peak and when the GTO thyristor anode voltage, Va, falls to 90% of its initial value. From 
the figure 2, GTOs are turned on when the anode current is increased, the anode voltage is 
decreased. Then they are turned off by the negative gate pulse.   
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Fig. 2. Single-shot GTO thyristor turn-on characteristics (a) Si GTO thyristor anode voltage 
and current (b) SiC GTO thyristor anode voltage and current. 
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Fig. 2. Single-shot GTO thyristor turn-on characteristics (a) Si GTO thyristor anode voltage 
and current (b) SiC GTO thyristor anode voltage and current. 
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(d) 
Fig. 2. Single-shot GTO thyristor turn-on characteristics (c) Si GTO thyristor gate voltage 
and current (d) SiC GTO thyristor gate voltage and current. 

 
5.2 Turn-off Characteristics 
The GTO thyristor turn-off as a function of time is given in figure 5.  The GTO thyristor 
turn-off time was investigated as a function time. We can see the large difference at turn–off 
time of SiC GTO thyristor waveforms. We know that turn off time of SiC GTO thyristor is 
better than that Si GTO thyristor. The turn-on and turn-off time are shown in Table II (all 
units in us). Result show that switching time of SiC-GTO is decreased extremely and the 
performance of SiC in GTO is in the storage time, fall time and tail time. 
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Fig. 3 Single-shot GTO thyristor turn-off characteristics (a) Si GTO thyristor anode voltage 
and current (b) SiC GTO thyristor anode voltage and current 
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Fig. 2. Single-shot GTO thyristor turn-on characteristics (c) Si GTO thyristor gate voltage 
and current (d) SiC GTO thyristor gate voltage and current. 
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(d) 

Fig. 3 Single-shot GTO thyristor turn-off characteristics (c) Si GTO thyristor gate voltage and 
current (d) SiC GTO thyristor gate voltage and current. 
 

 Si GTO SiC 
GTO 

Turn-on time (us) 3.00 3.00 
Delay Time 1.45 1.45 

Rise Time 1.55 1.55 
Turn off time (us) 82.5 62.2 

Storage time 15.9 14.7 
Fall time 17.3 15.4 
Tail time 49.4 32.1 

Switching Time 
(us) 

85.5 32.1 

Table 1. Switching time of Si and SiC GTO Thyristors. 

 
6. Conclusion  
 

We compared the switching waveforms of usual Si GTO thyristor and new SiC GTO 
thyristor under inductive load. Turn off time is smaller in the case of SiC GTO thyristor than 
in that Si GTO thyristor. 
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