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ABSTRACT A SiC trench MOSFET with an enhanced vertical RESURF effect is proposed and analyzed
in this article. The device features a deep oxide trench surrounded by a P-type doping layer at the
source-side. With the assistant depletion effect of the P-type layer, the concentration of the N-drift region
is increased and the specific on-resistance (Ron,sp) is thus reduced. The P-type doping can significantly
reduce the intensity of the electric field at the gate oxide corner, and modulate the bulk electric field for
the device. The breakdown voltage (BV) is therefore improved. As a result, the proposed SiC MOSFET
has a better trade-off of BV and Ron,sp. The Ron,sp decreases by 59% and the BV increases by 16% for
the proposed device without a CSL layer compared with the conventional trench MOSFET with a CSL
layer. Meanwhile, the device exhibits a lower gate-to-drain charge (Qgd) which is reduced by 52% and
the switching loss is also reduced by 19%.

INDEX TERMS Silicon carbide, bulk electric field, breakdown voltage, specific on-resistance, gate-to-drain
charge, switching loss.

I. INTRODUCTION
In recent years, the wide-bandgap material silicon car-
bide (SiC) has been widely used in semiconductor
power devices because of its basic characteristics, and
SiC MOSFET is one of the major devices in power
systems [1]–[3]. In order to optimize the trade-off rela-
tionship between the breakdown voltage (BV) and specific
on-resistance (Ron,sp), some technologies have been suc-
cessfully developed in SiC MOSFET products. The trench
structure is employed to reduce Ron,sp by eliminating JFET
resistance [4]–[6]. It is well know that the high electric field
at the corner of trench influences the BV of the SiC trench
MOSFETs [7], [8]. Once the maximum electric field peak
in SiC at the position reaches to the critical electric field,
breakdown occurs. In addition, the high electric field in
semiconductor will affect the endurance of the gate oxide
material and lead to hot carrier effects at the bottom corner
of the gate oxide, and P+ shielding layer structure under

the oxide trench has been proposed [9]–[13]. Reduced sur-
face field (RESURF) technology which has been widely
used in silicon transverse power devices, makes the epi-
taxial layer depleted before the electric field in the lateral
junction reaches the critical breakdown electric field, thus
increases the BV [14], [15]. RESURF effect is drawing more
and more attention in the usage of SiC power devices, and
needs more development for the SiC MOSFET.
A novel SiC trench MOSFET with a vertical RESURF

structure (V-RESURF TMOS) has been researched. The ver-
tical RESURF is caused by a oxide trench on the source
side and the surrounding P-type layer, which can further
reduce the electric field at the corners of gate oxide trench
as to improve BV and reduce Ron,sp. In addition, result-
ing from the lower gate-to-drain charge (Qgd), the switching
loss is also decreased. The static and dynamic characteris-
tics of the proposed device are investigated by numerical
simulation.
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FIGURE 1. Cross-sectional structures of (a) the proposed vertical RESURF
trench MOSFET (V-RESURF TMOS), (b) the conventional trench MOSFET
(C-TMOS).

II. DEVICE STRUCTURE AND MECHANISM
Fig. 1 shows the view cross-section of the proposed
V-RESURF TMOS and the conventional trench MOSFET
(C-TMOS). The P+ shielding layer under the oxide trench
of both devices is used to relieve the electric field of the
bottom corner of the trench. The V-RESURF TMOS fea-
tures a P-type layer surrounding a deep trench filled with
SiO2 at the source-side compared to the C-TMOS. With
the assistant depletion effect of the P-type layer, the deple-
tion of the epitaxial layer is caused not only by the vertical
reverse biased P-well/N-drift junction, but also by the lat-
eral reverse biased P-layer/N-drift junction. Thus, before the
electric field near the P-well/N-drift junction reaches the crit-
ical breakdown electrical field, the epitaxial layer is depleted
completely, and the distribution of the electric field in the
N-drift becomes more uniform, and an enhanced vertical-
RESURF is formed. The BV of the proposed device is
increased. In addition, the doping concentration of the N-
drift can be higher than that of the C-TMOS, and therefore,
the Ron,sp is reduced. Because of the higher doping concen-
tration of the N-drift, the CSL (carrier spreading layer) is
not used in the V-RESURF TMOS.
The key parameters of the devices are defined and

given in Table 1. While making the simulations, SRH,
AUGER, OkutoCrowell are used as recombination models,
and DopingDependence, HighFieldSaturation and Enormal
are used as mobility models.

III. RESULTS AND DISCUSSIONS
Fig. 2 shows the trade-off between BV and FoM with differ-
ent LS and TS for the V-RESURF TMOS. The BV increases
by 3% as LS goes from 0.5 µm to 1.25 µm, the changes are
not obvious. At the same time, the FoM (FoM = BV2/Ron,sp)
decreased obviously as the increasing of LS. The BV and

TABLE 1. Key parameters of the proposed and C-TMOS devices.

FIGURE 2. The BV at Vgs = 0 V and the FoM at Vgs = 15 V for the
V-RESURF TMOS with different LS and TS.

FoM at TS = 4 µm, TS = 6 µm, TS = 8 µm increased
gradually, which is due to the wider V-RESURF region. The
optimized values of LS and TS for the V-RESURF structure
are 0.75 µm and 8 µm, respectively.

Fig. 3 (a) shows the blocking I − V curves, and the BVs
of proposed V-RESURF TMOS and C-TMOS are 1552 V
and 1368 V, respectively. The breakdown criterion is that Ids
reaches 0.001 µA/cm2. The vertical electric field distribu-
tions of the two devices at breakdown voltages are shown
in Fig. 3 (b). Because of the assistant depletion effect of the
vertical RESURF structure, the electric field distribution of
the V-RESURF TMOS are more uniform so that the BV is
higher than that of C-TMOS.
Fig. 4 shows the electric field contours of the two devices

at the drain voltages Vds of 1200 V and BV, respectively. For
the V-RESURF TMOS, even at the breakdown voltage which
is higher than that of the C-TMOS, the maximal electric field
in gate oxide (Eox) of 1.34 MV/cm is much lower than that
of 2.55 MV/cm for the C-TMOS. In addition, both of the
Eox and the ESiC (the maximal electric field in SiC) are
lower for the V-RESURF TMOS.
Fig. 5 (a) shows the influences of Np and Nd on BV

for the V-RESURF TMOS. As the increase of Nd, to keep
the balance of charge, Np has to increase. Once the Np
is over the optimum value, the BV will decline because
of the higher lateral electric field. The trade-off between
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FIGURE 3. (a) The breakdown voltages are 1552 V and 1368 V, respectively.
(b) The vertical electric field distributions at the BVs.

FIGURE 4. Electric field at breakdown voltage for (a) V-RESURF TMOS at
Vds = 1200 V, (b) C-TMOS at Vds = 1200 V, (c) V-RESURF TMOS at
Vds = 1552 V, (d) C-TMOS at Vds = 1368 V.

breakdown voltage and Ron,sp for the two devices are shown
in Fig. 5(b). The relationship is represented by the figure
of merit (FoM = BV2/Ron,sp). The optimum value of Nd
for the proposed device is 4.5 × 1016 cm−3 which is much
higher than 7 × 1015 cm−3 for the C-TMOS. The FoM of
the former is far higher than that of the latter.
Fig. 6 shows the output characteristic curves of the two

devices at Vgs = 15 V. It is obvious that the on-resistance of
the proposed device is lower than that of the C-TMOS. The
former works into saturation region at the Vds of about 15 V,
but according to the output curve, the C-TMOS still works
in linear region at Vds = 40V.
Fig. 7 shows the gate charge (Qg) of the two devices

evaluated by the testing circuit in the inset. The devices’

FIGURE 5. (a) The influence on breakdown voltage of Np and Nd. (b) The
trade-off between breakdown voltage and Ron,sp for the proposed
V-RESURF TMOS and the C-TMOS.

FIGURE 6. The Ids − Vds curves at Vgs = 15 V.

areas are both set as 1 cm2. The Qg and the gate-to-drain
charge (Qgd) of the proposed device are 677 nC/cm2 and
144 nC/cm2, respectively, which are far smaller than those of
C-TMOS (906 nC/cm2 and 302 nC/cm2). At the gate plateau
voltage (VGP), the gate-to-drain capacitance (Cgd) discharges
through the gate current to decrease the Vds. Once the Vds
reaches to on-state voltage (Von), the Vg will keep rising to
the Vgs. Due to the smaller Qgd, the proposed device has
narrower miller plateau.
The basic switching characteristics of the two devices

are shown in Fig. 8 (a). The proposed device allows lower
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FIGURE 7. Gate charge characteristic curves. The Qgd of V-RESURF TMOS
and C-TMOS is 144 nC/cm2 and 302 nC/cm2, respectively. The insert
picture is the testing circuit.

FIGURE 8. (a) switching waveforms, (b) testing circuit of switching
characteristics, (c) switching losses.

TABLE 2. Characteristics of the proposed and C-TMOS.

switching loss and larger dV/dt due to the smaller gate-
to-drain charge. Fig. 8. (b) shows the double-pulse circuit
mixed mode simulation. The switching loss of the proposed
device reduces by 18.5% as shown in Fig. 8 (c).
Table 2 summarized the characteristics of V-RESURF

TMOS and C-TMOS. The former shows a better
performance at Eox−m, Qg and Qgd. In addition, compared

with the C-TMOS, the V-RESURF TMOS exhibits a higher
BV and a lower Ron,sp due to the assistant depletion effect
of the vertical enhanced RESURF.

IV. CONCLUSION
A 1200 V SiC trench MOS with an enhanced vertical
RESURF is proposed and numerical simulated by TCAD
in this article. The proposed device shows much better
performance in the trade-off between the breakdown voltage
and the specific on-resistance. Furthermore, the proposed
device shows lower switching loss due to the smaller
gate-to-drain charge.
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