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Abstract 

The parametric simulation has been carried out for optimizing the influence of 
the Schottky contact metal work function (contact surface interface) influence on 
the distribution of the built-in electrical field and consequently on static and 
dynamic characteristics of the JBS device. On the basis of simulations and 
discussions the low-power losses solution for the JBS device has been 
developed. The results suggest keeping the electric field strength under contact 
surface as low as possible in order to reduce or even avoid the relatively 
expensive and complex passivation solutions by the manufacturing of the JBS 
devices. 

The numerical simulator DYNAMIT 2DT-SCHOTTKY developed at the 
Department of Electronics TUT was used in our research. 
Keywords:  SiC, JBS structures, contact metal work function, numerical 
modelling. 

1 Introduction 

Silicon carbide (SiC) is an outstanding compound semiconductor material with 
extremely promising physical properties that make it an excellent candidate in 
high-speed and high-temperature power electronic applications. Metal 
semiconductor interface is a fundamental aspect in any semiconductor device 
technology. The research of different characteristics of Schottky contact involved 
semiconductor structures is important. Furthermore, the 4H- and 6H- polytypes 
of SiC have some remarkably different parameters, which have direct influence 
on device characteristics. 

The authors of this paper have studied devices with different Schottky 
barriers for a long time. The changes in barrier heights strongly influence the 
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current transport in Schottky interfaces and the investigation results are shown 
for example in [1, 2]. There are many aspects in simple Schottky devices, which 
are similar to ones in JBS (e.g. current crowding phenomenon). From another 
point of view the JBS devices have specific advantages compared to traditional 
simple pn- or Schottky devices. Many experimental results dealing with 
simulation of JBS devices have been published (e.g. [3-8]). Almost all 
simulation reports discuss only about the best relation of pn- and Schottky areas, 
and only some of the reports deal with the different Schottky contact properties 
(barrier height, size), placing of implanted regions, geometrical dimensions and 
doping concentration of drift region. There have been no papers about JBS 
devices based on p-type SiC. The processes inside of JBS devices have been 
poorly investigated. The electric field strength distribution and minority carrier 
distribution in the devices have been studied. Those studies have been done only 
for certain parts inside the device and in one dimension. In this paper we make 
an attempt to bridge this gap in some specific aspects. 

The simulations have been done with simulation software SIC-DYNAMIT-
2DT SCHOTTKY, developed at TUT Department of Electronics [9, 10], aided 
by bash shell scripts for automation of simulations and gnu-plot for presenting 
the results. 

 

Figure 1: The device under study. 

2 Description of the model 

The simulations were performed on 6H-SiC and 4H-SiC Junction Barrier 
Schottky (JBS) structures (Fig. 1). Its dimensions and parameters were changed 
repeatedly to study the influence of those changes to electrical parameters and 
characteristics of the device. 
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The parameters of device are: width of the device (y2) varies between 1 and 
15 µm, width of p+ area (y1) between 0.25 and 5 µm, depth (x1) is chosen to be 
between 1 and 20 µm and acceptor doping concentration 5×1016 cm-3, epitaxial 
layer (n area) depth (x2) 20 µm with donor doping concentration between 1×1015 
and 4×1015 cm–3, part of the substrate (n++ area) depth (x3–x2) 10 µm with donor 
doping concentration 1×1019 cm–3, Schottky contact metal work function varies 
between 5.1 and 5.7 V, and ambient temperature gap lies between 300 and 900 
K. The area of the device was chosen to be always 1 cm2, to equal current and 
current density. Complementary p semiconductor based device data correspond 
to previously described ones. 

Avalanche ionization coefficients of SiC semiconductor were taken from 
[11]. 

The Shockley–Roosbroeck system containing Poisson’s equation, charge 
carriers continuity and transport equations with additional Maxwell’s total 
current equation is used. The Electron Hole Scattering (EHS) effect is introduced 
in SIC-DYNAMIT-2DT simulation package. Additional coefficients are used for 
high electron and hole concentrations. Mobility dependence on doping 
concentration, temperature, electrical field, and on the concentration of charge 
carriers is used. Boundary conditions for Ohmic and Schottky interfaces are 
described as it is shown for example in reference [10]. 

The detailed description of the model used here is presented in [12], the 
appropriate model parameters are presented in our latest paper on this topic [13], 
and therefore these questions will be not discussed here in more detail.  

3 Results and discussion 

Many practical examples of SiC JBS devices have been introduced. Still it is 
difficult to find the comparable examples, where the experimental results of 
manufactured devices match well with the simulation results, particularly with 
the results of our simulations. The reason for that is rather simple. The so called 
best device defined on base of our investigations should have very deep emitter 
area, which is unfortunately very difficult to realize with today’s SiC device 
manufacturing technologies. So, our results presented here have therefore the 
meaning of the so called best theoretical device. Of the physically manufactured 
devices, the closest to our results is the one proposed by Rutgers University, 
USA. The experimental results are presented in the paper [14]. This device is to 
the best of our knowledge the demonstrator with the best electrical properties 
presented till today. The geometrical and electrical parameters of this device are 
presented in [14] as well. To validate our model with best experimental data 
some critical results from the point of view of device behavior were investigated 
earlier and the part of comparable results are presented in our earlier work [12]. 
Here we continue to report our latest simulation results. 

Firstly, we comment the full dimensions of the JBS device. The forward 
characteristics depend not only on relative dimensions (ratio of pn-junction area 
to the Schottky junction area) of the device, but also on the absolute dimensions 
of the device parts as well. The device with the smallest dimensions can conduct 

 © 2007 WIT PressWIT Transactions on Engineering Sciences, Vol 55,
 www.witpress.com, ISSN 1743-3533 (on-line) 

Computer Methods and Experimental Measurements VIII  317



much lower forward current compared with other examined devices. The reason 
stems directly from the screening behavior of Schottky part (about 0.66 µm) of 
the device by the pn-part. The similar situation is followed with applied reverse 
voltage too, which means that the pn part of the device defines the current at low 
voltages (Fig. 2). It is important to state that at the smallest ratio of the Schottky 
and pn–junction the Schottky area leakage current is almost completely blocked 
under 1000 V and JBS device conducts the leakage current of pn-junction. The 
lower breakdown voltage in case of the smallest device (about 15 µm) is caused 
by higher electric field strength in semiconductor volume near the emitter bottom 
region (Fig. 3). This is clearly seen on Fig. 4, where the electric field strength 
dependence on device dimensions is presented. It is seen that in case of the 
highest simulated dimensions the effect of the lowering electric field strength 
under Schottky contact is very weak. Similar behavior has been seen also in the 
case of the smallest devices (about 3 µm). The latter situation concludes from the 
limited propagation of depletion region of pn-junction. 

 
Figure 2: Current crowding to p area at UF=0.2V, device size 1 µm.  

Our simulations show clearly that the turn-off time depends weakly on device 
final dimensions. The small difference in turn-off time values seems to be caused 
by the ratio of the depleted region to conducting area of Schottky part. Depleted 
region edge around the emitter area is the same for all dimensions, but the 
Schottky area dimensions are changing. From this situation we conclude that 
although the Schottky area ratio for the whole device area is not changing, the 
conducting Schottky area ratio to the whole device area is higher at larger device 
dimensions and the turn-off time increases minimally (less than 3% compared to 
shortest turn-off times of the device).  

The next important topic is the variation of the Schottky contact metal work 
function and its influence on forward and reverse characteristics, and on the 
distribution of the electrical field strength and the turn off time. The unique p-
substrate structure is under the investigations. The behaviour of the forward and 
reverse characteristics is shown in Fig. 5. The work function has remarkable 
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influence on forward characteristics (Fig. 5) through influence on the height of 
Schottky barrier. The influence is clearly seen at low voltage values as then the 
majority of the total current is conducted by the Schottky part of the device. On 
higher voltages most of the current flows through the pn-part of the device and 
the influence of the Schottky barrier loses its importance. Also the influence of 
the work function on reverse characteristics (Fig. 6) is remarkable. Namely, the 
lower Schottky contact metal work function causes higher leakage current values 
in the Schottky part of the device and therefore in the whole device as well. 

On the base of the results of the simulations we state that the electric field 
strength distribution and the turn-off time of the device are almost not influenced 
by the contact metal work function. 

 
Figure 3: Electric field strength distribution at UR=1000 V, device size 15 

µm. 

 

Figure 4: Electric field strength distribution dependence on device 
dimensions [µm]. 
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Figure 5: Forward characteristics dependence on contact metal work function 

[V] for p-substrate. 

 
Figure 6: Reverse characteristics dependence on contact metal work function 

[V] for p-substrate. 

The next analysis compares the Schottky JBS device with the pure pn- and 
Schottky diodes. Concluding from the working principles of JBS device the 
forward and reverse characteristics of JBS device are laying between the 
characteristics of pure Schottky diode and pn-diode, but on lower forward 
voltages values only Schottky part of the device conducts and on higher forward 
voltages only the pn-part of the device conducts. In case of reverse 
characteristics the breakdown voltage for pn-diode is lower compared to JBS 
device. The reason, why such a phenomenon takes place is that the dimension of 
the region, where the electric field strength is distributed is very narrow (only 
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about 10 µm) and therefore the break down arrives earlier compared to 
classically possible situation. This statement is partly supported by the analysis 
of electric field strength distribution inside the device, where the electric field 
strength is distributed over a wider area than in case of pn diode, but its 
maximum value is still low and situated under surface. In switching processes 
the analysis of currents shows clearly that the Schottky part of the device acts 
against the pn-part of the device for a short period of time. Although eventually 
the turn-off time for Schottky structures is generally shorter than for pn-diode, it 
is important to stress that after as short as 30 ps the current of Schottky diode is 
already about 8 times smaller than of pn-diode, and 90% of reverse voltage is 
achieved already in 23 ns in case of Schottky diode. For the pn-diode this time 
period is about 600 ns. 

Finally, we make some comments about the situation with p-substrate versus 
n-substrate. The forward current level for n-substrate device is about three orders 
of magnitude higher almost over the whole forward voltage region. The current 
values difference at low forward voltages is explained mostly by the lower 
barrier height of n-4H-SiC (about 1.1 eV) compared to p-4H-SiC (about 1.4 eV). 
We have to stress that the metal work function is taken to be the same for both 
cases. On higher forward voltages the majority of current flows through the pn-
junction part of the device defining the current level differences for these 
situations. On reverse voltages the device with n-substrate has about two and a 
half orders of magnitude higher leakage current compared with the device with 
p-substrate. Similarly to the forward bias situation the low reverse voltage 
situation is also caused by the clear difference in barrier heights for p and n-type 
material (Schottky contact metal work functions have equal values for both 
cases). 

The maximum value of the electric field strength is lower in case of n-
substrate. The reason concludes from the slightly different dimensions of the 
width of the device’s emitter region (in our simulations 1 µm for p-substrate JBS 
device). The turn-off time of n-substrate device is about 4 times higher compared 
to p-substrate device (Fig. 7). The reason for this significant difference stems 
directly from the differences of the values of holes and electron mobility’s. For 
4H-SiC the mobility of holes is almost 10 times lower than the mobility of 
electrons. 

4 Conclusions 

In this paper we have introduced some very new and original simulation results 
concerning JBS devices. First of all the parametric simulation for determining 
the best dimensioned device was discussed. After that the original results of p-
substrate devices taking into account the Schottky contact metal work function 
and different SiC polytypes have been presented. There is still no p-substrate 
based JBS device examinations published. Finally, the comparison p-substrate 
versus n-substrate was presented. Our simulations revealed that p-substrate JBS 
devices have generally no substantial advantages over n-substrate devices, but in 
some particular categories we met strong advantages over n-substrate devices. 
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Figure 7: Turn-off time characteristics n- versus p-substrate. 

The new findings we want to stress are the following: 
• The deepness of p-region is the most important dimension in forming 

the shape of electrical field. 
• Electrical field distribution is important in three aspects: maximum 

electric field strength determines avalanche breakdown of device, 
electric field strength under Schottky contact has influence on reverse 
current through Schottky barrier lowering, and the electrical field near 
the device surface has great importance on device surface breakdown 
phenomenon. 

The dimensioning of the JBS devices results in the conclusion that there 
never exists the so called best device for all the conditions. The device has to be 
chosen keeping in mind mainly low-power losses in high power applications. It 
is an extremely important from the point of view of manufacturing technologies. 
The goal is to reduce or to keep the electric field strength under surface very low 
using the high quality and complex passivation solutions. 

The model used in simulations does not include the description of the 
tunneling mechanisms. Tunneling can influence in particular situations the 
behavior of the device remarkably. Therefore additional investigation of JBS 
device behavior with inclusions of tunneling into the model would be an 
interesting subject for future investigations.  

Acknowledgements 

The authors wish to thank the Estonian Science Foundation for the support of 
this research through the research grant G5901. We would also like to thank 
Dr. Andres Udal for developing SiC-DYNAMIT-2DT modelling software used 
here as a simulating instrument. 

 © 2007 WIT PressWIT Transactions on Engineering Sciences, Vol 55,
 www.witpress.com, ISSN 1743-3533 (on-line) 

322  Computer Methods and Experimental Measurements VIII



References 

[1] Kurel, R., Rang, T.: Ambient temperature influence on current 
suppressing effect caused by self-heating phenomenon at 6H-SiC 
Schottky interfaces. Proc. of the BEC’98, Oct.7-10, Tallinn, Estonia, 
1998, 253-254. 

[2] Kurel, R., Rang, T.: Self-heating phenomenon and current suppressing 
effect at 6H-SiC Schottky interfaces. Proc. of 5th NEXUSPAN Workshop 
on Thermal Aspects in Microsystem Technology. May 6-8, Budapest, 
Hungary, 1998, 88-91. 

[3] L. Zhu, M. Shanbhag, T.P. Chow, K.A. Jones, M.H. Ervin, P.B. Shah, 
M.A. Derenge, R.D. Vispute, T. Venkatesan, A. Agarwal, 1kV 4H-SiC 
JBS Rectifiers Fabricated Using an AlN Capped Anneal, Trans Tech 
Publications, Materials Science Forum Vols. 433-436 (2003), 2003. 

[4] R. Singh, D.C. Capell, A.R. Hefner, J. Lai, J.W. Palmour, High-Power 
4H-SiC JBS Rectifiers, IEEE, IEEE Transactions on Electron Devices, 
Vol. 49, No. 11, November 2002, 0018-9383/02, 2002 

[5] R. Pérez, N. Mestres, D. Tournier, X. Jordà, M. Vellvehí, P. Godignon, 
Temperature Dependence of 4H-SiC JBS and Schottky Diodes after High 
Temperature Treatment of Contact Metal, Trans Tech Publications, 
Material Science Forum Vols. 483-485 (2005), 2005 

[6] K. Asano, T. Hayashi, R. Saito, Y. Sugawara, High Temperature Static 
and Dynamic Characteristics of 3.7kV High Voltage 4H-SiC JBS, Power 
Semiconductors Devices and ICs, 2000. Proceedings. The 12th 
International Symposium, 2000. 

[7] K. Rottner, M. Frischholz, T. Myrtveit, D. Mou, K. Nordgren, E. Henry, 
C. Hallin, U. Gustafsson, A. Schöner, SiC power devices for high voltage 
applications, Elsevier Science, Material Science and Engineering, Vol. 
B61-62, 1999. 

[8] T. Ayalew, S. C. Kim, T. Grasser, S. Selberherr, Numerical Analysis of 
SiC Merged PiN Schottky Diodes, Trans Tech Publications, Materials 
Science Forum, Vol. 483-485, 2005. 

[9] Udal, A.: "Development of Numerical Semiconductor Device Models and 
their Application in Device Theory and Design", Theses of Tallinn 
Technical Univ., No.D12, ISBN 9985-59-092-9, 1998, 140 p. 

[10] Kurel, R., Udal, A.: Two-dimensional nonisothermal analysis of current 
crowding effect at nonuniform SiC Schottky contacts using device 
simulator DYNAMIT-2DT. Proc. of the 8th Baltic Electronics 
Conference. Oct 6-9 Tallinn, Estonia, 2002, 51-54. 

[11] Chow, T.: High voltage SiC power devices, In “High-Temperature 
Electronics in Europe, International Technology Research Institute”, 
2000, 99-152. 

[12] Kurel, R.: Investigation of Electrical Characteristics of SiC Based 
Complementary JBS Structures, Doctoral Theses, Tallinn University of 
Technology, 2005, 98 pgs. 

 © 2007 WIT PressWIT Transactions on Engineering Sciences, Vol 55,
 www.witpress.com, ISSN 1743-3533 (on-line) 

Computer Methods and Experimental Measurements VIII  323



[13] Kurel, R., Rang, T.: Static and dynamic behavior of the SiC 
complementary JBS structures. Proc. of the 10th Baltic Electronics 
Conference. Oct 2-4 Tallinn, Estonia, 2006, 59-62. 

[14] Wu, J., Fursin, L., Li, Y., Alexandrov, P., Zhao, J. H.: 4,308V, 20.9mO 
cm² 4H-SiC MPS Diodes Based on a 30µm Drift Layer, Silicon Carbide 
and Related materials 2003, Eds. Roland Madar, Jean Camassel, Elizabeth 
Blanquet, Trans Tech Publications, 2004, 1109-1112. 

 © 2007 WIT PressWIT Transactions on Engineering Sciences, Vol 55,
 www.witpress.com, ISSN 1743-3533 (on-line) 

324  Computer Methods and Experimental Measurements VIII


