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Abstract: A  split  gate  MOSFET  (SG-MOSFET)  is  widely  known  for  reducing  the  reverse  transfer  capacitance  (CRSS).  In  a  3.3  kV
class, the SG-MOSFET does not provide reliable operation due to the high gate oxide electric field. In addition to the poor stat-
ic performance, the SG-MOSFET has issues such as the punch through and drain-induced barrier lowering (DIBL) caused by the
high  gate  oxide  electric  field.  As  such,  a  3.3  kV  4H-SiC  split  gate  MOSFET  with  a  grounded  central  implant  region  (SG-CIMOS-
FET)  is  proposed  to  resolve  these  issues  and  for  achieving  a  superior  trade-off  between  the  static  and  switching  performance.
The SG-CIMOSFET has a significantly low on-resistance (RON) and maximum gate oxide field (EOX) due to the central implant re-
gion.  A  grounded  central  implant  region  significantly  reduces  the CRSS and  gate  drain  charge  (QGD)  by  partially  screening  the
gate-to-drain capacitive coupling. Compared to a planar MOSFET, the SG MOSFET, central implant MOSFET (CIMOSFET), the SG-
CIMOSFET  improve  the RON×QGD by  83.7%,  72.4%  and  44.5%,  respectively.  The  results  show  that  the  device  features  not  only
the smallest switching energy loss but also the fastest switching time.
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1.  Introduction

Silicon carbide (SiC)  is  considered to be a promising can-
didate  for  power  applications,  thanks  to  its  superior  material
properties[1].  In  particular,  the  SiC  MOSFET  has  been  proven
to have lower switching time and loss compared to the Si insu-
lated-gate  bipolar  transistor  (IGBT)[2−4].  Recently,  many  stud-
ies  on  the  SiC  trench  MOSFET  have  been  conducted  to
achieve  small  cell  pitches  and  high  channel  mobility.  Rohm
proposed  a  double-trench  MOSFET  that  applies  a  grounded
p+ region  in  the  source  region  to  disperse  the  electric  field
and achieve low on-resistance (RON)[5, 6]. However, a high elec-
tric  field  at  the  trench  corner  may  lead  to  a  reliability  prob-
lem,  which  in  turn  makes  it  difficult  to  meet  the  required  3
MV/cm  oxide  reliability  limit[7].  In  the  3.3  kV  class,  this  prob-
lem  becomes  more  pronounced  and  the  channel  resistance
does  not  have  a  significant  effect  on  the  overall  resistance
due  to  the  thick  drift  region.  Compared  to  the  trench  MOS-
FETs,  the simpler fabrication process and lower reverse trans-
fer  capacitance  (CRSS)  of  the  planar  MOSFETs  are  more  suit-
able for  high voltage (3.3  kV or  larger)  and fast  switching ap-
plications.

There are many approaches to reduce the CRSS (or QGD) in
planar MOSFETs. The most widely known structure is the split
gate  MOSFET  (SG-MOSFET),  which  splits  the  gate  polysilicon
to  reduce  the  gate  oxide  capacitance  (COX).  The  SG-MOSFET
not  only  has  inferior  static  characteristics  compared  to  that
of  the  planar  MOSFET,  but  also  has  a  problem  that  the  elec-
tric field is concentrated in the gate corner. As a result, the con-
centrated  electric  field  concentrated  at  the  gate  corner  can

lead  to  punch  through  problems[8].  To  resolve  these  issues,
various  structures  using  the  split  gate  concept  have  been
studied.  Agarwal et  al.[9] successfully  manufactured  a  2.3  kV
class  SG-MOSFET,  but  failed  to  meet  the  3  MV/cm  limit.  Han
et  al.[10] proposed  a  buffered-gate  MOSFET  (BG-MOSFET)  to
lower  the  oxide  field.  However,  the  BG-MOSFET  features  a
long cell pitch and high RON. Vudumula et al.[11] obtained dra-
matic  reduction  in  the CRSS by  introducing  a  shorted-dummy
gate between the split gates. Although the shielding effect of
the dummy gate led to an increased breakdown voltage (BV),
the depletion region caused by the dummy gate led to a high-
er RON compared to  that  of  a  typical  SG-MOSFET.  Cree  repor-
ted  a  central  implant  MOSFET  (CIMOSFET)  in  which  a  p-type
implant  region  was  introduced  in  the  middle  of  the  JFET  re-
gion  of  a  planar  MOSFET[12, 13].  The  CIMOSFET  can  signific-
antly  reduce  the  gate  oxide  field  and CRSS by  introducing  a
grounded  central  implant  region.  Furthermore,  by  increasing
the drift  concentration they were able to achieve a lower RON

compared  to  that  of  a  planar  MOSFET.  However,  the  groun-
ded central implant region of the CIMOSFET may increase the
parasitic  input  capacitance  (CISS)  and  negatively  affect  the
switching  time.  Therefore,  it  seems  very  difficult  to  improve
both  static  and  switching  performance  in  the  SG-MOSFET.
Moreover,  research  on  the  SG-MOSFET  structure  has  only
been studied up to the 2.3 kV class, and it is not clear wheth-
er the split gate concept can be applied to the 3.3 kV class.

A novel 3.3 kV split gate MOSFET with a central implant re-
gion (SG-CIMOSFET)  is  proposed and analyzed in comparison
with  the  planar  MOSFET,  SG-MOSFET  and  CIMOSFET.  Be-
cause  of  the  high  drain  bias  voltage  in  the  3.3  kV  class,  the
SG-MOSFET does not guarantee the 3 MV/cm oxide limit. In ad-
dition,  the  SG-MOSFET  suffers  from  issues  such  as  punch
through  and  drain-induced  barrier  lowering  (DIBL),  which
make  it  more  difficult  to  design.  However,  the  SG-CIMOSFET
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blocks  the  oxide  electric  field  by  introducing  a  central  im-
plant  region  in  the  JFET  region  and  resolves  all  these  issues
of  the  SG-MOSFET.  Like  the  CIMOSFET,  the  SG-CIMOSFET can
significantly  reduce  the RON because  of  the  high  drift  doping
concentration. By applying the split gate structure and groun-
ded central implant region, the COX and bulk depletion capacit-
ance  (Cdep)  of  the  SG-CIMOSFET  are  reduced  simultaneously.
In  addition,  the  grounded  central  implant  region  partially
screens  the  gate-to-drain  capacitive  coupling  as  seen  in  the
CIMOSFET,  resulting  in  the  lowest CRSS in  spite  of  the  high
drift  concentration.  Since  the  gate  is  not  directly  in  contact
with the central implant region, the CISS can be reduced signi-
ficantly  compared  to  that  of  the  CIMOSFET.  As  a  result,  the
SG-CIMOSFET  has  the  best  high  frequency  figure  of  merit
(HF-FOM) in terms of RON×QGD, RON×CRSS, RON×QG and achiev-
ing  a  superior  switching  time  as  well  as  switching  loss.  Thus,
the  SG-CIMOSFET  boasts  a  superior  trade-off  between  static
and switching performance.

2.  Device structure and optimization

This  study  was  conducted  by  the  Sentaurus  TCAD
tool[14].  The  electron/hole  continuity  equations  and  the  Pois-
son  equations  were  solved  using  doping-dependent
Shockley–Read–Hall  (SRH)  recombination,  Auger  recombina-
tion,  inversion  and  accumulation  layer  mobility  models,  and
Okuto-Crowell  models[15, 16].  The  mobility  model  contains  in-
complete  ionization,  high-field  velocity  saturation,  and  band
narrowing models.

2.1.  Device structure and features

Fig.  1 shows  the  schematic  cross-sectional  views  of  the

planar  MOSFET,  SG-MOSFET,  CIMOSFET,  and  SG-CIMOSFET.
In  all  device  structures,  the  thickness  of  the  4H-SiC  drift  layer
is 30 μm and the gate oxide thickness is 50 nm. In order to sup-
press  the  current  flow  disturbance  resulting  from  the  central
implant  region  in  the  CIMOSFET  and  SG-CIMOSFET,  a  current
spreading  layer  (CSL)  with  a  doping  concentration  of  2  ×
1016 cm–3 is  introduced  in  all  structures.  The  channel  length
and  doping  concentration  are  0.5 μm  and  2  ×  1017 cm–3,  re-
spectively. A fixed charge concentration of 1 × 1012 cm–2 is in-
cluded at  the SiC/SiO2 interface for  all  devices.  In  the CIMOS-
FET  and  SG-CIMOSFET,  the  p+ base  and  the  central  implant
region  is  set  to  same  depth  to  prevent  additional  mask  con-
sumption. The doping concentration of the central implant re-
gion is set to 5 × 1018 cm–3.

2.2.  Optimization of each structure

In this  optimization process,  the drift  concentration of  all
structures  starts  at  2.2  ×  1015 cm–3 to  set  BV  of  3.3  kV  in  the
planar  MOSFET. Fig.  2(a) shows  the  maximum  oxide  electric
field  (EOX)  and RON changes  of  the  planar  MOSFET  according
to the JFET width (WJFET). EOX is  obtained at VDS = 3000 V and
VGS = 0 V. As the WJFET decreases, the JFET resistance compon-
ent  increases  significantly  resulting in  a  high RON.  However,  a
large WJFET induces a high EOX as it enhances the shielding abil-
ity  of  the  p-base.  Therefore, WJFET =  2.5 μm  (the  cell  pitch  is
10 μm in all structures), which satisfies the 3 MV/cm oxide reli-
ability limit, was adopted in the rest of the study. The relation-
ship  between  the Lsplit and  device  characteristics  is  shown  in
Fig.  2(b).  In Fig.  2(b),  when Lsplit is  less than 0.4 μm, EOX is  ob-
tained  when  breakdown  occurs  because  BV  is  less  than
3000 V.  As  the Lsplit decreases  so does the QGD.  This  is  due to
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Fig. 1. (Color online) Schematic cross-sectional views of the MOSFETs. (a) Planar MOSFET. (b) SG-MOSFET. (c) CIMOSFET. (d) SG-CIMOSFET.
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the decrease in the area between the gate and the drain. Sim-
ultaneously,  the  accumulation  resistance  increases  and  the
field plate effect of the MOS structure decreases, leading to de-
gradation  in  the RON and  BV[17, 18].  Therefore,  changes  in  the
Lsplit results in a trade-off between the static and dynamic char-
acteristics.  The  SG-MOSFET  shows  a  high  oxide  field  at  all
Lsplit values due to its high drain bias voltage. Even if the gate
does  not  protrude  (when  breakdown  occurs  at Lsplit =  0 μm),
it  shows  3.138  MV/cm  of EOX,  which  does  not  satisfy  the  3
MV/cm  limit.  Furthermore,  the  electric  field  concentrated  at
the edge of the gate increases the depletion of the p-base re-
gion,  which  can  result  in  punch  through  if  it  extends  to  the
N+ source region. Fig. 3 shows the electron current density dis-
tribution  when  breakdown  occurs  in  the  SG-MOSFET.  If Lsplit

is  less  than  0.6 μm,  premature  breakdown  due  to  punch
through  occurs.  On  the  other  hand,  when Lsplit is  0.6 μm  or
more, the electric field is far away from the p-base and N-drift
junction,  and  premature  breakdown  can  be  suppressed.  But
long Lsplit cannot  achieve  a  low QGD compared  to  the  planar
MOSFET (210.37 nC/cm2),  and the purpose of the split  gate is
lost.  To  solve  this  punch  through  problem,  a  long  channel
can  be  considered[11].  However,  if  the  channel  length  is  in-
creased, the VTH, RON,  cell pitch, and QGD all increase. As a res-
ult,  the  SG-MOSFET  is  not  the  best  option  in  the  3.3  kV  class
for  these  given  problems.  The  central  implant  region  is  a
good solution to these problems.

Considering  static  and  switching  characteristics,  the

Lsplit =  0.3 μm  was  chosen  for  SG-CIMOSFET  and  SG-MOSFET
in  the  rest  of  the  study. Fig.  4(a) shows  the RON and  BV  rela-
tion  in  the  SG-CIMOSFET according to  changes  in  the  central
implant  width  (WP)  and  height  (HP).  As WP and HP increase,
the depletion region of  the JFET region expands and the RON

increases.  However,  the  central  implant  area  under  the  oxide
disperses the electric field along with the p-base, greatly redu-
cing the EOX and increasing the BV. When HP is small, the elec-
tric  field  dispersion  effect  is  weak  in  the  central  implant  re-
gion,  and  impact  ionization  still  occurs  in  the  p-base  region
(Fig.  4(b)).  On  the  other  hand,  when HP becomes  large
(0.6 μm  or  more),  an  excessive  electric  field  is  concentrated
in  the  central  implant  region  and  impact  ionization  occurs
only  in  the  central  implant  region  (Fig.  4(c)).  When  the WP is
0.8 μm  and HP is  0.5 μm,  impact  ionization  occurs  simultan-
eously  in  the  p-base  and  the  central  implant  region.  In  this
way, the highest BV (3940 V) and BV2/RON of 1281.88 MW/cm2

were obtained as shown in Fig. 4(d). Introduction of the cent-
ral  implant  region  in  the  SG-CIMOSFET  greatly  reduces  the
maximum  oxide  field  to  less  than  1.4  MV/cm  in  all  the  cases
in Fig.  5(a).  As  a  result,  punch  through  is  suppressed  in  SG-
CIMOSFET. Therefore, the SG-CIMOSFET can apply a short chan-
nel  length  while  suppressing  punch  through  problems  when
compared  to  the  SG-MOSFET. Fig.  5(b) shows  the QGD vari-
ation  with  respect  to WP and HP.  As  the WP and HP increase,
QGD becomes smaller because of the depletion expansion. Not-
ably,  increasing WP has  a  greater  impact  on  the  decrease  of
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Fig. 2. (Color online) (a) EOX and RON changes of the planar MOSFET according to the WJFET, and (b) influence of the Lsplit on BV, RON, QGD and EOX in
SG-MOSFET. BV is extracted at VGS = 0 V and IDS = 1 μA/cm2.
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Fig. 3. (Color online) Electron current density distribution when breakdown occurs in the SG-MOSFET (a) when Lsplit = 0.5 μm, and (b) when Lsplit =
0.6 μm.
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QGD than increasing HP.  This  is  because the grounded central
implant  region  partially  screens  the  capacitive  coupling
between the gate and the drain as WP increases. Detailed ana-
lysis  of  the  capacitance  and  gate  charge  characteristics  will
be  covered  in  the  next  section.  Consequently,  the  lowest
RON×QGD of  418.17  mΩ∙nC  and  BV2/RON of  1199.79  MW/cm2

were  obtained  for WP =  0.8 μm  and HP =  0.6 μm.  However,
this study chose to move forward with WP = 0.8 μm and HP =
0.5 μm,  which  resulted  in  the  best  BV2/RON and  had  an  ad-
equately low RON×QGD of 460.18 mΩ∙nC. CIMOSFET also adop-
ted  these  parameters  as  it  resulted  in  the  best  BV2/RON.  The
CIMOSFET was almost the same BV (3949 V) as the SG-CIMOS-
FET. However, it has a lower RON (11.19 mΩ∙cm2) than the SG-
CIMOSFET (12.11 mΩ∙cm2) due to its accumulation layer resist-
ance.  After  parameter  optimization,  the  BV  of  the  SG-CIMOS-
FET and CIMOSFET was set to 3.3 kV by adjusting the drift dop-
ing  concentration  (3  ×  1015 cm–3)  in  order  to  compare  the
RON of four devices in the 3.3 kV class.

3.  Results and discussions

3.1.  Static characteristics

Fig.  6 shows the I–V characteristics of four devices. RON is
obtained for VGS = 20 V. BV is extracted at VGS = 0 V and IDS =
1 μA/cm2.  The RON of  planar MOSFET, SG-MOSFET, CIMOSFET,

and SG-CIMOSFET are 10.39, 10.49, 8.59, and 8.67 mΩ∙cm2, re-
spectively.  Due  to  the  increased  drift  doping  concentration,
CIMOSFET  and  SG-CIMOSFET  were  able  to  significantly  im-
prove  their RON.  Also,  the  SG-CIMOSFET  has  nearly  the  same
RON as the CIMOSFET. This is  because the current disturbance
due to the accumulation resistance is minimized due to the im-
provement of the drift resistance, which occupies most of the
total  resistance.  The  off-state  electric  field  distributions  are
shown in Fig. 7. Due to the split gate structure of the SG-MOS-
FET, the electric field is concentrated on the gate edge (EOX =
4.56 MV/cm) and thus the 3 MV/cm reliability limit cannot be
met.  However,  due to the introduction of  the central  implant
region, the electric field is dispersed in the SG-CIMOSFET, redu-
cing  the EOX by  2.5  times  compared  to  the  planar  MOSFET
and 4.3 times compared to the SG-MOSFET. CIMOSFET shows
the  lowest EOX (0.97  MV/cm)  but  is  not  significantly  different
from that of the SG-CIMOSFET (1.06 MV/cm). Fig. 8 shows the
band diagram in the channel  of  the four devices at VDS = 0 V
(solid  line)  and VDS =  3000  V  (dotted  line).  When VDS =  0  V,
the  band  diagram  of  the  four  devices  is  nearly  the  same  be-
cause  of  the  same  p-base  and  CSL  doping  concentration.
However,  the  SG-MOSFET  and  planar  MOSFET  show  the
severe barrier lowering at VDS = 3000 V because of the poten-
tial  around  the  channel  resulting  from  the  high  electric  field.
The  CIMOSFET  and  SG-CIMOSFET  show  excellent  DIBL  supp-
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Fig. 4. (Color online) (a) RON and BV relation in the SG-CIMOSFET according to change in WP and HP. (b)–(d) Impact ionization position when break-
down occurs in the SG-CIMOSFET according to change in WP and HP (the arrow indicates the breakdown point).
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Fig. 5. (a) EOX changes and (b) QGD changes in the SG-CIMOSFET according to change in WP and HP. EOX is obtained at VDS = 3000 V and VGS = 0 V.
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ression  due  to  the  electric  field  shielding  of  the  central  im-
plant region.

3.2.  Capacitance and gate charge characteristics

For  the  analysis  of  the  capacitance  characteristics,  the
SG-CIMOSFET with floating central implant region is added to
understand  the  capacitance  characteristics. Fig.  9 shows  the
capacitance  characteristics  as  a  function  of VDS for  the  five
devices.  The  CIMOSFET  has  the  largest CISS due  to  the  over-
lap of the grounded central implant region and the gate. This
in turn increases the switching time. In contrast, the SG-CIMOS-

FET  shows  a  great  reduction  in CISS compared  to  the  CIMOS-
FET,  due  to  the  separation  of  the  central  implant  region  and
gate.  In  general,  the CRSS is  expressed by the following equa-
tion[8]: 

CRSS =
CoxCdep
Cox + Cdep

, (1)

where COX is  the  gate  oxide  capacitance  and Cdep is  the  bulk
depletion capacitance. The SG-MOSFET reduces the CRSS by re-
ducing the COX. But at low VDS, due to its shallow depletion re-
gion,  the  split  gate  structure  induces  a  large Cdep compared
to that of the planar MOSFET, as shown in Fig.  10(a)[8].  There-
fore,  the CRSS of  the  SG-MOSFET  temporarily  becomes  larger
than the CRSS of the planar MOSFET in the vicinity of VDS = 10
V,  which  is  shown  in  the  inset  of Fig.  9(a).  The  CIMOSFET  re-
duces  the CRSS in  two  ways.  First, Cdep decreases  with  the  ex-
pansion  of  the  depletion  region  of  the  bulk  region.  Second,
the  grounded  central  implant  region  under  the  gate  screens
the  gate-to-drain  capacitive  coupling[19].  CIMOSFET  has  low
CRSS despite  having  shallow  depletion  regions  in  high VDS

(Fig.  10(b))  due to  high drift  doping concentration compared
to  SG-MOSFET  and  planar  MOSFET.  Therefore,  screening
the  gate-to-drain  capacitive  coupling  is  the  main  reason  for
CRSS reduction.  At  a  low VDS,  the  floating  SG-CIMOSFET  and
SG-CIMOSFET  have  lower CRSS than  SG-MOSFET  due  to  the
wider  depletion  region  by  the  central  implant  region  as
shown in Fig. 10(a). On the other hand, at a high VDS, the float-
ing  SG-CIMOSFET  exhibits  slightly  higher CRSS than  SG-MOS-
FET  because  of  the  large  depletion  region  due  to  high  drift
doping concentration. But in SG-CIMOSFET, the grounded cent-
ral  implant  region  partially  screens  the  gate-to-drain  capacit-
ive  coupling  like  a  CIMOSFET,  resulting  in  the  lowest CRSS.
Therefore, as the WP increases, the amount of screening gate-
to-drain  capacitive  coupling  increases,  resulting  in  a  sharp
decrease in QGD as shown in Fig. 5(b). The drain source capacit-
ance  (CDS)  characteristics  of  the  five  devices  is  shown  in
Fig.  9(b).  The grounded central  implant  region of  the CIMOS-
FET and SG-CIMOSFET cause an increase in CDS. CDS of the float-
ing  SG-CIMOSFET  is  larger  than  that  of  SG-MOSFET  and
planar  MOSFET.  It  is  due  to  the  shallow  depletion  region
caused by the high drift concentration. As a result, the groun-
ded  central  implant  region  converts  part  of  the CRSS to CDS

and CGS as  shown  in  the  capacitance  model  of  the  SG-CIM-
SOFET and the  CIMOSFET (Fig.  10(a))[20].  Increases  in CDS lead
to  an  increase  in  output  capacitance  (COSS = CDS + CGD),
which  affects  the  reverse  recovery  characteristics  of  MOSFET
due  to  the  discharging  current.  However,  the  increase  in CDS

is  not  insignificant,  and  the  effect  of  reducing CRSS is  even
greater.  This  further  reduces  the  switching  energy  loss  com-
pared to SG-MOSFET. Detailed analysis of switching character-
istics is shown in the next section.

The  gate  charge  characteristics  of  the  four  devices  are
shown  in Fig.  11.  The  mixed-mode  TCAD  simulation  circuit  is
shown in the inset of Fig.  11. The QGD is  obtained by overlay-
ing  the VDS waveform  with  the  gate  charge  characteristic
(measured  at  90%  of  the VDS to  10%  of  the VDS)[21].  The  total
gate charge (QG) is defined as the gate charge from VGS = 0 V
to VGS = 20 V. The QG, QGD,  and QTH values of the four devices
are  shown  in Table  1.  The  SG-CIMOSFET  has  the  lowest QGD

(42.49  nC/cm2)  and QG (424.85  nC/cm2).  The  CIMOSFET  has
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the  second  highest QGD (77.21  nC/cm2)  but  has  a  higher QG

(651.56 nC/cm2)  than the SG-MOSFET (503.62 nC/cm2)  due to
its high CISS. Therefore, the SG-CIMOSFET features best charac-
teristics  in  terms  of QG, QGD,  and CRSS.  In  addition,  it  has  the
smallest QGD/QTH value,  which helps to suppress  the parasitic
turn-on  effect[21, 22].  The  comprehensive  performance  of  the
four  devices  are  shown  in Table  1.  The  SG-CIMSOFET  boasts
the  lowest  HF-FOM  in  terms  of RON×QGD, RON×CRSS,  and
RON×QG.

3.3.  Switching characteristics

The  switching  performance  analysis  of  each  device  are

conducted  through  a  double  pulse  test  (DPT)  by  the  mixed-
mode  TCAD  simulation.  The  active  areas  of  all  devices  under
test (DUT) are set to 1 cm2. Fig. 12 shows the switching wave-
forms of the four devices.  The test  circuit  for DPT is  shown in
Fig. 13(a). The body diode of the DUT was used as a freewhee-
ling  diode.  The  gate  resistance  and  stray  inductance  are  set

Table 1.   Device characteristics comparison.

Parameter Planar
MOSFET

SG-
MOSFET

CI-
MOSFET

SG-
CIMOSFET Unit

N-drift
doping
concentration

2.2 ×
1015

2.2 ×
1015 3 × 1015 3 × 1015 cm–3

RON a 10.39 10.49 8.59 8.67 mΩ∙cm2

EOX b 2.78 4.56 0.97 1.06 MV/cm
QG c 754.06 503.62 651.56 424.85 nC/cm2

QGD 216.92 126.98 77.21 42.49 nC/cm2

QTH 72.32 60.95 112.48 80.12 nC/cm2

QGD/QTH 2.99 2.08 0.69 0.53
CRSS d 42.27 32.19 11.16 7.72 pF/cm2

CISS d 14.99 13.93 22.31 15.21 nF/cm2

COSS d 316.21 315.78 365.96 365.96 nF/cm2

RON×QGD 2254 1332 663 368 mΩ∙nC
RON×QG 7834 5282 5597 3683 mΩ∙nC
RON×CRSS 439 338 96 67 mΩ∙pF

a RON at VGS = 20 V, b EOX at VDS = 3000 V, c QG is the total gate charge,
which is the gate charge from VGS = 0 to 20 V. d CISS, COSS, and CRSS
are measured at VDS = 1500 V.
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to  20  Ω  and  20  nH,  respectively.  The  load  inductor  is  set  to
170 μH and the first VGS pulse lasted for  10 μs to yield a load
current  of  100  A/cm2.  The  gate  voltage  is  switched  between
15  and –5 V.  In this paper,  the turn-off  time (TOFF)  consists of
two  parts,  the  turn-off  delay  time  (TD-OFF:  from  90%  of VGS to
10%  of VDS)  and  the  turn-off  fall  time  (TF:  from  10%  of VDS to
90% of VDS).  The turn-on time (TON)  consists  of  two parts,  the
turn-on delay time (TD-ON: from 10% of VGS to 90% of VDS) and
the  turn-on  rise  time  (TR:  from  90%  of VDS to  10%  of
VDS)[23].  Due  to  its  low CRSS,  the  SG-CIMOSFET  shows  the
largest  dV/dt,  resulting  in  the  fastest  switching  time  in  terms
of TOFF and TON. The CIMOSFET also shows faster TF and TR com-
pared  to  the  planar  MOSFET  and  SG-MOSFET  due  to  its  low
CRSS.  However,  the  CIMOSFET  shows  fairly  slow TD-OFF and
TD-ON due  to  its  high CISS.  As  a  result,  the  CIMOSFET  exhibits
TOFF and TON similar  to that of  the SG-MOSFET despite its  low
CRSS. Fig.  13(b) shows  the  switching  energy  loss  diagrams  of
the  four  devices.  Because  the  body  diode  of  the  DUT  was
used as a freewheeling diode, EON contains the reverse recov-
ery  energy  of  the  DUT.  It  shows  the EON of  the  SG-CIMSOFET

is  much  smaller  than  planar  MOSFET  and  SG-MOSFET.  This
means  that  although  grounded  central  implant  region  in-
creases the reverse recovery energy, reduction of switching en-
ergy  loss  because  of  the  reduced CRSS is  more  dominant  in
SG-CIMOSFET.  The  total  switching  energy  loss  (ETOTAL)  of  the
SG-CIMOSFET decreased by 71%, 67%, and 22%, respectively,
compared to the planar MOSFET, SG-MOSFET, and CIMOSFET.
The  comprehensive  switching  performance  of  the  four
devices  is  shown  in Table  2.  SG-CIMOSFET  boasts  the  best
switching performance in terms of  switching energy loss  and
switching time. As a result, SG-CIMOSFET can achieve a superi-
or trade-off between static and switching performance.

4.  Proposed fabrication process

Fig.  14 shows  the  proposed  fabrication  procedure  of  SG-
CIMSOFET.  After  N-type  epitaxial  growth,  the  p-base  and  N+

source  region  can  be  formed  by  ion  implantation  as  shown
in Fig.  14(b).  In Fig.  4,  it  shows  that  the  static  characteristics
of  SG-CIMOSFET  according  to WP and HP are  very  sensitive.
To  minimize  the  sensitivity  of  parameters,  tilt  implantation
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Fig. 13. (Color online) (a) Double pulse test circuit. (b) Switching energy loss diagrams of the four devices.
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can  be  used  to  form  the  central  implant  region.  The WP and
HP can  be  determined  by  the  implantation  parameters[24].
Since  the  P+ base  region  and  the  central  implant  region  are
simultaneously  formed  by  ion  implantation,  it  is  possible  to
prevent  additional  mask  consumption  as  shown  in Fig.  14(c).
The  gate  oxide  with  a  thickness  of  50  nm  is  formed  by
thermal  oxidation.  Then,  polysilicon  deposition  and  etching
was carried out to form split gate structure. After ILD oxide de-
position,  the  contact  hole  etching  process  followed  to
shorten the source and central implant region in Fig. 14(g)[25].
Lastly,  the  metallization  process  followed  to  form  the  source
and drain contact.

5.  Conclusion

In  this  paper,  a  novel  3.3  kV class  4H-SiC SG-CIMOSFET is
proposed. In the 3.3 kV class, the SG-MOSFET does not guaran-
tee  reliable  operation  due  to  its  high  oxide  electric  field.
Moreover,  the  SG-MOSFET  is  very  vulnerable  to  the  punch
through  and  has  been  shown  to  suffer  from  severe  DIBL  ef-
fect,  which makes it  more difficult  to design devices.  The SG-
CIMOSFET  resolves  these  problems  by  applying  a  central  im-
plant  region  and  lowers  the EOX by  4.3  times  compared  to
SG-MOSFET.  Furthermore,  due  to  its  increased  drift  doping
concentration,  the  SG-CIMOSFET  is  able  to  significantly  im-
prove RON.  In  addition,  the  SG-CIMOSFET  significantly  lowers
the CRSS by  partially  screening  the  gate-to-drain  capacitive
coupling.  Compared  to  the  planar  MOSFET,  the  SG  MOSFET

and  the  CIMOSFET,  the  SG-CIMOSFET  improves  the RON×QGD

by  83.7%,  72.4%  and  44.5%,  respectively.  As  a  result,  the  SG-
CIMOSFET shows the best  performance in  terms of  switching
energy loss and switching time. In addition to its simple fabric-
ation  process,  the  SG-CIMOSFET  boasts  superior  trade-off
between static and switching performance, making it a prom-
ising  candidate  for  high  voltage  and  high  frequency  applica-
tions.
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