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Abstract: Silicon carbide (SiC) material features a wide bandgap and high critical breakdown field intensity. It also plays an im-
portant role in the high efficiency and miniaturization of power electronic equipment. It  is an ideal choice for new power elec-
tronic devices, especially in smart grids and high-speed trains. In the medium and high voltage fields, SiC devices with a block-
ing voltage of more than 6.5 kV will have a wide range of applications. In this paper, we study the influence of epitaxial materi-
al properties on the static characteristics of 6.5 kV SiC MOSFET. 6.5 kV SiC MOSFETs with different channel lengths  and JFET re-
gion  widths   are  manufactured  on  three  wafers  and  analyzed.  The  FN  tunneling  of  gate  oxide,  HTGB  and  HTRB  tests  are  per-
formed and provide data support for the industrialization process for medium/high voltage SiC MOSFETs.
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1.  Introduction

Silicon  carbide  (SiC)  is  a  typical  representative  of  the
wide bandgap of semiconductors,  due to its bandgap, strong
critical breakdown field and high thermal conductivity. SiC ma-
terials  and  devices  have  been  included  in  the  National  14th
Five-Year  Plan  for  Science  and  Technology[1, 2].  In  the  past
two  decades,  SiC  power  devices  have  been  widely  used  in
low-voltage applications. Companies such as CREE[3],  Rohm[4],
and Infineon[5] have dominated the market. In high-voltage ap-
plications,  SiC  devices  have  been  used  in  high-speed  motor
drives, solid-state transformers, railway traction and fast char-
gers  for  electric  vehicles[6−8].  In  traditional  silicon-based
power  converters,  high-voltage  silicon  IGBTs  are  usually  con-
nected  in  parallel  and  in  series  to  meet  the  needs  of  high
voltage and high current. However, series and parallel connec-
tions  will  introduce  voltage  imbalance  and  current  imbal-
ance, respectively.

High  voltage  devices  play  a  significant  role  in  improving
device  performance  and  equipment  reliability[9].  Silicon
carbide  metal–oxide–semiconductor  field  effect  transistors
(SiC MOSFETs) have the advantages of high voltage, low loss,
high  temperature  operation,  and  so  on[10].  They  are  also
highly  efficient  and  miniaturized  for  power  electronic  equip-
ment.  In  addition,  they  play  an  important  role  and  are  an
ideal choice for new power electronic devices [11].

In  this  paper,  the  influence of  epitaxial  properties  on the
static  properties  of  6.5  kV  SiC  MOSFETs  is  studied.  Five  types

of  SiC  MOSFETs  with  different  channel  lengths  and  JFET  re-
gion widths are developed on three wafers and analyzed in de-
tail.  Finally,  the  gate  oxide  characteristics  of  the  device  were
analyzed. 

2.  Epitaxial layer design and device preparation
 

2.1.  6.5 kV MOSFET epitaxial layer design
The slope of the electric field in the drift region is determ-

ined  by  the  doping  concentration  of  the  drift  region,  which
can be obtained according to the Poisson equation: 

dEx
dx

= −
dψ

dx
=
qNd
εs

. (1)

In  the  formula: Nd is  the  doping  concentration  of  the
drift region, and εs is the dielectric constant of SiC.

From formula (1), the device blocking voltage VR can be re-
lated to the breakdown critical electric field Em of the drift re-
gion as follows: 

VR = (Em −
qNdw
εs

)w. (2)

Therefore,  only  by  deriving  the  relationship  between Em
and  the  doping  concentration Nd of  the  drift  region  and  the
thickness w of  the  drift  region  can  the  relationship  between
the  blocking  voltage VR and  the  parameters  of  the  drift  layer
be  obtained.  From  Ref.  [12],  the  relationship  between  the
breakdown  critical  electric  field  and  the  doping  concentra-
tion of the drift region is as follows: 

Em = . × 

 −


lg(Nd/) . (3)
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From  Eqs.  (2)  and  (3),  the  relationship  between  the
device  breakdown  voltage VR and  the  doping  concentration
Nd under  different  drift  layer  widths w can  be  obtained.  The
greater  the  thickness,  the  greater  the  blocking  voltage  that
the  epitaxial  layer  can  bear;  and  the  greater  the  doping,  the
smaller the blocking voltage that the epitaxial layer can bear.

Considering  the  specific  on-resistance Rsp of  the  epitaxi-
al layer as: 

Rsp =
w

qμnNd
. (4)

There  is  a  trade-off  relationship between the specific  on-
resistance and the blocking voltage of the epitaxial  layer.  It  is
necessary  to  combine  formula  calculation  and  TCAD  simula-
tion to determine the thickness and concentration of the epi-
taxial  layer.  In this paper,  Sentaurus TCAD is  used to simulate
the characteristics of 6.5 kV SiC MOSFET.

Fig. 1 shows the current density and blocking voltage vari-
ation with doping concentration and thickness of epitaxial lay-
er.  To  achieve  a  blocking  voltage  of  6.5  kV,  it  is  determined
that the blocking voltage of the epitaxial layer is 8.125 kV, leav-
ing  a  margin  of  25%.  The  thickness  of  the  epitaxial  layer  is
between 60 to 64 μm, and the blocking voltage per micron is
about  120  V.  Epitaxial  doping  concentration  is  about
(1.1−1.3) × 1015 cm−3. Epitaxial wafer thickness and concentra-
tion  have  inter-  and  intra-chip  inhomogeneities.  For  high-
voltage devices, the epitaxial layer contributes most of the res-
istance  and  the  blocking  voltage,  so  the  intra-  and  inter-
wafer  uniformity  of  epitaxial  wafer  thickness  and  concentra-
tion has a greater impact on the characteristics of the device. 

2.2.  6.5 kV SiC MOSFET device preparation

̄
In  this  paper,  the  6.5  kV  SiC  MOSFETs  were  fabricated

on  a  (0001)  Si-faced,  4°  off-axis  toward  the  < >  direction,
and N-type 4H-SiC substrate. The nominal voltage was 6.5 kV,
and the epitaxial layer ranged from 60 to 65 μm thick with an
N-type  doping  concentration  of  approximately  1.2  ×  1015

cm−3.  Due  to  the  intra-  and  inter-wafer  uniformity  of  epitaxi-
al  wafer  thickness  and  concentration,  the  thickness  and  con-
centration  has  a  large  range. Fig.  2 shows  a  schematic  dia-
gram of the structure of a 6.5 kV SiC MOSFET.

Al  was  used  as  the  P-type  dopant  and  N  was  the  N-type
dopant.  Multiple  energy  implants  of  Al  and  N  were  im-
planted  to  form  the  P  well,  P+  body,  N+  source  and  JFET.
After  all  of  the  ion  implantations  were  made,  activation  an-
neal  was carried out  at  1600–1750 °C for  30 min with carbon

cap to maximize lattice recovery and dopant activation. Then,
a  sacrificial  oxidation  of  20  nm  was  conducted  to  get  rid  of
the surface roughness caused by ion implantation. After that,
a  50  nm  gate  oxide  was  formed  by  thermal  oxidation  fol-
lowed  by  NO  annealing.  Phosphorus-doped  polysilicon  of
500 nm was then deposited over the gate oxide,  followed by
gate patterning.  700 nm of inter-layer dielectric  was then de-
posited  and  patterned  to  form  the  ohmic  contact  window.
150  nm  Ni  was  deposited  on  the  front  and  backsides  of  the
wafer  and  rapid  thermal  annealing  (RTP)  was  carried  out  at
1000  °C  for  2  min  to  form  the  ohmic  contacts.  The  interlayer
dielectric  on  the  poly-Si  was  patterned  to  expose  the  gate
poly-Si  pad  to  form  a  gate  bus.  The  top  metal  stack  (Ti/Al)
was  then  deposited  and  patterned  to  form  the  source  and
gate  pads.  Then,  the  passivation  layer  polyimide  was  depos-
ited and patterned. Lastly,  the metal stack (Ti/Ag) was depos-
ition  on  the  backside.  The  design  structure  of  a  floating
guard ring edge termination was used for the 6.5 kV conven-
tional  planar-gate  power  MOSFETs. Fig.  3 shows  a  wafer
photo of a 6.5 kV SiC MOSFET. In this article, we use three epi-
taxial wafers to develop MOSFETs. The parameters of the epi-
taxial  wafers  are  shown  in Table  1.  The  specific  on-resist-
ances  contributed  by  the  three  types  of  epitaxial  layers  are
34.1, 36.5 and 34.8 mΩ·cm2.

In  this  paper,  five  kinds  of  chips  with  different  channel
lengths LC and  JFET  region  widths WJ were  designed  on  the
wafer. The cell structure parameters are shown in Table 2. 

3.  Results and discussion
 

3.1.  Influence of epitaxial layer parameters on

conduction characteristics

As shown in Fig. 4, the output characteristics of 5 cell struc-
tures  in  3  epitaxial  wafers  are  compared.  The  gate–source
voltage is  20  V,  and the drain-source voltage is  4  V.  It  can be
seen  from Fig.  4 that  the  average  current  of  #1  wafer  is  the
largest,  the  average  current  of  #3  wafer  is  second,  and  the

 

Fig.  1.  (Color  online)  Current  density  and  blocking  voltage  variation
with doping concentration and thickness of epitaxial layer.

 

Fig. 2. (Color online) Schematic cross-section of 6.5 kV SiC MOSFET.

 

Fig. 3. (Color online) 6.5 kV SiC MOSFET devices on the 6-inch wafer.
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average current  of  #2 wafer  is  the smallest.  The wafer  output
current has the same law in the five types of  cells.  The active
area  of  the  five  chips  is  the  same,  which  is  4.7  mm2.  Due  to
the  different  chip  pitches,  the  edges  and  corners  of  the  act-
ive  area  of  the  chip  are  different,  there  will  be  a  slight  differ-
ence  in  the  total  cell  area  but  the  overall  can  be  ignored.
The  specific  on-resistance  of  C1  device  on  the  wafer  #1  is
44  mΩ·cm2.  The  resistance  of  SiC  MOSFET  consists  of  sub-
strate resistance, drift region resistance, JFET resistance, accu-
mulation  region  resistance,  channel  resistance,  source  region
resistance  and  ohmic  contact  resistance.  In  the  case  of  the
same  cell  structure,  the  epitaxial  layer  parameters  (i.e.,  the
doping  concentration  and  thickness  of  the  epitaxial  wafer)
are important factors affecting the conduction characteristics.
The  greater  the  thickness w of  the  epitaxial  wafer,  the  great-
er  the  resistance;  and  the  smaller  the  doping  concentration
Nd, the higher the resistance. The specific on-resistance contrib-
uted by the epitaxial  layer is t/(Ndqμ),  where μ is  the SiC bulk

mobility.
The current  difference between #1 wafer  and #2 wafer  is

0.3  A.  According  to  the ID–VDS characteristics  of  the  chip  and
the  chip  area,  the  specific  on-resistance  difference  of  #1
wafer and #2 wafer is 0.38 mΩ·cm2 which is similar to epitaxi-
al  wafer  specific  on-resistance  difference.  For  the  C4  device,
when  the  JFET  width  is  3 μm,  the  proportion  of  JFET  resist-
ance  increases,  and  the  effect  of  epitaxial  wafer  differences
on device conduction is  weakened. So the output currents of
#2 and #3 are basically the same.

The current  distribution uniformity  of  the #3 wafer  is  the
best, and #2 wafer is the worst, which is largely due to epitaxi-
al  layer  thickness  and  doping  concentration  inhomogeneity.
Therefore, the quality of the epitaxial wafer affects the uniform-
ity of the electrical properties of the chip. 

3.2.  Influence of cell parameters on conduction

characteristics

In  this  paper,  the  output  curves  and  transfer  curves  of
the  devices  with  five  cell  parameters  are  compared  at VGS =
20  V,  which  are  shown  in Fig.  5.  The  threshold  voltage  is  de-
termined  at  the  drain-source  current  of  5  mA  by  sweeping
the gate–source voltage with drain electrodes biased of 10 V.
With  the  increasing  channel  length,  the  threshold  voltage
VGS(th) of the device increases. The on-resistance increases, lead-
ing  to  the  drop  of  the  output  characteristic  curve,  and  so
does  the  transconductance  gfs.  With  the  increasing  width  of
the  JFET  region,  the  threshold  voltage  increases,  but  the  on-
resistance  decreases.  The  output  characteristic  curve  moves
up,  and  the  three  transfer  curves  cross  during  the  gate
voltage  increase.  When  the  JFET  width  is  3 μm,  the  output
curve deviates from the linear region earlier. When Vds is kept
constant,  the  main  resistance  of  the  device  at  low  gate
voltage comes from channel. The larger the JFET width is, the

 

Fig. 4. (Color online) Comparison of output current of five chips on three wafers.

Table 1.   Epitaxial layer thickness and doping concentration.

Number Thickness (μm) Doping (1015 cm−3) Ndqμt/( )

#1 64.7 1.29 34.1
#2 62.3 1.16 36.5
#3 62.5 1.22 34.8

Table 2.   Cell parameter table.

Cell
number

Channel length
 (μm)

Width of JFET region
 (μm)

C1 0.75 4
C2 1.25 4
C3 1 4
C4 1 3
C5 1 5
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smaller  the  cell  density  and  the  channel  density  are.  There-
fore, at low gate voltage, the device resistance increases with
the increase of JFET width. To achieve the same current, such
as  5  mA,  more  gate  voltage  needs  to  be  applied.  Therefore,
for  the  same  active  area,  the  wider  JFET,  the  greater  the
threshold voltage. The change of threshold voltage with chan-
nel  length  is  the  same  as  the  change  of  threshold  voltage
with JFET width. 

3.3.  The device’s yield

This  article  counts  the  yield  of  the  chips  on  each  wafer.
The  overall  chip  area  on  the  wafer  is  relatively  small,  so  the
gate–source yield and blocking yield of  the chip are basically
the  same.  We  also  make  a  batch  of  6.5  kV  large-area  chips,
with  the  active  area  of  37  mm2.  The  gate–source  yield  and
blocking yield  are  independent  of  each other[13].  The  yield  of
6.5 kV MOSFET in this paper is shown in Table 3. The average
yields  are  40%,  55%  and  50%,  for  the  three  wafers,  respect-
ively. The yield of high-voltage devices decreases rapidly with
the increase of defect density and chip area. Reducing the de-
fects  in  epitaxial  materials  and those introduced in  processes

is  an  important  approach  to  realize  commercialization  of
high-voltage SiC MOSFET devices. 

3.4.  Gate oxide characteristics of the device

FN  tunneling  is  also  called  triangular  breakdown[14−16].
When  the  electric  field  is  high  enough,  the  gate  oxygen  en-
ergy  level  bends  to  form  a  triangular  shape.  When  the  width
of the triangular region is small, electrons directly tunnel. The
field strength during FN tunneling is  an important parameter
for  evaluating  the  quality  of  the  gate  oxide.  During  the  pre-
paration  of  the  MOSFET  device,  the  breakdown  characterist-
ics  of  the  gate  oxide  can  be  tested  through  the  patterned

 

Fig. 5. (Color online) Comparison of output, transfer and derivative parameters of five cell structures. (a) Output characteristic curves. (b) Transfer
characteristic  curves.  (c)  Transconductance  comparison  of  different  channel  lengths.  (d)  Cell  transconductance  comparison  of  different  JFET
widths.

 

Fig. 6. (Color online) Breakdown characteristics of test pattern gate ox-
ide capacitors.

Table 3.   Chip yield of 3 wafers.

#1 #2 #3

C1 36.36% 54.55% 61.90%
C2 36.36% 54.55% 57.14%
C3 40.91% 54.55% 38.10%
C4 31.82% 50.00% 42.86%
C5 54.55% 63.64% 52.38%
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gate  oxide  capacitor.  The I–V curves  of  gate  oxide  capacitor
are shown in Fig.  6.  When Vg is  around 35 V,  the leakage cur-
rent  of  the  curve  begins  to  increase  rapidly.  Therefore,  the
FN tunneling of this device occurs at an approximate value of
7 MV/cm.

The potential  barrier  height  between the gate  oxide and
SiC  is  obtained  by  transforming  the I–V curve[14].  The  trans-
forming  curves  of  the  gate  oxide  capacitor I–V curves  are
shown in Fig. 7. 

JFN = AEexp (−B
E
) , (5)

 

ln ( J
E
) = lnA −

B
E
, (6)

 

A =
qm

πhmoxφb
, B =

π
√
moxφb

/
hq

, (7)

where mox is  the  mass  of  electrons  in  the  oxide  layer, mox =
0.42m =  3.826  ×  10–31 kg, h is  Planck’s  constant, h =  6.626  ×
10–34 J·s.

According to the slopes of the transforming curves, the po-
tential barrier height φb is: 

φb = ( −B
. ×  ) 


eV. (8)

Fig.  8 shows  the  relationship  between  barrier  height φb

and  the  slope.  In  our  data,  the  range  of  slope B is  (1.987−
2.125)  ×  10−8,  and  the  range  of φb is  2.75−2.85  eV.  It  repres-
ents a high barrier height between gate oxide and SiC.

We  prepared  several  6.5  kV  SiC  MOSFET  modules. Fig.  9
shows  6.5  kV  SiC  MOSFET  package  layout  and  outline.  The
long-term  reliability  of  the  gate  oxide  were  evaluated
through high-temperature gate bias tests (HTGB).

Under two conditions of gate–source bias VGS = –8 V and
VGS =  20  V,  respectively,  the  HTGB  reliability  tests  were  per-
formed for 650 h at  the temperature of  150 °C. Fig.  10 shows
the results of high temperature gate bias reliability test for  for-
ward  gate  voltage  test  and   reverse  gate  voltage  test.  The
gate  leakage  current  is  below  5  nA.  After  the  reliability  test,
there  is  no  degradation  of  static  characteristics  for  6.5  kV

SiC MOSFET. 

3.5.  High temperature reverse bias (HTRB) reliability

The  high  temperature  reverse  bias  reliability  is  carried
out at 150 °C. The gate and source is short-circuited and groun-
ded. The VDS is  set to 5.15 kV, and the leakage is tested every
two minutes. Fig. 11 shows the leakage results of the HTRB reli-
ability  with  a  total  of  560  h.  After  the  HTRB  reliability  test  is
completed,  the  device  is  retested  again.  The  retest  results
prove that the device is intact. 

4.  Conclusions

The  structure  of  the  high-voltage  6.5  kV  SiC  MOSFET
device is optimized and developed through process optimiza-
tion.  Based on the electrical  characteristics of  the device with
different  epitaxial  structures  and  cell  parameters,  the  follow-
ing conclusions are drawn:

The specific on-resistance of C1 device on the wafer #1 is
44 mΩ·cm2.  The uniformity of the current distribution is large
due to inhomogeneity of the epitaxial layer thickness and dop-
ing  concentration.  Therefore,  the  quality  of  the  epitaxial
wafer affects the uniformity of the electrical  properties of  the
chip.

With  the  decreasing  channel  length,  the  threshold
voltage VGS(th) of  the  device  decreases  and  the  transconduct-
ance increases.  As the width of the JFET region increases,  the
threshold voltage increases and the transconductance first in-
creases and then decreases.

The  FN  tunneling  of  the  device  is  about  7  MV/cm,  and
the barrier height φb ranges from 2.75 to 2.85 eV.

The  HTGB  tests  for  650  h  respectively  indicate  that  the

 

Fig. 7. (Color online) The transforming curves of the gate oxide capacit-
or I–V curves.

 

Fig.  8.  (Color  online)  The  relationship  between  barrier  height  and
slope.

 

Fig. 9. (Color online) 6.5 kV SiC MOSFET package layout and outline.

Journal of Semiconductors    doi: 10.1088/1674-4926/43/8/082802 5

 

 
L X Tian et al.: Influence of epitaxial layer structure and cell structure on electrical ......

 



gate oxide has good reliability. The 560 h HTRB also passed.
These results show that the design, fabrication and analys-

is  of  the  device  characteristics  of  6.5  kV  SiC  MOSFET  will
provide  important  guiding  and  significant  promotion  value
for its penetration into the power grid field. 
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Fig. 11. The results of high temperature reverse bias reliability.
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