
 

 

 

   Basal plane dislocations (BPDs) in the SiC epitaxial wa-

fer expand to single Shockley stacking faults (SSFs) under 

the forward bias operation in the SiC bipolar devices, result-

ing in an increase in on-voltage called the forward bias deg-

radation[1]. Generally, BPDs in the SiC substrate can be 

mostly converted to harmless threading edge dislocations 

(TEDs) at the epi/substrate interface with the progress of ep-

itaxial growth technology, and can eliminate BPDs in the ep-

itaxial films. However it has been reported that the SSF ex-

pansion occurs when excess carriers reach the BPD in the 

substrate under high current conditions. According to ref[2], 

the critical injection hole density for the SSF expansion orig-

inating the BPD in the substrate is reported about 1.6-2×1016 

cm-3 at the buffer/substrate interface. 
In this study, we aim to propose the model to enable pre-

dict the forward bias degradation caused by BPDs numeri-

cally in the PiN diode structure and to describe the current 

density from the injected hole density at the buffer/substrate 

interface. In addition, we estimate the critical current density 

of the forward bias degradation in the case of a BPD-TED 

conversion located in the substrate. Calculation of the critical 

current density is performed by taking BPD-TED conversion 

in the Si-vapor etching (Si-VE) method[3-4] as an example. 

 

Fig.1 shows the schematic cross-sectional structure of a 

typical SiC PiN diode. In this study, our calculation model of 

current density and carrier density were designed for the drift, 

buffer and substrate regions as shown in Fig.2. We introduced 

physical models of the dopant ionization[5], the bandgap nar-

rowing (BGN) effect[6], and the Caughey-Thomas mobility 

model[7] for 4H-SiC. 

The hole density at the bottom of the buffer layer is de-

fined as pi. The hole current density (Jp) can be determined 

from the mass action law at the buffer/substrate interface, the 

diffusion length (Lp(sub)) and the diffusion constant (Dp(sub)) in 

the substrate. Jp is expressed as shown equation (1) using pi, 

 

𝐽𝑝 =
𝑞𝐷𝑝(sub)

2𝐿𝑝(sub)
(−𝑁sub + √𝑁sub

2 + 4𝑝𝑖(𝑝𝑖 + 𝑁buffer)exp (
∆𝐸𝑔(sub)−𝛥𝐸𝑔(buffer)

𝑘𝑇
)),   (1) 

 
where 𝑁buffer, 𝑁sub, ∆𝐸𝑔(buffer) and ∆𝐸𝑔(sub) are the ion-

ized donor concentration of the buffer layer, the ionized donor 

concentration of the substrate, BGN in the buffer layer and 

BGN in the substrate, respectively. Lp(sub) is adjusted in the 

range of 1 ns to 8 ns at 298 K to 498 K. The electron and hole 

density in the drift layer can be described using Jp and pi by 

calculating similarly at the drift/buffer interface, as shown in 

equation (2) and (3), 

 
𝑝drift =

 

−𝑁drift+√𝑁drift
2 +4(𝑝𝑖+

𝐽𝑝𝑡buffer
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𝑛drift =

 

𝑁drift+√𝑁drift
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𝐽𝑝𝑡buffer
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)

2
,   (3) 

 
where 𝑡buffer , Dp(buffer) and ∆𝐸𝑔(drift)  are the thickness of 

buffer layer, the diffusion constant in the buffer layer and 

BGN in the drift layer, respectively. The total current density 

(J) can be estimated by calculating the electron current den-

sity (Jn) from Jp and mobility. 

 

𝐽𝑛 =
𝜇𝑛(drift)𝑛drift

𝜇𝑝(drift)𝑝drift
𝐽𝑝,    𝐽 = 𝐽𝑝 + 𝐽𝑛.     (4) 

 
Here, the critical hole density (pcrit) which occurs SSFs 

expansion from BPDs at the buffer/substrate interface 

adopted 1.6×1016 cm-3 from the experimental value in ref[2]. 

Calculated J at pi=pcrit is defined as a critical current density, 

Jcrit. Temperature dependence is considered for all numerical 

parameters except for pcrit. 
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Here, t d of 140 nm

 was used as the 

BPD-TED conversion effect by Si-VE[8]. Equation (5) 

shows pi when pcrit reaches the conversion depth d. 
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−𝑁buffer+√𝑁buffer
2 +4𝑝𝑐𝑟𝑖𝑡(𝑝𝑐𝑟𝑖𝑡 exp(

𝑑

𝐿𝑝(sub)
)+𝑁𝑠𝑢𝑏)exp(

𝑑

𝐿𝑝(sub)
+

∆𝐸𝑔(buffer)−𝛥𝐸𝑔(sub)

𝑘𝑇
)

2
.  (5) 

 

  
[3] ter. Sci. Forum, 573 (2011) 717-720. 

[4]

[5]

  
[6]

[7]

  

[8]

   
 

 

 

  

 

 

 

 

 

 

 

 

 

 
Jcrit with

 

n-substrate:

4o off-cut 4H-SiC

n-drift

n-buffer

n+

n-

p+p-emitter

Anode electrode

Cathode electrode

0
100
200
300
400
500
600
700
800
900

1000
1100
1200
1300
1400
1500

1.E+16 1.E+17 1.E+18 1.E+19

C
ri

ti
ca

l 
cu

rr
en

t 
d

en
si

ty
 [

A
/c

m
3
]

Dopant concentration of buffer layer [cm-3]

298K

348K

398K

448K

493K

0

100

200

300

400

500

1.E+16 1.E+17

Enlargement

 

 

 

Jcrit as a function of

 

Jcrit as a function of

  

Nbuffer

drift buffer substrate

Depth: x

C
ar

ri
er

 d
en

si
ty

: 
n

,p

pdrift

surface

ndrift

Ndrift pbuffer

nbuffer

nsub

Nsub

psub

Current direction

//

pi

1

10

100

1000

1.E+15 1.E+16 1.E+17

C
u
rr

en
t 

d
en

si
ty

 [
A

/c
m

2
]

Hole density at buffer/subst. interface [cm-3] 

◆ ref[2]. at 298K

◇ ref[2]. at 423K

calc. at 298K

calc. at 423K

0

100

200

300

400

500

600

700

800

900

1000

1.E+16 1.E+17 1.E+18 1.E+19

C
ri

ti
ca

l 
cu

rr
en

t 
d
en

si
ty

 [
A

/c
m

3
]

Dopant concentration of buffer layer [cm-3]

298K

348K

398K

448K

493K

0

100

200

300

400

500

600

700

800

900

1000

1.E-10 1.E-09 1.E-08 1.E-07 1.E-06

298K

348K

398K

448K

493K

C
ri

ti
ca

l 
cu

rr
en

t 
d
en

si
ty

 [
A

/c
m

3
]

Carrier lifetime of substrate [s]
drift buffer substrate

H
o

le
 c

o
n

ce
n
tr

at
io

n

Depth : x

pcrit

pdrift

pbuffer

psub

BPD-TED

conversion

positionpi

surface
//


