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Abstract— In this paper, we present simulation results of
1500V-1900V class 4H-SiC implantation and epitaxial MOSFET
(IEMOSFET) structures. These structures are attractive due
to the low doped epitaxial p-type layer which improves the
channel mobility in the on-state, along with a high doped
implanted layer to prevent punch-through and to give excellent
off-state characteristics. In this work, a comparison of the
IEMOSFETs with and without buried channel layers has been
performed to obtain a trade-off between process complexity
and device performance. Since interface traps can affect both
device characteristics and long-term reliability, we performed
a comparative study of the high trap density vs reduced trap
density cases, where the low trap densities can be obtained
using recently reported N2 annealing methods. We find that
IEMSOFET without a buried channel leads to a on-resistance
(RDS(on)) of 50mΩ in case of a channel length of 0.5µm,
compared to 75mΩ with buried channel. The simulations show
that RDS(on) drops from 112mΩ to 75mΩ by annealing N2. For
the device without buried channel, the corresponding decrease
in RDS(on),with N2 anneal, is from 55mΩ to 50mΩ.

Keywords- 4H-SiC, 1500V-1900V, IEMOSFET, With-
buried channel, Without buried channel, Interface trap

I. INTRODUCTION

Silicon Carbide (SiC) power MOSFETs have emerged
as a strong competitor to Si power devices in commercial
power electronics applications due to their wide bandgap,
high critical breakdown field, and superior thermal conduc-
tivity. SiC power devices are available in various voltage
ratings from 600V to 3300V [1] [2]. The low on-resistance
(RDS(on)) and low turn-on and turn-off switching losses of
these devices make them attractive for a range of applica-
tions, such as electric vehicles, industrial power systems,
and railway propulsion systems [1] [2] [3]. In the literature
on power devices, different device architectures have been
proposed for SiC power MOSFETs, such as implantation-
epitaxial MOSFETs and trench MOSFETs [4] [5] [6] [7],
to reduce resistance. However, each advanced technology
leads to increased fabrication complexity and cost. One of
the main performance limiting factors in 4H-SiC MOSFETs
is the low channel mobility due to the high interface trap
density at the SiO2/4H-SiC interface [8]. These interface
defects are generated due to interstitial carbon clusters, Si
and C vacancies on the SiC surface, and oxygen vacancies
on the oxide gate film [9]. The presence of charges trapped
in such defects and the roughness of the oxide layer surface
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strongly influence the mobility of the channel carrier in high
fields [9]. However, according to recent reports, trap densities
can be reduced by thermal annealing in nitric oxide or POCl3
atmosphere [10] [11].

In this paper, we present the performance comparison of
4H-SiC power MOSFETs for different levels of interface
trap densities from numerical modeling. We have chosen
the implantation-epitaxial MOSFET architecture in which
channel mobility is enhanced by a low-doped p-type epitaxial
layer (above a high doped p-type implanted layer) to avoid
implantation damage [4] [5] [6]. To reduce resistance, these
devices have been reported with either a buried channel
(BC) layer or a current spreading layer with 1017cm−3 n-
type doping. However, this introduces additional lithogra-
phy and doping steps, complicating the CMOS-compatible
fabrication flow. As industrial demand for 4H-SiC devices
shifts toward cost-effective mass production, the overhead
associated with buried channels must be weighed against the
performance gains. Hence, we present a comparison of the
device performance with and without buried channel layer in
the 4H-SiC implantation-epitaxial MOSFETs (IEMOSFETs)
to obtain a trade-off between the processing complexity and
performance benefits along with the study of interface trap
effects on their performance.

II. DEVICE STRUCTURE AND SIMULATION
ENVIRONMENT

The 4H-SiC power MOSFETs of width 1000 µm and
channel length 0.5 µm were simulated using the Silvaco
TCAD tool (ATLAS Device Simulator). The total device
is 10µm (one finger or lateral pitch). The drift layer is
grown on an n-type substrate with a doping concentration
of 1019cm−3. The thickness of the drift layer is 22µm with
n-type doping of 6×1015cm−3. The implanted p-well has a
doping concentration of 3× 1018cm−3 with a low doped p-
type epitaxial layer with doping 5×1015cm−3 above it. The
schematic diagrams of the device structures with and without
the buried channel are shown in Fig.1. Both structures have
an oxide thickness of 50 nm with a p-well depth of 0.6µm.
The buried channel is created by 1017cm−3 n-type doping
above the p-type epitaxial layer in the structure shown in
Fig.1. The doping of the source and the drain is 1019cm−3

in both structures.
The device characteristics were simulated with different

interface trap densities. The channel mobility model pro-
posed by V. Uhnevionak et. al. [12] is considered for the on-
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Fig. 1. Schematic diagram of 4H-SiC IEMOSFETs: (a)without and (b)with
buried channel

state current simulations. This model calculates the channel
mobility including the scattering effects caused by ionized
impurities in the bulk (µIMP ), the interface charges(µIC),
surface roughness(µSR), surface phonons (µSP ) and bulk
phonons (µBP ). The mobilities calculated due to each effect
are combined by the Matthiessen rule to calculate the total
mobility.

1

µ
=

1

µIMP
+

1

µBP
+

1

µIC
+

1

µSR
+

1

µSP
(1)

The first two mobility components of the above compo-
nents, which together represent the bulk mobility µB :

µB = µminT
α
N +

µBP1T
ξ
N + µBP1T

χ
N + µBP1T

α
N

1 + Tϑ
N

(
NA

Nref

z
) (2)

Here TN = T/300 K is the normalized temperature, µmin

is the minimum value of the bulk mobility at 300 K and
Nref, α, ξ, χ, ϑ, z are the fitting parameters. µBP1 and µBP2
are two terms related to the bulk phonon. The values of the
model parameters for the 4H-SiC MOSFETs are as per [12].

The mobility degradation due to Coulomb scattering at the
interface trapped charges is represented by:

µIC =

µ1T
ν
N

{
1 +

[
c

ctrans

(
Nc
N0

)η1

]}ν

(
Nc

N0

)η2

D(x)f(E⊥)
(3)

Where µ1 is a fitting parameter, c represents the electron
concentration near the interface, Nc is the density of the
interface trap, x is the distance from the interface and the
perpendicular electric field to the oxide/4H-SiC interface is
indicated as E⊥. The parameter ctrans represents the screening
of carriers in the inversion layer.

The functions D(x) and f(E⊥) are given as

D(x) = e−x/lcrit (4)

f(E⊥) = 1− e
−
(

E⊥
E0

)γ

(5)

The mobility contributions resulting from surface rough-
ness scattering and surface phonon scattering are modeled as
follows:

µSR =

{(
E⊥

Eref

)2
1

δ
+

E3
⊥
η

}−1
1

D
(6)

µSP =

{
B

E⊥
+

C(NA)
α1

E
1/3
⊥ T

}−1
1

D
(7)

The default values of the above model parameters for 4H-
SiC have been assumed as per [12]. The mobility of the
carrier in the drift layer has been evaluated according to the
model proposed by Klaassen [13] which has been shown to
provide an excellent match to the measured data [3]. For
simulation of the off-state breakdown voltage, the model
specifying anisotropic impact ionization rates [14] [15] has
been considered.

III. RESULTS AND DISCUSSIONS

In this section, the on- and off-state performance of the
IEMOSFETs with and without buried channel is presented.
In addition, the variation in the device threshold voltage
has been highlighted for different trap density values. Fig.2
shows the comparison of the ID vs VGS characteristics of
4H-SiC IEMOSFETs of 0.5 µm channel length. The pres-
ence of a buried channel in the creation of the channel at
lower VGS values. Hence, the IEMOSFET with the buried
channel shows a threshold voltage (Vth) of 1.8V, while the
device without the buried channel shows a higher Vth of 2.5
V. Fig.3 shows the comparison of ID vs VDS characteristics
of the same structures at VGS = 18V . However, this shows
some exception to the previous graph. Although the device
with buried channel (BC) becomes ON at much lower gate
voltage, the transconductance reduces towards higher gate
voltage values. Hence, at VGS = 18V , the drain current for
the buried channel MOSFET is lower than the MOSFET
without buried channel.

Fig. 2. Comparison of transfer characteristics of the 4H-SiC IEMOSFETs
with and without BC.

Based on the output characteristics, the RDS(on) values
have been calculated for a die area of 4X4mm2 assuming
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Fig. 3. Output characteristics comparison for the 4H-SiC IEMOSFETs
with and without BC.

drain current of 40A, which is presented in Table 1. Fig.4

TABLE I
COMPARISON OF ON-RESISTANCE

Structure Current RDS(on) VGS

With BC 40 A 75 mΩ 18 V
Without BC 40 A 50 mΩ 18 V

and Fig.5 show the effect of interface trap density on device
performance. Simulations have been performed for two trap
density values of 1011cm−2eV −1 and 1013cm−2eV −1. The
degradation of mobility due to the interface trap charges as
mentioned in equation 3 is reflected in the characteristics
of the device. In addition, the device threshold voltage has
increased for the higher trap density value 1013cm−2eV −1.
This can be attributed to the Coulomb scattering mechanism
as a result of interface trap charges, which reduce the channel
carrier mobility. In addition, a comparison of the output
characteristics is shown in Fig.5 for with and without buried
channel designs for different trap densities. The degradation
in the ON current due to interface traps is visible for higher
drain current values.

Table II displays the simulated RDS(on) values for cases
with and without buried channels and for high and low trap
densities.

TABLE II
SIMULATED RDS(on) VALUES FOR WITH AND WITHOUT BURIED

CHANNEL CASES UNDER DIFFERENT TRAP DENSITIES

Structure ID (A) VGS (V) Trap Density RDS(on)

With BC 40 18 Low 75 mΩ
With BC 40 18 High 85 mΩ

Without BC 40 18 Low 50 mΩ
Without BC 40 18 High 60 mΩ

Comparing the minimum specific on-resistance
RDS(on),sp value of 8mΩcm2 for the IEMOSFETs

Fig. 4. Comparison of transfer characteristics for different trap densities

Fig. 5. Output characteristics comparison with different interface trap
densities.

Fig. 6. Off-state breakdown characteristics for the 4H-SiC IEMOSFET
designs.
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(as calculated from Table II for a die area of 16mm2) with
recently reported values of 5.8mΩcm2 for 1.7kV modern
trench gate 4H-SiC MOSFETs [16], the results are justified
considering the design and fabrication complexity involved
in each of these technologies.

In order to investigate the switching performance of the
4H-SiC IEMOSFETs, simulation has been performed to
calculate the gate to drain parasitic capacitance as a function
of VGS and VDS . The peak capacitance obtained per finger
(length 10µm) is 0.14nF as the drain voltage varies from
0V to 25V which is significantly lower than reported results
[17].

Fig.6 shows the off-state breakdown voltage for both de-
vice structures. In the device with BC, the breakdown behav-
ior starts at nearly 1900V whereas in the IEMOSFET without
BC, it starts at around 1500V. The physical mechanism for
this difference in breakdown voltages is the modulation of the
punch-through effect through the p-epi layer. By performing
multi-variable optimization of the device parameters (like
the implant layer or epi layer thickness and doping), it was
found that the above results correspond to highly optimized
devices with very limited design spaces for power electronic
applications in the specific 1.5-1.9 kV range.

IV. CONCLUSION

The on-state and off-state performances have been com-
pared for 4H-SiC implantation-Epitaxial MOSFETs with
and without a buried channel with 0.5 µm gate length.
The structure without buried channel shows a relatively
higher threshold voltage, but provides lower on-resistance
(RDS(on)) at higher gate voltages. Hence, this can be a
preferred choice for high voltage applications. The RDS(on)

values are significantly modulated by interface trap density
for the with-buried-channel design. Even for the without-
buried-channel design, the RDS(on) is lower at lower trap
densities. The threshold voltage of the device increases
with an increase in the density of the interface traps. The
degradation of mobility due to traps, which is reflected in the
device output characteristics, manifests itself more strongly
at higher drain voltages. An on-state current density of
2.5Amps/mm2 is achievable with a 80W power dissipation
per 16mm2 die area. The technology offers the potential
to increase on-state current density to 8Amps/mm2 with a
250W power dissipation over the same area, while keeping
below the safe limits for thermal management.A compar-
ison of the breakdown characteristics shows a breakdown
of 1.9kV with buried channel and 1.5kV without buried
channel.
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