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ABSTRACT 
 

For a given breakdown voltage, the drift region thickness and doping concentration of punch-
through structure can be optimized to give the lowest specific on-resistance. An optimization 
scheme performed for a breakdown voltage of 14 kV in 4H-SiC bipolar junction transistor (BJT) at 
300 K. The optimum drift region thickness and doping concentration for a 4H-SiC punch-through 
structure at different breakdown voltages are presented. The optimum drift region thickness and 

doping concentration are 114 μm and 14 36.6 10 cm , respectively, which results in the lowest 
specific on-resistance of 117 mΩcm

2
. The specific on-resistance is compared with the theoretical 

specific on-resistance of non punch-through structure. It is shown that the optimized punch-through 
structure not only has a thinner drift region, but also has a slightly lower specific on-resistance than 
non punch-through structure. The model is applied and compared to a measured 4H-SiC bipolar 
transistors with high blocking voltage and results are discussed. The experimental 4H-SiC BJT is 
able to block 1631 V at 300 K and 2033 V at 523 K, respectively and when the base is open. The 
simulated blocking voltage when base is open is slightly lower (1600 V at 300 K) than the 
experimental value due to the current-amplifying properties of the common-emitter BJT. 
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1. INTRODUCTION 
 
Although many improvements have been made 
in silicon material technology and in the design of 
new device structures, the silicon-based power 
devices are rapidly approaching their theoretical 
limits of performance [1,2]. As shown in Table 1, 
when compared to silicon, 4H-SiC offers a lower 
intrinsic carrier concentration (9 to 37 orders of 
magnitude), a higher electric breakdown field (4 
to 18 times), a higher thermal conductivity, and a 
larger saturation electron drift velocity 2 to 2.7 
times higher [3-6]. Because of high electric 
breakdown field, the drift region can be much 
thinner than that of their Si counterparts for the 
same voltage rating, thus a much lower specific 
on-resistance could be obtained. With lower 
specific on-resistance, wide-bandgap-based 
power devices have lower conduction losses and 
higher overall efficiency. Because of high-
saturation drift velocity power devices based on 
wide-bandgap materials could be switched at 
higher frequencies than their Si counterparts. 
Moreover, the charge in the depletion region of a 
PN junction can be removed faster if the drift 
velocity is higher, and therefore, the reverse 
recovery time is shorter. 
 

Table 1. Physical parameters and bias 
variables 

 
Physical parameters 
and variables 

Unit Value 

Electron mobility, µn cm2/V-s 347 
Hole mobility, µp cm

2
/V-s 34.5 

Electron lifetime, n ns 22 

Hole lifetime, p ns 5.7 
Collector series 
resistance, RC 

Ω 1.24 

Collector-Emitter  
Bias, VCE 

V - 

Collector Current, IC A - 
Base Current, IB A - 

 

Breakdown electric field in 4H-SiC is almost one 
order of magnitude higher than silicon, which 
makes 4H-SiC superior in high voltage 
applications. The high breakdown electric field in 
4H-SiC allows power devices to use a much 
thinner and to use higher-doped drift layer, hence 
significantly reduces the specific on-state [7,8]. 
 

The fabrication and characterization of a 4H SiC 
bipolar junction transistor with double base 
epilyer is to improve specific on-resistance [9,10]. 
A lateral BJT structure with surface electric field 
optimization technique is shown to achieve a 

high breakdown voltage and lower specific on 
resistance reported in several articles including 
[11-16]. Due to the advantages of 4H-SiC 
devices such as low specific on-resistance, high 
thermal stability, and high blocking voltage, SiC 
MOSFET and BJTs are considered a better 
alternative to Si IGBTs [17-24]. Recently 4H-SiC 
bipolar junction transistors with a blocking 
voltage in the range of 0.75 kV to 9.2 kV and with 
an on-state resistance of 2.9 mΩcm2 to 49 
mΩcm

2
 are reported [25-27]. 

 
In this study, a two-dimensional numerical 
analysis tool ATLAS [11] is used to investigate 
the electrical characteristics in 4H-SiC bipolar 
transistors. The simulation and theoretical model 
are compared to the measured 4H-SiC bipolar 
junction transistors. An optimization model is 
presented to obtain the lowest specific on-
resistance. It is shown that a punch-through 
structure not only has a thinner drift region, but 
also can have a slightly lower specific on-
resistance than a non punch-through structure. It 
is also shown that the simulated blocking voltage 
is slightly lower when base is open due to the 
current-amplifying properties of the common-
emitter bipolar junction transistors. 
 

2. MODELING IONIZATION COEFFI-
CIENTS 

 

In high electric field, free carriers can obtain 
enough energy to cause impact ionization. This 
process can be understood as the inverse 
process to the Auger recombination. The 
reciprocal of the carrier mean free path is called 
the impact ionization coefficient. With these 
coefficients of electrons and holes, the 
generation rate G due to impact ionization can be 
expressed as 
 

n n p pG nv nv  
                                  (1) 

 

where n  and p  denote the impact ionization 

coefficients of electrons and holes, vn and vp are 
the electron and hole drift velocities, receptively. 

n  and p  are modeled with Chynoweth 

equation [28]: 
 

  0 exp
b

E
E


 

 
  

                            (2) 
 

where E is the electric field and 0  and b are 

fitting parameters: 
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The parameter   and the optical phonon energy 

oph  relate the temperature dependence of 

phonon gas against the accelerated carriers. 

Both 0  and b  depend on lattice temperature 

(T). However, the term b  is shown 

experimentally to be independent of the 
temperature in SiC [29]. Therefore, the empirical 
model suggested by Okuto and Crowell is used 
in the simulation [30]: 

 

   
   2

1
1 300

1 300 exp
b d T K

E a c T K E
E




    

           
                             (4) 

where a, b, c, d, 1  and 2  are fitting parameters [14].  By fitting the experimental results in with Eq. 

(4), the impact ionization coefficients n  and p  are expressed as below [31]: 

 

    
7

6 3 12.34 10
, 7.26 10 1 1.47 10 300 expn E T T K cm

E
   

      
                    (5) 

    
7

6 3 11.41 10
, 6.85 10 1 1.56 10 300 expp E T T K cm

E
   

      
                     (6) 

 

2.1 Critical Field of 4H-SiC Power Transistors 
 

For power devices, the high blocking voltage is usually supported by a thick lightly doped drift layer. 
Since the drift layer is thick and low-doped, its resistance may dominate the on-resistance of the 
power device. The critical field in 4H-SiC is dependent on the doping and the avalanche breakdown 
due to impact ionization will occur when the electric field exceeds the critical field (Ecr) modeled by the 
following equation: 
 

6

10 16 3

2.49 10

1
1 log
4 10

crE V cm
N

cm




 
  

                                                                                       (7) 
 

where N is the doping concentration. 
 

2.2  Drift Layer Design for Non-Punch-Through Structure 
 

The theoretical specific on-resistance RSP_ON associated with the drift layer is  
 

2

_ 3

4 BR
SP ON

n D s n cr

W V
R resistance area

q N E  
   

                                                                (8) 
     

where VBR is the breakdown voltage, ND is the drift layer doping concentration and s  is the dielectric 

constant of the semiconductor, and n  and W are the drift layer electron mobility and thickness, 

respectively. The above equation shows that the specific on-resistance of 4H-SiC drift layer can be 
about 550 times lower than that of silicon drift layer for the same voltage rating due to the higher 
critical field in 4H-SiC junction transistors. 
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2.3 Drift Layer Design for Punch-Through 
Structure 

   
For power device studied, a punch-through 
structure is used to support breakdown voltage. 
Fig. 1 shows the schematic cross sectional view 
of the 4H-SiC NPN BJT cell structure. This 
structure consists of three epilayers. The top N+ 
layer is the emitter. The middle p-type epilayer is 
the base. The N

-
 layer (drift layer) between the 

N+ collector and the P base is used to support 
the high breakdown voltage. The emitter mesa is 
etched into the P base layer by 0.2 μm. A thin, 
highly doped P

+
 region can be formed by ion 

implantation under the base contact to reduce 
contact resistance. This structure is designed to 
be able to block near 2000 V under the optimum 
reach-through condition when the emitter is 

open. A 12 μm, 
15 37 10 cm  doped n-type 

epilayer is chosen for the drift layer. The base 

doping concentration is 
17 33.7 10 cm  and the 

base width is 0.8 μm. The emitter has a doping 

concentration of 
19 32 10 cm  with a thickness 

of 1.5 μm. 
 
The punch-through structure has a lower doping 
concentration on the lightly doped side with a 
high concentration contact region, and the 
thickness of the lightly doped side is smaller than 
that for non punch-through structure for equal 
breakdown voltages. In punch-through structure, 
the electric field varies less gradually with 
distance within the lightly doped region, resulting 
in a rectangular electric field profile as compared 
to a triangular electric field profile for the non 
punch-through structure. The breakdown voltage 
for punch-through structure is given by [32]: 
 

2

2

p

BR cr P

s

qN W
V E W





 
                            (9)              

where Wp and N
- 

are the thickness and doping 
concentration of the drift region (lightly doped 
region), respectively. 

 

19 32 10

1.5

dN emitter N cm

m

  

17 33 10

0.8

aP base N cm

m

  

15 37.5 10

12

dN collector N cm

m

  

4N H SiC Substrate 

Emitter contact

Base contact

Collector contact

P implantation

Epitaxially grown emitter

7 m 5 m 1.5 m

 
Fig. 1. Schematic cross-section view of the 4H-SiC NPN BJT cell structure 
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Fig. 2 shows the breakdown voltage calculated 
for the punch-through structure in 4H-SiC as a 
function of the drift region doping concentration. 
When the doping concentration and the 
thickness of the drift region become large, the 
breakdown voltage approaches that for the non 
punch-through structure. In addition, the 
breakdown voltage of the punch-through 
structure is a weak function of the drift region 
doping concentration if its thickness is small.  
 

For a given breakdown voltage, the drift region 
thickness and doping concentration of punch-
through structure can be optimized to give the 
lowest specific on-resistance. Fig. 3 illustrates 
such an optimization scheme performed for a 
breakdown voltage of 14 kV at 300 K. The 
optimum drift region thickness and doping 

concentration are 114 μm and 
14 36.6 10 cm , 

respectively, which gives the lowest specific on-
resistance of 117 mΩcm2. The optimum drift 

region thickness and doping concentration for 
4H-SiC punch-through structure at different 
breakdown voltages are presented in Fig. 4. The 
optimum specific on-resistance is compared with 
the theoretical specific on-resistance of non 
punch-through structure in Fig. 5, where the 
optimized punch-through structure not only has a 
thinner drift region, but also has a slightly lower 
specific on-resistance than non punch-through 
structure. 
 

The simulated blocking characteristics of the 4H-
SiC NPN BJT are shown in Fig. 6. The device is 
able to block 1941 V and 2094 V at 300 K and 
523 K, respectively, when the emitter is open. 
When the base is open, the device can block 
1631 V and 2033 V at 300 K and 523 K, 
respectively. The blocking voltage is smaller 
when the base is due to the current-amplifying 
properties of the common emitter connection. 

 

 
 
Fig. 2. Dependence of the breakdown voltages in 4H-SiC punch-through structures on 

the drift region doping concentration 
 

 
 

Fig. 3. Optimization of the drift region doping concentration and thickness for a 14 kV punch-
through structure in 4H-SiC at 300 K 
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Fig. 4. Optimized doping concentration and thickness for the drift region of 4H-SiC 
punch-through structure 

 

 
 

Fig.5. Comparison of the optimized specific on-resistance of 4H-SiC punch-through 
structure with that of non punch-through structure 

 

 
 

Fig. 6. Simulated blocking characteristics of the 4H-SiC NPN BJT at 300 K and 523 K 
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3. COMPARISON WITH EXPERIMENTAL 
DATA AND DISCUSSIONS 

 
For a power device with an n-type lightly doped 
drift layer, the blocking junction can be 
approximated with an one-side abrupt p

+
n 

junction theory. In the blocking state the 
depletion region mainly extends into the lightly 
doped drift region and the maximum electric field 
in the depletion region is given by: 
 

max

2 D a

s

qN V
E




                                 (10) 
 

Where Va is the applied bias. From equation 
(10), it can be seen that the maximum electric 
field in the depletion region increases with 
increasing applied bias. For a non-punch through 
breakdown where impact ionization is the main 
cause of the breakdown, the ideal breakdown 
voltage VBR for a given doping level ND  can be 
derived from Eq. (7) and Eq. (10) [32,33]: 
 

2

2
s cr

BR

D

E
V

qN




                                          (11) 
 

This equation shows that the non punch-through 
blocking voltage is about 143 V much lower the 
blocking voltage reported in the experimental 
device. The experimental transistor shows a 
blocking voltage of about 1631 V at 300 K. The 

simulated blocking voltage is at 1600 V at 300 K 
which is in agreement with the experimental data 
[34]. As a result, the experimental structure 
presented in Fig. 1 demonstrates a punch-
through design discussed below. The punch 
through usually occurs when the doping 
concentration of the base layer becomes 
sufficiently low. At higher temperature the 
breakdown voltage increases as shown in Fig. 6. 
One explanation is that hot carriers passing 
though the depletion region under high electric 
field lose part of their energy to optical phonons 
hence must travel through a greater potential 
difference and higher voltage before they can 
obtain sufficient energy to generate an electron-
hole pair [35]. 
 

The structure of the experimental device is the 
same as the one shown in Fig. 1 except that the 
emitter layer thickness is 0.7 μm. The device 
active area is 0.012 cm

2
. The experimental data 

in this section is taken from [34]. The simulation 
parameters used in ATLAS program are given in 
Table 1. The measured and simulated I-V 
characteristics of the device at room temperature 
are shown in Fig. 7. The experimental 4H-SiC 
BJT is able to block 1631 V at 300 K and to block 
2033 V at 523 K, respectively and when  base is 
open. The simulated blocking voltage when base 
is open is slightly lower (1600 V at 300 K) than 
the experimental value due to the current-
amplifying properties of the common-emitter BJT. 

 

 

 
Fig. 7. Measured and simulated output characteristics (IC vs. VCE) of the fabricated  

4H-SiC NPN BJT at room temperature; the measured data is taken from [34] 
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The collector current (IC) is measured up to 4.41 
A (current density of JC = 368 A/cm

2
) at a base 

current (IB) of 140 mA, corresponding to a 
common emitter current gain of 31 at collector 
emitter voltage of VCE = 8 V. The maximum 
current gain is 32 at JC =319 A/cm

2
. The specific 

on-resistance is 17 mΩcm
2
 measured at VCE =5 

V and IB = 140 mA. The open-base blocking 
voltage is near 1600V at room temperature, 
where the leakage current is only 1.2 mA. The 
simulation parameters used in Fig. 7 are 
summarized in Table 2. This result represents 
state of the art for 4H-SiC NPN BJTs with both 
high blocking capability and high current gain at 
high current density.  

 
Table 2. Simulation parameters 

 
Parameters Values 
Base region  
     Electron Mobility 
     Electron Lifetime 

 
347 cm2/Vs 
22 ns 

Emitter region 
     Hole Mobility 
     Hole lifetime 

 
34.5 cm2/Vs 
5.7 ns 

Collector series resistance, RC 1.24  
 
The theoretical specific on-resistance of the 
experimental BJT is about 1.5 mΩcm

2
 (assuming 

the maximum electron mobility is 947 cm2/Vs), 
which is about 11 times lower than the measured 
specific on-resistance. The high measured 
specific on-resistance may not be due to the low 
electron mobility because the device has a high 
current gain. The fitting to the measured I-V 
characteristics cannot be achieved by using low 
electron mobility even when the maximum carrier 
lifetimes are as high as 5 μs. At present, it is 
actually not well understood why the measured 
specific on-resistance is so high. Thus, a resistor 
of 1.24 Ω is connected to the collector in order to 
fit the specific on-resistance of the device.  
 

4. CONCLUSION 
 
The specific on-resistance is compared with the 
theoretical specific on-resistance of non punch-
through structure. It is shown that the optimized 
punch-through structure not only has a thinner 
drift region, but also has a slightly lower specific 
on-resistance than non punch-through structure. 
The model is applied and compared to a 
measured 4H-SiC bipolar transistors with high 
blocking voltage and results are discussed. The 
experimental 4H-SiC BJT is able to block 1631 V 
at 300 K and 2033 V at 523 K, respectively when 
the base is open. The simulated blocking voltage 

when base is open is slightly lower (1600 V at 
300 K) than the experimental value due to the 
current-amplifying properties of the common-
emitter BJT.  
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