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Abstract: A  4H-SiC  trench  gate  metal–oxide–semiconductor  field-effect  transistor  (UMOSFET)  with  semi-super-junction  shiel-
ded structure (SS-UMOS) is proposed and compared with conventional trench MOSFET (CT-UMOS) in this work. The advantage
of the proposed structure is  given by comprehensive study of the mechanism of the local  semi-super-junction structure at the
bottom  of  the  trench  MOSFET.  In  particular,  the  influence  of  the  bias  condition  of  the  p-pillar  at  the  bottom  of  the  trench  on
the  static  and  dynamic  performances  of  the  device  is  compared  and  revealed.  The  on-resistance  of  SS-UMOS  with  grounded
(G) and ungrounded (NG) p-pillar is reduced by 52% (G) and 71% (NG) compared to CT-UMOS, respectively. Additionally, gate ox-
ide  in  the  GSS-UMOS  is  fully  protected  by  the  p-shield  layer  as  well  as  semi-super-junction  structure  under  the  trench  and  p-
base regions. Thus, a reduced electric-field of 2 MV/cm can be achieved at the corner of the p-shield layer. However, the quasi-
intrinsic protective layer cannot be formed in NGSS-UMOS due to the charge storage effect in the floating p-pillar,  resulting in
a large electric field of 2.7 MV/cm at the gate oxide layer. Moreover, the total switching loss of GSS-UMOS is 1.95 mJ/cm2 and is
reduced  by  18%  compared  with  CT-UMOS.  On  the  contrary,  the  NGSS-UMOS  has  the  slowest  overall  switching  speed  due  to
the  weakened  shielding  effect  of  the  p-pillar  and  the  largest  gate-to-drain  capacitance  among  the  three.  The  proposed  GSS-
UMOS  plays  an  important  role  in  high-voltage  and  high-frequency  applications,  and  will  provide  a  valuable  idea  for  device
design and circuit applications.
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 1.  Introduction

As one of the representatives of the wide bandgap semi-
conductor  materials,  silicon carbide  (SiC)  has  competitive  ad-
vantages  such  as,  high  critical  breakdown  electric  field,  high
thermal  conductivity  and  high  electron  mobility  compared
with the traditional material of silicon (Si). In addition, the ma-
turity  of  SiC  technology  makes  it  more  and  more  recogniz-
able  and  available  for  academia  and  industry.  Therefore,  SiC
is one of the promising candidates to replace Si and is widely
used  in  power  semiconductor  devices,  such  as  metal–oxide–
semiconductor  field  effect  transistor  (MOSFETs),  insulated
gate bipolar transistor (IGBTs), etc[1, 2].

In  particular,  SiC  MOSFETs  have  the  characteristics  of
easy  driving,  high  switching  frequency,  and  low  loss,  en-
abling  them  show  great  advantages  in  new  energy  vehicles
and charging facilities[3−5].  Power MOSFET includes two kinds

of  prototypes,  namely  vertical  double-diffused  MOSFET  (VD-
MOSFET)  and  trench  MOSFET  (UMOSFET).  It  is  attributed  to
the  reason  that  SiC  UMOSFET  has  the  advantages  of  small
cell  and  high  channel  mobility  compared  to  the  VDMOSFET.
Accordingly,  the  investigation  into  SiC  UMOSFET  is  gaining
more and more attention in the power electronics field[6].

However,  there  are  also  many  potential  challenges,  such
as  electric  field  accumulation  at  the  corner  of  the  trench,
unreliability  of  the  gate  oxide  layer,  and  instability  of  the
threshold  voltage[7, 8],  hindering  their  practical  use  for  SiC
UMOSFET. One of the critical issues is solved by adding a p-shield
layer  under  the  trench  to  reduce  the  maximum  electric  field
(Eox-max)  at  the  trench  corner  of  the  gate  oxide.  However,  the
p-shield  brings  the  junction  field  effect  transistor  (JFET)  ef-
fect,  which  increases  the  overall  on-resistance  of  the
device[9−13]. Generally, there is a trade-off between the on-res-
istance  of  the  device  and  the  electric  field  of  the  gate  oxide.
The reduction of the electric field of the gate oxide is at the ex-
pense  of  increasing  the  on-resistance  or  power  loss  of  the
device[14].  With regard to the switching losses, large miller ca-
pacitance  (CGD)  introduced  by  the  gate-drain  overlap  has  be-
come  the  dominated  challenge,  affecting  the  high-frequency
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power  consumptions  in  a  single  period  interval.  Therefore,  a
new  work  needs  to  be  proposed  to  ensure  that  the  device
has  low CGD and Eox-max,  which  can  make  the  device  separ-
ately  attain  low  switching  loss  and  high  breakdown  voltage.
Herein,  adding  a  super-junction  structure  to  a  trench  MOS-
FET  can  alleviate  the  negative  effects  of  the  trench  structure
while  maintaining  the  advantages  of  the  trench  structure.
Thus,  it  achieves  a  superior  trade-off  between  the  static  and
dynamic performances of SiC trench MOSFET[15−24].

As shown in Fig. 1, a semi-super-junction UMOSFET struc-
ture  (SS-UMOS),  with  p-pillars  and  n-pillars  added  under  the
channels  and  trench  regions,  is  proposed  in  this  paper[25, 26].
All the devices are simulated by TCAD. In addition to the com-
parison  with  CT-UMOS,  this  work  also  presents  the  effect  of
p-pillar’s  bias  conditions  (grounded  or  ungrounded)  on  the
electrical  characteristics  of  SS-UMOS  on  the  device.  The  de-
tailed  simulation  parameters  of  the  structure  are  listed  in
Table  1.  The  physical  models  of  Shockley-Read-Hall,  Auger,
and incomplete dopants are involved in all structures. In addi-
tion,  the  1  ×  1012 cm–2 positive  charge  captured  at  the
SiC–SiO2 interface is included in the devices[27−29]. The simula-

tion results show that SS-UMOS has lower on-resistance, high-
er  breakdown  voltage  and  smaller  switching  losses  com-
pared with the conventional UMOSFETs (CT-UMOS).  A discus-
sion  of  possible  manufacturing  processes  is  described  in  de-
tail.  The  parameters  used  in  the  simulation  have  been  care-
fully optimized to achieve low Eox-max and Ron,sp,  and improve
the dynamic performance of the device[29−31].

 2.  Structures and manufacturability

The  manufacturability  of  the  proposed  SiC  UMOSFET  re-
lies  on  advanced  photolithographic  and  etching  technique.
Based on the process-related experiences obtained by other re-
search  groups[23, 25, 26],  the  primary  analysis  of  the  process
flow is beneficial  for the proposed device to achieve a manu-
facturable  solution  in  the  future. Fig.  2 shows  a  process  flow
of  the  proposed  structure  in  this  paper.  It  can  be  seen  from
Fig.  2(a)  that  the  sandwich  p–n  epitaxial  layers,  from  bottom
to  top,  are  epitaxially  grown  on  the  SiC  substrate,  which  are
the first epitaxial layer and the second epitaxial layer, with dop-
ing concentration of 1 × 1015 and 3 × 1016 cm–3,  respectively.
Next,  periodically  arranged  trenches  with  depth  of  2.8 μm
were  etched  with  HF  in  the  p-pillar,  as  shown  in Fig.  2(b).
Then,  as  shown  in Fig.  2(c),  epitaxial  backfill  is  performed  to
form n-pillars, with doping concentration of 2 × 1016 cm–3. Af-
terwards,  as  shown  in Fig.  2(d),  the  third  epitaxial  layer  is
grown  on  the  p-  and  n-pillars  to  form  p-base  with  thickness
of  0.7 μm  and  doping  concentration  of  1  ×  1017 cm–3.  Be-
sides,  in Fig.  2(e),  high-energy  ion  implantation  is  performed
to  form  n+  and  p+  source  region.  The  source  doping  is  1  ×
1019 cm–3. Then, the gate trench is etched by reactive ion etch-
ing  (RIE).  The  p-shield  layer  is  formed  on  the  surface  of  the
p–n  pillars  at  the  bottom  of  the  trench  by  multiple  high-en-
ergy implants, as shown in Fig. 2(f). Subsequently, gate oxida-
tion  is  performed  by  high  temperature  thermal  oxidation  to
form  an  oxide  layer  with  a  thickness  of  50  nm  at  the  bottom
of  the  trench.  Also,  NO  annealing  is  conducted  to  increase
the  channel  mobility  and  reduce  the  interface  state  density.
As  shown  in Fig.  2(g),  the  polysilicon  is  formed  by  low  pres-
sure  chemical  vapor  deposition,  and  the  doped  polysilicon  is

 

Fig. 1. (Color online) Schematic cross-sections of (a) the CT-UMOS and (b) proposed SS-UMOS (G & NG) (Please refer to Table 1 for detailed para-
meters).

Table 1.   Device parameters for CT-UMOS and SS-UMOS (G & NG).

Device parameter CT-UMOS SS-UMOS

p-body junction depth (μm) 0.5 0.5
p+ junction depth (μm) 0.2 0.2
Gate trench depth (μm) 1.8 1.8
Thickness of n-drift (μm) 12 12
n-pillar depth (Tt) (μm) – 1.5
p-pillar depth (Tt) (μm) – 1.5
n-pillar depth (Tc) (μm) – 2.8
p-pillar depth (Tc) (μm) – 2.8
p-pillar width (Wc) (μm) – 2.2
p-pillar width (Wt) (μm) – 1.6
Width of trench (μm) 2.0 2.0
n-drift doping concentration (1015 cm−3) 1.0 1.0
p-body doping concentration (1017 cm−3) 1.0 1.0
p-pillar doping concentration (1016 cm−3) – 3.0
n-pillar doping concentration (1016 cm−3) – 2.0
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deposited by etch back and planarization process. Finally, the
source  and  drain  are  defined  by  ohmic  alloys  and  are  metal-
lized to form source and drain contacts, as shown in Fig. 2(h).

 3.  Simulation results and discussion

 3.1.  Static characteristics

The  transfer  characteristics  of  the  two  structures  are
shown  in Fig.  3.  Then  the  threshold  voltage  (VT)  is  determ-
ined  by  finding  linear  extrapolation  of  the  static  transfer
drain  current  curve  at  its  maximum  first  derivative  (slope)
point. VT of  them  shows  approximately  the  same,  value  of
5  V,  due  to  the  identical  channel  dopants  and  oxide  condi-
tion. As shown in Fig. 1(b), the current conduction path of SS-
UMOS  is  narrower  compared  with  that  of  CT-UMOS.  Because
the  higher  electron  concentration  occurs  in  the  accumula-
tion  layer,  leading  to  higher  saturation  current  density  in  the
proposed structure (G & NG).

Fig. 3(b) shows the output characteristics of the two struc-
tures.  The drain current versus drain voltage curves are given
at the gate voltage (VGS) of 15 V. From the figure, it can be con-
cluded  that  the  on-resistance  of  CT-UMOS  is  6.2  mΩ·cm2,
while  the  specific  on-resistance  (Ron,sp)  of  GSS-UMOS  and
NGSS-UMOS  are  3  and  1.8  mΩ·cm2,  respectively,  when  the
gate  voltage  is  15  V  and  the  drain  current  density  (IDS)  is
500 A/cm2. The  on-resistance of  SS-UMOS is  reduced by  52%
(G) and 71% (NG) compared to CT-UMOS. Due to the contact
resistance,  channel  resistance  and  substrate  resistance  of  the
proposed  device  are  approximately  the  same  as  those  of  the
CT-UMOS. The difference in the on-resistance of the two struc-
tures mainly comes from the resistance near the JFET regions.

Due  to  the  proposed  structure  has  highly  doped  n-pillars,  it
can simultaneously provide higher density electrons in the ac-
cumulated layer of the gate surface and higher density conduc-
tion  electrons  in  the  JFET  region,  a  lower  specific  on-resist-
ance  is  achieved  in  the  SS-UMOS[32].  Additionally,  for  the  on-
state  of  the  GSS-UMOS,  the  positive  charges  move  toward
the  bottom  of  the  p-shield  regions  and  attract  a  large  num-
ber of electrons near the p-pillar region under the trench bot-
tom.  Then  the  recombination  of  the  carrier  process  occurs  in
the grounded electrodes. Therefore, a quasi-intrinsic region is
formed  at  the  trench  bottom,  reducing  the  conduction  path
of  the  JFET  regions  in  the  device.  However,  this  phenomen-
on does not occur in NGSS-UMOS. Thus, GSS-UMOS has the lar-
ger  on-resistance  than  the  NGSS-UMOS. Figs.  3(c)  and 3(d)
show  the  comparisons  of  current  density  of  the  two  struc-
tures  at  the  gate  voltage  of  15  V,  drain  voltage  (VDS)  of  20  V.
The  SS-UMOS  (G  and  NG)  has  higher  total  current  density  in
the  drift  and  channel  regions,  demonstrating  good  agree-
ment  with  the  aforementioned  results.  Therefore,  the  device
has  superior  forward  conduction  characteristics  in  comparis-
on to the CT-UMOS[15, 33].

Fig.  4(a)  shows  the  breakdown  characteristic  of  the  two
structures.  The  breakdown  voltage  of  the  traditional  struc-
ture is 1240 V. However, compared to the CT-UMOS , the break-
down  voltage  of  the  SS-UMOS  has  been  increased  by  23%
(NG)  and  41%  (G),  and  the  corresponding  avalanche  break-
down  occurred  at  1530  and  1750  V,  respectively.  Further-
more, Figs. 4(b) and 4(c) show the electric field distribution of
the  CT-UMOS  and  GSS-UMOS  at  1200  V.  It  can  be  seen  from
the figure that the peak electric field (Eox-max) of the tradition-

 

Fig. 2. (Color online) Process flow of the proposed SS-UMOS (G & NG) structure of SiC MOSFET.
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al  structure,  with a  value of  3  MV/cm,  occurs  at  the corner  of
the  p-shield  under  the  trench.  The  peak  electric  field  of  the
GSS-UMOS  emerges  in  the  same  location  and  the  maximum
electric  field  drops  to  2  MV/cm.  Owing  to  the  super-junction
structure under the p-shield layer establishes new charge bal-
ance, weakening the influence of interfacial parasitic charges,
the  electric  field  crowding  effect  at  the  corners  is  alleviated.
Then it completely depletes the pillar region to form an intrins-
ic  semiconductor  region,  leading  to  the  formation  of  the

strong  lateral  shielding  field  under  the  trench.  In  the  ava-
lanche  breakdown  region,  it  has  a  smoother  transverse  elec-
tric  field lines as shown in Figs.  4(e)  and 4(f).  Thus,  the break-
down voltage of GSS-UMOS is higher. Besides, Fig. 4(d) shows
the electric field distribution of the device when it is not groun-
ded  at  1200  V.  When  the  p-pillar  is  floating,  the  coupling  ef-
fect between the n-pillar  and the p-pillar  is  weakened, result-
ing in a  decrease in the degree of  depletion of  the p-pillar  at
the  bottom  of  the  trench  compared  to  that  in  the  grounded

 

Fig. 3. (Color online) (a) The transfer characteristic curves (VDS = 5 V), (b) output characteristic curves and current density of (c) CT-UMOS, (d) GSS-
UMOS, (e) NGSS-UMOS. (VGS = 15 V, VDS = 20 V)

 

Fig. 4. (Color online) (a) Breakdown characteristic curves, (b–d) corresponding electric field distributions (VGS = 0 V, VDS = 1200 V), two-dimension-
al electric fields of (e) CT-UMOS and (f) GSS-UMOS (VGS = 0 V, VDS = 1200 V), and current density distribution of (g) CT-UMOS and (h) GSS-UMOS at
breakdown voltage.
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device. Thus, the shielding effect of the trench corner oxide is
weakened in NGSS-UMOS[34].

Meanwhile,  it  can  be  seen  from Figs.  4(b)  and 4(c)  that
the  critical  gate  oxide  electric  field  (Eox)  of  the  GSS-UMOS  is
about  1  MV/cm,  which  is  lower  than  that  of  the  CT-UMOS
with  the  value  of  approximately  2  MV/cm.  The  reduction  of
the  gate  oxide  electric  field  in  GSS-UMOS  is  due  to  the  fact
that the additional p-pillars under the p-shield layer of the pro-
posed  structure  can  act  as  terminal  centers  for  the  electric
field  lines,  thereby reducing the electric  field  crowding effect
at  the  oxidized  corners[9]. Figs.  4(g)  and 4(h)  show  the  cur-
rent density at breakdown voltage. It is worth noting that the
current  density  lines  in  GSS-UMOS  are  more  concentrated
between  p-pillars  and  n-pillars  compared  to  CT-UMOS.  From
the  perspective  of  device  reliability,  strong  protection  effect
of  trenches  can  be  achieved  in  GSS-UMOS.  Since  hot  carriers
may be injected into the corner  oxide layer  of  CT-UMOS,  this
will have a negative impact on the long-term reliability of the
device.  In  consideration  of  these  results,  the  proposed  GSS-
UMOS can effectively  prevent  device  failure  and improve the
avalanche  capability  of  the  device,  owing  to  the  improved
thermal relaxation ability at the corner of the trench[35−38].

 3.2.  Dynamic characteristics

The following section mainly compares the dynamic per-
formance of the devices. Fig. 5(a) shows the feedback capacit-
ance  (CGD)  of  the  two  structures  by  utilizing  AC  simulation.
When the device is  grounded, the super-junction structure at
the  bottom  of  the  trench  is  completely  depleted  to  form  in-
trinsic  semiconductor  with  strong  shielding  effect,  which
greatly weakens the coupling between the gate and drain elec-
trodes.  Therefore,  the  feedback  capacitance  of  GSS-UMOS  is
greatly  reduced.  For  NGSS-UMOS,  the  depletion  of  positive
and negative charges in the super-junction structure is incom-
plete  due  to  the  effect  of  device  doping.  The  device  is  af-
fected  by  parasitic  charges,  resulting  in  significant  decrease
in  the  shielding  effects  which  is  even  worse  than  the  CT-
UMOS.  In  addition,  the  parasitic  capacitance  of  the  high-
voltage  super-junction  structure  has  relatively  sudden
change  during  the  switching  transient.  It  can  be  quickly  re-
duced  at  a  lower  drain–source  voltage,  which  allows  the
device  to  exhibit  extremely  fast  dV/dt and  dI/dt characterist-
ics,  turn-off delay is improved. Thus, a reduced switching loss

can be achieved due to short gate charging time, correspond-
ing  to  short  cross-coupling  time  intervals  between  the  drain
current and voltage[39−42].

The  gate  charges  (QG)  are  obtained  by  using  the  mix-
mode simulation. Testing circuit for QG is shown in the Fig. 5(b).
The  gate  charge  is  one  of  the  key  parameters  affecting  the
switching  speed  of  the  MOSFET.  Especially,  the  gate–drain
charge  (QGD)  is  the  charge  required  for  the  MOSFET  to  pass
the  "amplification  process"  during  the  transition  from  on-
state  to  off-state  or  from  off-state  to  on-state,  and  it  signific-
antly  influences  the  switching  losses  of  the  devices.  At  the
same  gate–source  voltage,  the  NGSS-UMOS  shows  maxim-
um plateau charge (QGD) of about 450 nC/cm2, which is consist-
ent  with  the  aforementioned  large  increase  in CGD.  In  addi-
tion,  the QGD of  GSS-UMOS  is  80  nC/cm2 and  is  65%  lower
than that of CT-UMOS with a value of 250 nC/cm2, thereby re-
ducing  the  switching  loss  of  the  device[43].  Firstly,  the  reduc-
tion  of  the  gate  capacitance  decreases  the  charge  and  dis-
charge  of  the  gate  under  the  same  driving  current  and  time.
Secondly, when the MOSFET is turned off,  the high doping of
the  p+  region  can  quickly  recombine  with  the  carrier  elec-
trons,  resulting  in  a  faster  decrease  in  the  carrier  concentra-
tion[44].

Fig.  6(a)  shows  the  double-pulse  testing  circuit  used  to
conduct the simulations of switching characteristics.  The area
of  the  SiC  MOSFET  is  set  to  be  0.02  cm2.  Several  parameters
in  simulation  design  are  given  as  follows:  The  gate  resistor
(RG)  is  1  Ω,  the  supply  voltage  is VDD =  800  V,  an  inductive
load (LL) is 100 μH, and the wire resistance (R) is 1 Ω. The amp-
litude of  the  gate  voltage is  switched between 0  and 20  V  in
order  to  turn-on  and  turn-off  the  device[45, 46]. Fig.  6(b)  is  the
waveforms of the voltage and current. It can be seen that the
device  is  turned  on  at  the  time  of  1 μs,  and  the  turn-on  pro-
cess is completed when the drain voltage waveform drops to
a  horizontal  state.  While  the  device  is  turned  off  at  5 μs  at
33  kHz  (4 μs  at  50  kHz;  7 μs  at  75  kHz)  and  the  turn-off  pro-
cess is  completed when the drain voltage rises to a horizont-
al  voltage  of  800  V.  In  addition,  the  current  will  have  a  spike
when  the  device  is  turned  on.  Due  to  the  resonance  caused
by  the  influence  of  parasitic  inductance,  trace  inductance,
etc. in high-frequency fast switching.

Fig. 6 also shows corresponding turn-on and turn-off tran-
sients at different switching frequencies. Fig. 6(c) shows a de-

 

Fig. 5. (Color online) (a) Feedback capacitance CGD as a function of drain voltage VDS at gate voltage VGS = 0 V and (b) voltage VGS as a function of
gate charge QG and the inset is the testing circuit for QG.
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tailed  comparison  of  turn-on  and  turn-off  transients  of  the
two  structures  at  33  kHz.  The  turn-on  time  (Ton)  of  the  CT-
UMOS  and  GSS-UMOS  are  135  and  120  ns,  respectively.  Like-
wise,  the  GSS-UMOS  exhibits  shorter  turn-off  time  (Toff)  of
67 ns than that of  77 ns in the CT-UMOS, which is  due to the
fact  that  the  carriers  in  the  super-junction  can  be  depleted
both  laterally  and  vertically.  Moreover,  the  GSS-UMOS  has
less gate charges and gate capacitances compared to the CT-
UMOS  so  that  faster  switching  transients  can  be  attained,
which  reduces  turn-on  and  turn-off  time  and  power  dissipa-
tion[47].  Besides,  switching  transients  are  affected  by  chan-
ging the  doping concentrations  of  the  p-  and n-pillars  of  the
super-junction  structure.  When the  negative  charge  in  the  n-
pillars  is  much  higher  than  the  positive  charge  in  the  p-pil-
lars, the turn-on time of the device decreases and the turn-off
transient of the device is delayed. Conversely, the turn-off tran-
sient  can  be  improved,  but  it  is  detrimental  to  the  decrease
of  turn-on  time  of  the  device.  Therefore,  the  super-junction
structure plays important role in realizing the switching transi-
ent trade-off[48].

Fig.  6(d)  is  the  comparison  of  the  turn-on  transients  and

turn-off  transient  comparisons  at  50  kHz.  It  can  be  seen  that
when  the  switching  frequency  is  50  kHz,  the  turn-on  and
turn-off  times  of  CT-UMOS  are  125  and  97  ns,  respectively,
and the corresponding times of GSS-UMOS are 114 and 87 ns,
respectively.  Meanwhile,  GSS-UMOS  has  faster  switch  re-
sponse  time  at  75  kHz  corresponding  comparison  of  switch-
ing loss is  given in Fig.  6(e).  However,  in the switching transi-
ents  for  different  frequencies,  it  can be seen that  the turn-on
time  of  NGSS-UMOS  is  about  5 μs  faster  than  that  of  GSS-
UMOS.  The  turn-off  time  period  rises  substantially,  and  the
total switching time is even larger than that of CT-UMOS. This
is  attributed  to  the  reason  that  NGSS-UMOS  has  larger  feed-
back  transfer  capacitance  and  platform  charge  than  CT-
UMOS  and  GSS-UMOS.  It  can  be  further  concluded  that
grounding  is  an  indispensable  step  for  the  optimization  of
device design.

Fig.  6(f)  plots  the  total  switching  loss  (Etotal)  comparison
of  the  two  structures  at  different  switching  frequencies. Etotal

includes  the  turn-on  loss  (Eon)  and  the  turn-off  loss  (Eoff)
which are listed in Table 2.  The turn-on and turn-off  losses of
CT-UMOS are 1.7 and 0.7 mJ/cm2,  respectively. However, they

 

Fig. 6. (Color online) (a) Test circuit of switch characteristics, (b) voltage and current characteristic of the GSS-UMOS in the switching transients,
(c) detailed comparisons of the turn-on and turn-off transients for the CT-UMOS and SS-UMOS (G & NG) at switching frequency of 33 kHz, (d) the
switching frequency is 50 kHz, (e) the switching frequency is 75 kHz, (f) comparison of the switching loss at different switching frequencies.
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are 1.5 and 0.45 mJ/cm2,  respectively in GSS-UMOS. The total
switching loss has been reduced by approximately 18%.

The switching characteristics obtained by the dynamic sim-
ulations  in  this  paper  are  in  approximately  identical  order  of
magnitude  with  those  of  reported  literature  and  measure-
ment  results  of  MOSFET  products[17, 49−51].  Therefore,  the  er-
ror  of  this  work  is  within  the  allowable  range.  The  switching
losses  of  proposed  structure  at  the  switching  frequencies  of
33,  50  and  75  kHz  are  1950,  2800  and  2730 μJ/cm2,  respect-
ively.  It  can  be  seen  that  the  switching  losses  of  the  device
do  not  increase  with  the  switching  frequency.  However,  as
the  switching  frequency  increases,  the  improvement  in
device’s switching losses decreases. This is because the incre-
ment in switching frequency leads to decrease of the conver-
sion efficiency for the device. In addition to the losses caused
by  the  turn-on  and  turn-off  transients  of  the  device,  the
device will  also produce Ein when it  is  turned on.  The corres-
ponding  calculation  formula  can  be  obtained  as  follows
(IRMS  is  the  inductor  effective  current).  According  to  the  for-
mula,  it  is  obvious that the conduction loss of the GSS-UMOS
per  unit  time  is  smaller  than  that  of  CT-UMOS,  and  it  in-
creases in proportion to the time intervals[1−3]. 

EON = ∫ T

T
VDS (t) IDS (t)dt,

 

EOFF = ∫ T

T
VDS (t) IDS (t)dt,

 

EIN = IRMSRONT.

Therefore,  the  total  power  losses  are  not  only  related  to
turn-on  and  turn-off  losses,  but  are  also  affected  by  conduc-
tion losses. As shown in Fig. 7, the total power loss of the pro-
posed  device  shows  a  decreasing  trend  after  50  kHz.
However,  excessive  switching  frequency  can  cause  reduced
conversion  efficiency  and  EMI  of  the  device.  In  general,  SiC
MOSFETs  operate  between  85  and  125  kHz.  Therefore,  a  cer-
tain switching frequency in the range from 50 to 125 kHz is ac-
ceptable  for  the  operation  frequency  of  the  proposed  MOS-
FET’s,  so  as  to  achieve  a  compromise  between  switching  fre-
quency and switching loss in practical  work.  Anyway,  the op-
timal  operating  frequency  of  the  device  can  also  be  ob-

tained  by  testing  the  device  depending  on  the  real  applica-
tions[49].

Table 2 gives the comparison of the electrical characterist-
ics of the CT-UMOS and SS-UMOS (G & NG). Isat is  obtained at
VDS = 20 V and VGS = 15 V; Ron,sp is obtained at VGS = 10 V and
IDS =  500 A/cm2; QG is  obtained at VDS =  20 V and VGS =  10 V;
Ciss is  obtained  at VDS =  0  V.  It  can  be  seen  from  the Table  2
that  the  higher  saturation  current  density  at  gate  voltage  of
15 V is obtained due to the presence of the highly doped n-pil-
lar,  leading  to  the  decreased  on-resistance.  The  existence  of
the  super-junction  structure  relieves  the  electric  field
crowding effect at the corners of the p-shield layer, which en-
ables it to have a higher breakdown voltage. The strong shield-
ing  effect  of  the  super-junction  structure  weakens  the  coup-
ling  between  the  gate  and  drain  electrodes,  thus  reducing
the  feedback  capacitance  and  gate  charge  in  the  device.
Also,  the  charge  compensation  effect  of  the  super-junction
also  helps  to  reduce  excessive  gate  charges  in  the  device.
Therefore, switching losses are reduced with decreased capacit-
ance and platform charge in the GSS-UMOS.

 4.  Summary

This  article  proposes  a  4H-SiC  UMOSFET  with  alternating
p-pillars  and  n-pillars  under  the  trench  and  p-base  regions.
Simulated  results  demonstrated  that  the  specific  on-resist-
ance  of  the  GSS-UMOS  is  52%  lower  than  the  CT-UMOS.  The
breakdown  voltage  is  increased  by  41%  with  respect  to  the
CT-UMOS,  avoiding the  premature  breakdown caused by  the
excessively  high electric  field  at  the corner  of  the gate  oxide.
Furthermore,  the  dynamic  characteristics  of  the  GSS-UMOS
have also been improved. The total switching loss of the GSS-
UMOS is 1.95 mJ/cm2, which is 18% lower than that of the tra-
ditional structure. Although NGSS-UMOS has the lowest on-res-
istance,  the  floating  p-pillars  has  a  significant  impact  on  the
voltage  withstand  capability  of  the  device  and  the  reliability
of  the  gate  oxide  layer,  and  greatly  increase  the  switching
losses  of  the  device.  These  results  show  that  the  p-shield
grounding  is  very  important  for  the  accuracy  of  the  device
design, and the performance of GSS-UMOS has been compre-
hensively improved.
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