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Abstract: A SiC fin-channel MOSFET structure (Fin-MOS) is proposed for an enhanced gate shielding
effect. The gates are placed on each side of the narrow fin-channel region, while grounded p-shield
regions below the gates provide a strong shielding effect. The device is investigated using Sentaurus
TCAD. For a narrow fin-channel region, there is difficulty in forming an Ohmic contact to the p-base;
a floating p-base might potentially store negative charges upon high drain voltage, and, thus, causes
threshold voltage instabilities. The simulation reveals that, for a fin-width of 0.2 µm, the p-shield
regions provide a stringent shielding effect against high drain voltage, and the dynamic threshold
voltage shift (∆Vth) is negligible. Compared to conventional trench MOSFET (Trench-MOS) and
asymmetric trench MOSFET (Asym-MOS), the proposed Fin-MOS boasts the lowest OFF-state oxide
field and reverse transfer capacitance (Crss), while maintaining a similar low ON-resistance.

Keywords: SiC MOSFET; fin-channel; gate shielding effect; dynamic threshold voltage

1. Introduction

With the increasing energy demand and growing environmental concerns, the ap-
plication of power electronics in the energy sector is becoming increasingly important.
Modern power electronics continues to evolve towards a high power, high efficiency, and
integration [1]. Power semiconductor devices play a crucial role in this development.

Over the past few decades, the rapid progress of power semiconductor devices has
primarily relied on the advancement of silicon-based devices [2]. Silicon, with its ability
to undergo thermal oxidation and form silicon dioxide, is an excellent insulator suitable
for producing stable metal-oxide-semiconductor (MOS) devices [3]. However, traditional
silicon-based power MOSFETs face challenges in effectively operating in high-temperature,
high-power, and high-frequency applications due to the inherent limitations of silicon’s
physical properties. In contrast, wide-bandgap semiconductor materials like gallium nitride
(GaN) and silicon carbide (SiC) exhibit superior physical characteristics, including a high
breakdown field and high electron mobility, making them ideal for future power devices [4].

Among the wide-bandgap materials, the commercial application of SiC materials is the
most mature. SiC MOSFETs emerge as an excellent candidate for replacing silicon-based
MOSFETs in the next generation of power electronic systems. The carbonization of silicon
carbide enables it to undergo thermal oxidation, similar to silicon, which are considered as
a promising approach to enhance the performance of the next-generation power conversion
systems [5,6].

The development of SiC MOSFETs is hindered by its low channel mobility which
leads to a large channel resistance [7,8]. There are many techniques being reported for
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the reduction of the channel resistance, such as the adoption of a shorter channel, MOS
interface treatment for a higher channel mobility, etc. [9–13]. Among the efforts, the
trench MOSFET structure is widely recognized as a promising approach for realizing a
low-resistance SiC power transistor, since it allows a more compact cell design, and, thus,
lowers the channel resistance by increasing the channel density [14,15]. Moreover, the
trench MOSFET structure presents the flexibility to exploit the higher channel mobility on
non-basic faces [16–18].

For conventional trench MOSFETs, there is no shielding region, and, for this reason,
the devices may face many problems upon high drain voltage. One of the problems
is the high OFF-state oxide field at the trench corner. Although the breakdown field
of oxide in SiC MOSFETs (typically more than 10 MV/cm [19]) is significantly higher
than that of SiC, it is supposed to keep the maximum oxide electric field (EOX-M) below
3 MV/cm for long-term reliability [20,21]. Furthermore, the presence of a large reverse
transfer capacitance significantly hampers the switching performance of conventional
trench MOSFETs, resulting in an unsatisfactory operation [13]. To solve these problems,
in 1998, J. Tan et al. proposed the use of a p-shield region beneath the trench gate as a
means of oxide protection. This device demonstrated a breakdown voltage (BV) of 1400 V
at an oxide field of 3.1 MV/cm. However, the potential dynamic issues associated with
the floating p-type shielding region were overlooked. In a subsequent study conducted by
J. Wei et al. from the Hong Kong University of Science and Technology, it was discovered
that the p-shield region needs to be properly grounded in order to fully exploit the dynamic
characteristics of the devices [22]. In 2017, Dethard Peters et al. described an asymmetric
SiC trench MOSFET concept (Asym-MOS), with a well-grounded p-shield region on one
side and the bottom of the gate in a cell to shield the gate oxide [23]. The most favorable
orientation was chosen for improving the channel mobility and the results show that the
channel mobility for the selected crystal plane is twice as large as the traditional crystal
plane [24,25]. However, the implementation of this structure entails stringent fabrication
requirements for the trenches. In 2020, T. Yang et al. from Tsinghua University introduced a
novel SiC trench MOSFET design featuring deep p+ shielded regions and current spreading
layers (CSLs) (referred to as DPCSL-MOS) [26]. The findings demonstrate that incorporating
CSLs with a higher doping concentration than the drift layer effectively mitigates the JFET
effect and reduces the resulting device ON-resistance (RON). The device shows a BV of
1560 V with a RON of 1.72 mΩ·cm2 because of the high channel mobility of 50 cm2/V-s
being adopted. However, the complexity of the device fabrication process, which includes
secondary epitaxial growth, poses challenges for its current commercialization. In 2023,
J. Gao et al. described a recessed source trench silicon carbide MOSFET with integrated
MOS-channel diode (MCD) [27]. The MCD utilizes a short channel with adjustable length
by varying the recessed depth. This design eliminates the bipolar degradation of the
parasitic body p-i-n diode by creating a low potential barrier for the electron flow through
the JFET region. The recessed source trench introduces an additional depletion region,
resulting in a more uniform distribution of the OFF-state electric field. As a result, the
proposed SiC MOSFET achieves a significant reduction in the gate-to-drain capacitance
and an improvement in thebreakdown voltage compared to the SiC trench MOSFET with
an integrated self-assembled three-level protection Schottky barrier diode. However, the
current process still involves multiple etching and implantation steps, suggesting that
further technological advancements are needed.

In this work, a SiC fin-channel MOSFET (Fin-MOS) is proposed to enhanced the gate
shielding effect, and is comprehensively investigated using TCAD simulations. Grounded
p-shield regions are placed under the gates to reduce the gate-to-drain electrical coupling.
The manufacturing process of the proposed Fin-MOS is compatible with the traditional
trench MOSFET. However, the ohmic contact to the p-base is removed because of the
narrow fin-channel region. As reported in the literature [22], a floating p-region may result
in instabilities due to the charge storage effect. In this work, we proposed a Fin-MOS
structure model with the parasitic n-p-n structure to investigate the threshold voltage
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instability of the Fin-MOS. It is found that, in the proposed Fin-MOS, as a result of the
enhanced shielding effect, the charge-storage-induced instability is negligible. Compared
to the conventional trench MOSFET and asymmetric trench MOSFET, the proposed Fin-
MOS exhibits the lowest EOX-M to 0.77 MV/cm while maintaining a low ON-resistance
(RON). Moreover, the Fin-MOS boasts the lowest reverse transfer capacitance (Crss), gate
charge (QG), gate-to-drain charge (QGD), and saturation current (Isat) among these three
structures. As a result, the adoption of the Fin-MOS structure holds significant promise in
the development of high-performance SiC power switching transistors. By utilizing the
Fin-MOS design, the dynamic stability of devices in high-voltage switch applications can be
improved. This advancement offers a potential solution to enhance the overall performance
and reliability of SiC-based power switches.

2. Device Structure and Parameter Optimization
2.1. Simulation Models

This study employs numerical simulations using Sentaurus TCAD to investigate the
topic under consideration. The electron/hole continuity equations and Poisson equation are
solved self-consistently, incorporating various factors, including the Shockley–Read–Hall
recombination, Auger recombination, incomplete dopant ionization, doping-dependent
transport, band narrowing, anisotropic material properties, and impact ionization [28].
The electron and hole impact ionization coefficients described in [10] are implemented in
this study. The simulation parameters for the Trench-MOS are formulated based on the
methodology outlined in Reference [9], while those for the Asym-MOS are derived from
Reference [23]. It is important to note that specific parameters for the Asym-MOS have not
been publicly disclosed by Infineon, which may result in deviations between the simulated
Asym-MOS devices and their real commercial counterparts. Nevertheless, all parameters,
except those discussed in the paper that require optimization, remain consistent with the
Trench-MOS to facilitate meaningful comparisons.

2.2. Structure

Figure 1 shows the cross-sectional structures of the Trench-MOS, the Asym-MOS, and
the proposed Fin-MOS. The devices studied in this letter are designed to work below 1200 V.
For all of the devices, the doping concentration of the drift region is 8 × 1015 cm−3 and
the thickness (from the bottom of the gate to the backside n+ region) is 11 µm. The depth
of the gate trench is set to 1.5 µm. For both the sidewall and the bottom, the thickness of
the gate oxide is 50 nm. The length of the channels is 0.5 µm. The channel mobility of the
Trench-MOS and the Fin-MOS is set to 20 cm2/V-s [29–33]; the channel mobility of the
Asym-MOS will be discussed later. For the Fin-MOS, the fin-width is Wfin. The cell-width
(Wcell) of the Trench-MOS, the Asym-MOS, and the Fin-MOS are, respectively, 3 µm, 2.7 µm,
and 3 µm + Wfin.
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2.3. Fabrication

For the Trench-MOS and the Asym-MOS, the fabrication technologies are well-established.
For the proposed Fin-MOS, the fabrication process is shown in Figure 2. As shown in
Figure 2a, the epitaxial structure consists of the n+ substrate, a 10.8 µm n-drift region with
a doping concentration of 8 × 1015 cm−3, and a 1.8 µm n-type JFET region (in this region,
while the p-type shielding regions on both sides and the n-type region in the middle form a
structure similar to the Junction Field-Effect Transistor (hence the name JFET region), with
a doping concentration of NJFET, and, at the top, is a 0.7 µm p-type layer with a doping
concentration of NPB used as the base region. The device fabrication commented with
multiple nitrogen implantations to form the n+ source region as shown in Figure 2b. Then,
the inductively coupled plasma reactive ion etching (RIE) is used to form the gate trench,
as illustrated in Figure 2c. Then, multiple implantations are utilized to form the p+ shield
region, as shown in Figure 2d. The self-aligned process is recommended to simplify the
fabrication process. The offset distance between the p-shield and trench corner (Woff) is
0.2 µm. As shown in Figure 2e, Spacer-gate technology can be used to form the gates. The
final process included the deposition of the gate oxide and the metal overlay process, which
are shown in Figure 2f.
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Figure 2. The fabrication process for the Fin-MOS. (a) Forming the first epi layer. (b) Forming the
n+ source region. (c) Forming the gate trench. (d) Forming the p-shield region. (e) Spacer-gate
technology is used to form the gates. (f) Forming the gate oxide and metal overlay.

2.4. Parameter Optimization

All three devices have different structural configurations, resulting in inconsistent cell
widths. For the Trench-MOS, all the parameters are constant. For the proposed Fin-MOS,
Wfin is a key factor affecting device performance, and it is also the first parameter we need
to determine. On this basis, it is necessary to further determine the doping concentration in
the base region. For the Asym-MOS and Fin-MOS devices, which feature shielded regions,
the doping concentrations in the JFET regions will be optimized. Furthermore, in terms of
channel mobility in the simulation, we did not set the mobility of the Asym-MOS the same
as the other two types of MOSFETs, as previous studies have reported that a channel along
the (11–20) face exhibits approximately twice the channel mobility (µch) compared to that
along the (−1–120) face [24,25].

Figure 3a presents the influence of Wfin upon BV in the proposed Fin-MOS. For the
conventional SiC MOSFET, the p-base typically has a doping level of ~1017 cm−3. Using a



Electronics 2024, 13, 1701 5 of 11

narrow fin-structure, junction-less MOSFETs without p-base doping (NPB) are proven to
be possible [34,35]. However, for NPB = 0 cm−3, BV is very sensitive to Wfin, and drops
quickly at a relatively small Wfin because the p-base is easily punched through. With
NPB = 1017 cm−3, BV is more robust, and drops more gently with Wfin. In this work,
Wfin = 0.2 µm is adopted for a robust BV.
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Wfin = 0.2 µm is chosen as the optimized value. (b) The influence of NPB upon Vth (NJFET = 1 × 1017 cm−3)
in Fin-MOS (VDS = 1 V). NPB = 1 × 1017 cm−3 is chosen as the optimized value. (c) The influence of
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The doping of the p-base may influence the devices’ threshold voltage [14,36]. As shown
in Figure 3b, the devices’ threshold voltage (Vth) increases with the increase in NPB, and
gradually saturates for NPB beyond 1017 cm−3. In this work, NPB = 1 × 1017 cm−3 is adopted.

For the proposed Fin-MOS, the JFET region between the adjacent p-shield regions
may result in a large resistance if improperly designed. Figure 3c presents RON of the
Fin-MOS as a function of NJFET. RON decreases with NJFET, and becomes insensitive for
NJFET beyond 1017 cm−3. Therefore, NJFET = 1 × 1017 cm−3 is adopted in the remaining
part of the paper.

For the Asym-MOS, NJFET is to be optimized. With the increasing of NJFET, the
depletion regions around the p-shields gradually shrink and results in a lower RON, but
the shielding effect becomes weaker, which leads to a higher EOX-M. Figure 4a shows the
effects of NJFET on RON and EOX-M. RON is obtained at VGS = 15 V. EOX-M is obtained at
VGS = 0 V and VDS = 1200 V. In this work, NJFET = 5 × 1016 cm−3 is adopted. For the
Asym-MOS, the orientation of the trench channel can be adjusted in the etching process. It
is reported a channel along the (11–20) face results in a channel mobility (µch) around twice
of that along the (−1–120) face [24,25]. Figure 4b shows the influence of µch upon RON.
With µch increasing from 20 cm2/V-s to 40 cm2/V-s, the RON of Asym-MOS decreases from
1.98 mΩ·cm2 to 1.72 mΩ·cm2. In the remaining part of the paper, the µch of Trench-MOS
and Fin-MOS is set to 20 cm2/V-s, while the µch of Asym-MOS is set to 40 cm2/V-s.
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3. Investigation of Threshold Voltage Instability

As reported in the literature, a floating p-region inside a SiC MOSFET might store
negative charges upon high drain voltage stress, resulting in dynamic performance insta-
bilities [22]. As shown in Figure 5a, for the proposed Fin-MOS, the p-base is a floating
p-region, and the potential negative charge storage upon high drain voltage might lead
to a positive threshold voltage shift (∆Vth), as observed in GaN power transistors with
a floating p-region [37,38]. However, the Fin-MOS with a small Wfin may not face this
problem because the narrow JFET region is supposed to provide a strong shielding effect to
the floating p-base. To prove this, for devices with a different Wfin, dynamic I–V simulation
is carried out using the testing waveforms in Figure 5b. A high drain voltage pulse is
applied to the device to mimic the OFF-state stress in switching applications. Then, 1 µs
after the drain pulse, the VGS sweeps from 0 to 15 V for the dynamic transfer measurement,
and the dynamic Vth is extracted. Figure 5c shows the influence of Wfin upon ∆Vth. When
the Wfin is larger than 1 µm, ∆Vth increases sharply.

Electronics 2024, 13, x FOR PEER REVIEW 6 of 11 
 

 

3. Investigation of Threshold Voltage Instability 

As reported in the literature, a floating p-region inside a SiC MOSFET might store 

negative charges upon high drain voltage stress, resulting in dynamic performance insta-

bilities [22]. As shown in Figure 5a, for the proposed Fin-MOS, the p-base is a floating p-

region, and the potential negative charge storage upon high drain voltage might lead to a 

positive threshold voltage shift (∆Vth), as observed in GaN power transistors with a float-

ing p-region [37,38]. However, the Fin-MOS with a small Wfin may not face this problem 

because the narrow JFET region is supposed to provide a strong shielding effect to the 

floating p-base. To prove this, for devices with a different Wfin, dynamic I–V simulation is 

carried out using the testing waveforms in Figure 5b. A high drain voltage pulse is applied 

to the device to mimic the OFF-state stress in switching applications. Then, 1 μs after the 

drain pulse, the VGS sweeps from 0 to 15 V for the dynamic transfer measurement, and the 

dynamic Vth is extracted. Figure 5c shows the influence of Wfin upon ∆Vth. When the Wfin is 

larger than 1 μm, ∆Vth increases sharply. 

Figure 5d illustrates the charge storage process in the floating p-base of the Fin-MOS. 

Upon high VDS, the p-n junction formed by the p-base and its upper n-region turns on, and 

holes will be injected into the upper n-region. After the high VDS is removed, the holes 

cannot flow back to the p-base, leaving net negative charges, and causing a dynamic 

threshold voltage drift. 

The above analysis can be further reflected and proven by the changes in the voltage 

of the floating p-region (VPB). Figure 5e shows the simulated waveforms of VPB of two devices 

with Wfin = 1.2 μm and 0.2 μm. When Wfin = 1.2 μm, VPB rises to 2.8 V as VDS is swept from 0 

V to 800 V, which turns on the p-n junction; therefore, holes are injected out of the p-base. 

After the drain pulse, VPB drop to −0.72 V, which proves the storage of net negative charges 

in the p-base. However, the charge storage effect is not observed for the device with Wfin = 

0.2 μm, since the p-base is well-shielded. Figure 5f plots VPB at 399 μs (immediately after 

drain pulse) as a function of Wfin. When Wfin is larger than 1 μm, VPB becomes negative. The 

result agrees with Figure 5c. Therefore, for the Fin-MOS with Wfin = 0.2 μm, the charge stor-

age effect and the consequent dynamic threshold voltage shift are negligible. 

 

Figure 5. Investigation of threshold voltage instability of the Fin-MOS. (a) The Fin-MOS structure 

with the parasitic n-p-n structure highlighted. (b) Testing waveforms for the dynamic I–V simula-

tions. (c) The simulated ∆Vth (Vth after 800 V drain pulse minus Vth after 0 V drain pulse) as a function 

of Wfin. (d) Illustration of the charge storage effect in floating p-base. (e) VPB waveforms for Fin-MOS 

with Wfin = 1.2 μm and Fin-MOS with Wfin = 0.2 μm. (f) The influence of Wfin upon VPB. 

Figure 5. Investigation of threshold voltage instability of the Fin-MOS. (a) The Fin-MOS structure
with the parasitic n-p-n structure highlighted. (b) Testing waveforms for the dynamic I–V simulations.
(c) The simulated ∆Vth (Vth after 800 V drain pulse minus Vth after 0 V drain pulse) as a function of
Wfin. (d) Illustration of the charge storage effect in floating p-base. (e) VPB waveforms for Fin-MOS
with Wfin = 1.2 µm and Fin-MOS with Wfin = 0.2 µm. (f) The influence of Wfin upon VPB.

Figure 5d illustrates the charge storage process in the floating p-base of the Fin-MOS.
Upon high VDS, the p-n junction formed by the p-base and its upper n-region turns on,
and holes will be injected into the upper n-region. After the high VDS is removed, the
holes cannot flow back to the p-base, leaving net negative charges, and causing a dynamic
threshold voltage drift.

The above analysis can be further reflected and proven by the changes in the voltage
of the floating p-region (VPB). Figure 5e shows the simulated waveforms of VPB of two
devices with Wfin = 1.2 µm and 0.2 µm. When Wfin = 1.2 µm, VPB rises to 2.8 V as VDS
is swept from 0 V to 800 V, which turns on the p-n junction; therefore, holes are injected
out of the p-base. After the drain pulse, VPB drop to −0.72 V, which proves the storage
of net negative charges in the p-base. However, the charge storage effect is not observed
for the device with Wfin = 0.2 µm, since the p-base is well-shielded. Figure 5f plots VPB at
399 µs (immediately after drain pulse) as a function of Wfin. When Wfin is larger than 1 µm,
VPB becomes negative. The result agrees with Figure 5c. Therefore, for the Fin-MOS with
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Wfin = 0.2 µm, the charge storage effect and the consequent dynamic threshold voltage shift
are negligible.

4. Device Characteristics

Figure 6 shows the I–V characteristics of the three SiC MOSFETs. The Trench-MOS
boasts the lowest RON of 1.61 mΩ·cm2 because of the high channel density. The Asym-
MOS has a much lower channel density than the Trench-MOS, and it still has a low RON of
1.72 mΩ·cm2 because of the high channel mobility of 40 cm2/V-s being adopted. Though
a low channel mobility of 20 cm2/V-s is being adopted, the Fin-MOS has a low RON of
1.71 mΩ·cm2, owing to the high channel density. The slight increase in RON compared
to the Trench-MOS is caused by the JFET resistance when the current passes though the
aperture between p-shields. All the studied MOSFETs present a breakdown voltage beyond
1500 V. The Fin-MOS boasts the highest breakdown voltage because the distances beyond
p-shield regions are reduced, which smooths the electric field distribution. Furthermore,
though with a higher channel density than the Asym-MOS, the saturation current of the
Fin-MOS is the lowest among the three, as a result of its narrow JFET region.
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Figure 6. The I–V characteristics of the three SiC MOSFETs.

Figure 7 shows the OFF-state electric field distributions at VDS = 1200 V in a half-cell
of the studied MOSFETs. For the Trench-MOS, EOX-M at the trench corner is as high as
7.43 MV/cm, which puts a severe threat to the device’s long-term reliability. For the Asym-
MOS, EOX-M drops down to 1.45 MV/cm with the shielding effect by the grounded p-shield
regions. For the proposed Fin-MOS, because of its narrow JFET region, the gate shielding
effect is strengthened so that the EOX of 0.77 MV/cm is lower than that in the Asym-MOS.
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Reverse transfer capacitance (Crss) is one of the important dynamic characteristics
of the power devices [39,40]. Figure 8 shows the Crss of the three SiC MOSFETs. The
Trench-MOS suffers the largest Crss. For the Asym-MOS, the p-shield regions provide a
shield to the gate, resulting in a lower Crss. For the proposed Fin-MOS with Wfin = 0.2 µm,
the p-shield provides the strongest shield to the gate, leading to the lowest Crss among the
studied MOSFETs.
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Figure 8. Reverse transfer capacitance (Crss) of the studied MOSFETs.

Figure 9 shows the VGS–QG curves of the three SiC MOSFETs. The test circuit is
shown in Figure 9b. For 1200 V devices, the operating range of VDS typically falls within
0–800 V [9,16]; for the Trench-MOS, it is QG = 2093 nC/cm2 and QGD = 1063 nC/cm2; for
the Asym-MOS, it is QG = 1424 nC/cm2 and QGD = 107 nC/cm2; while, for the Fin-MOS, it
is QG = 1282 nC/cm2 and QGD = 62 nC/cm2. For comparison, the main characteristics of
the three SiC MOSFETs are listed in Table 1. The Fin-MOS boasts the highest breakdown
voltage and the lowest EOX-M, Crss, QG, QGD, and Isat. At the same time, the Fin-MOS
achieves a comparable low RON.
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Figure 9. (a) VGS–QG curves of the studied MOSFETs. (b) The test circuit for the gate charge
characteristics. For the Trench-MOS, QG = 2093 nC/cm2 and QGD = 1063 nC/cm2, for the Asym-
MOS, QG = 1424 nC/cm2 and QGD = 107 nC/cm2, while, for the Fin-MOS, QG = 1282 nC/cm2 and
QGD = 62 nC/cm2.

Additionally, to demonstrate the advantages of the proposed SiC fin-channel MOSFET,
the dynamic and static figures of merit (FOMs) for the three devices are shown in Table 1.
It is found that the proposed Fin-MOS exhibits the highest static FOM and the lowest
dynamic FOM, further highlighting its favorable characteristics.
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Table 1. Characteristic of the Trench-MOS, the Asym-MOS, and the Fin-MOS.

Trench-MOS Asym-MOS Fin-MOS Unit

µch 20 40 20 cm2/Vs
RON

a 1.61 1.72 1.71 mΩ·cm2

BV 1597 1586 1814 V
Static FOM b 1584 1462 1924 MW/cm2

EOX-M
c 7.43 1.45 0.77 MV/cm

Vth 5.17 5.13 3.22 V
Isat

d 14.09 8.25 6.56 KA/cm2

Crss
e 678 19.8 3.1 pF/cm2

QG 2093 1424 1282 nC/cm2

QGD 1063 107 62 nC/cm2

Dynamic FOM f 1711 184 106 mΩ·nC
a RON at VGS = 15 V. b BV2/RON. c EOX-M at VDS = 1200 V. d Isat at VDS = 800 V. e Crss at VDS = 600 V. f QGD·RON.

5. Conclusions

For conventional trench MOSFETs, there is no shielding region and, for this reason, the
devices may face many problems upon high drain voltage. In this work, a SiC fin-channel
MOSFET (Fin-MOS) is proposed for an enhanced gate shielding effect. The gates are placed
on each side of the narrow fin-channel region, while grounded p-shield regions below
the gates provide a strong shielding effect. Sentaurus TCAD simulations are carried out
to optimize the parameters. For the Fin-MOS, Wfin = 0.2 µm is adopted for a robust BV.
Then, NPB = 1 × 1017 cm−3 is adopted because Vth increases with the increase in NPB, and
gradually saturates for NPB beyond 1017 cm−3. Finally, NJFET = 1 × 1017 cm−3 is adopted
because RON decreases with NJFET, and becomes insensitive for NJFET beyond 1017 cm−3.
For the Asym-MOS, NJFET = 5 × 1016 cm−3 is adopted and µch is set to 40 cm2/V-s.

For a narrow fin-channel region, there is difficulty in forming an Ohmic contact to
the p-base. However, a floating p-base might potentially store negative charges upon high
drain voltage and, thus, causes threshold voltage instabilities. In this work, we proposed
a Fin-MOS structure model with the parasitic n-p-n structure to investigate the threshold
voltage instability of the Fin-MOS. With the help of a simulation, we revealed, in the
proposed Fin-MOS with Wfin = 0.2 µm, as a result of the enhanced shielding effect, the
charge storage induced instability is negligible. However, when Wfin is larger than 1 µm,
devices will still face the problem of threshold voltage instabilities.

Finally, the static and dynamic characteristics of the three devices were characterized.
Compared to the conventional trench MOSFET (Trench-MOS) and the asymmetric trench
MOSFET (Asym-MOS), the Fin-MOS boasts the best OFF-state characteristic, and the
lowest reverse transfer capacitance and saturation current. Moreover, the Fin-MOS keeps
a similar low ON-resistance. Therefore, the Fin-MOS is a promising approach to realize
high-performance and SiC power-switching transistors and help to improve the dynamic
stability of devices in high-voltage switch applications.

Author Contributions: Conceptualization, L.S.; methodology, R.J.; validation, L.S.; formal analysis,
R.J.; investigation, L.S., R.J., J.C., X.N., Z.L., J.Y., M.N., M.Z., M.W. and J.W.; writing—original draft,
J.C.; writing—review and editing, L.S., R.J., X.N., Z.L., J.Y., M.Z., M.W. and J.W. All authors have read
and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The data are contained within the article.

Conflicts of Interest: The authors declare no conflicts of interest.



Electronics 2024, 13, 1701 10 of 11

References
1. Van Wyk, J.D.; Lee, F.C. On a Future for Power Electronics. IEEE Trans. Emerg. Sel. Top. Power Electron. 2013, 1, 59–72. [CrossRef]
2. Deboy, G.; Treu, M.; Haeberlen, O.; Neumayr, D. Si, SiC and GaN Power Devices: An Unbiased View on Key Performance

Indicators. In Proceedings of the 2016 IEEE International Electron Devices Meeting (IEDM), San Francisco, CA, USA, 3–7
December 2016; pp. 20.2.1–20.2.4.

3. Irene, E.A.; Massoud, H.Z.; Tierney, E. Silicon Oxidation Studies: Silicon Orientation Effects on Thermal Oxidation. J. Electrochem.
Soc. 1986, 133, 1253. [CrossRef]

4. Coffa, S.; Saggio, M.; Patti, A. SiC- and GaN-Based Power Devices: Technologies, Products and Applications. In Proceedings of
the 2015 IEEE International Electron Devices Meeting (IEDM), Washington, DC, USA, 7–9 December 2015; pp. 16.8.1–16.8.5.

5. Cooper, J.A.; Agarwal, A. SiC Power-Switching Devices-the Second Electronics Revolution? Proc. IEEE 2002, 90, 956–968.
[CrossRef]

6. Östling, M.; Ghandi, R.; Zetterling, C.-M. SiC Power Devices—Present Status, Applications and Future Perspective. In Proceedings
of the 2011 IEEE 23rd International Symposium on Power Semiconductor Devices and ICs, San Diego, CA, USA, 23–26 May 2011;
pp. 10–15.

7. Kimoto, T.; Cooper, J.A. Fundamentals of Silicon Carbide Technology; Wiley: Singapore, 2014.
8. Tachiki, K.; Kimoto, T. Improvement of Both N- and p-Channel Mobilities in 4H-SiC MOSFETs by High-Temperature N2

Annealing. IEEE Trans. Electron Devices 2021, 68, 638–644. [CrossRef]
9. Wei, J.; Zhang, M.; Jiang, H.; Cheng, C.-H.; Chen, K.J. Low ON-Resistance SiC Trench/Planar MOSFET with Reduced OFF-State

Oxide Field and Low Gate Charges. IEEE Electron Device Lett. 2016, 37, 1458–1461. [CrossRef]
10. Chung, G.Y.; Tin, C.C.; Williams, J.R.; McDonald, K.; Chanana, R.K.; Weller, R.A.; Pantelides, S.T.; Feldman, L.C.; Holland, O.W.;

Das, M.K.; et al. Improved Inversion Channel Mobility for 4H-SiC MOSFETs Following High Temperature Anneals in Nitric
Oxide. IEEE Electron Device Lett. 2001, 22, 176–178. [CrossRef]

11. Liewih, H.; Dimitrijev, S.; Weitzel, C.E.; Harrison, H.B. Novel SiC Accumulation-Mode Power MOSFET. IEEE Trans. Electron
Devices 2001, 48, 1711–1717. [CrossRef]

12. Matin, M.; Saha, A.; Cooper, J.A. A Self-Aligned Process for High-Voltage, Short-Channel Vertical DMOSFETs in 4H-SiC.
IEEE Trans. Electron Devices 2004, 51, 1721–1725. [CrossRef]

13. Okamoto, D.; Yano, H.; Hirata, K.; Hatayama, T.; Fuyuki, T. Improved Inversion Channel Mobility in 4H-SiC MOSFETs on Si Face
Utilizing Phosphorus-Doped Gate Oxide. IEEE Electron Device Lett. 2010, 31, 710–712. [CrossRef]

14. Linder, S. Power Semiconductors; EPFL Press: Lausanne, Switzerland, 2006.
15. Nakamura, T.; Nakano, Y.; Aketa, M.; Nakamura, R.; Mitani, S.; Sakairi, H.; Yokotsuji, Y. High Performance SiC Trench Devices

with Ultra-Low Ron. In Proceedings of the 2011 International Electron Devices Meeting, Washington, DC, USA, 5–7 December
2011; pp. 26.5.1–26.5.3.

16. Zhang, M.; Wei, J.; Jiang, H.; Chen, K.J.; Cheng, C.H. A New SiC Trench MOSFET Structure with Protruded P-Base for Low Oxide
Field and Enhanced Switching Performance. IEEE Trans. Device Mater. Reliab. 2017, 17, 432–437. [CrossRef]

17. Yano, H.; Hirao, T.; Kimoto, T.; Matsunami, H.; Asano, K.; Sugawara, Y. High Channel Mobility in Inversion Layers of 4H-SiC
MOSFETs by Utilizing (112~0) Face. IEEE Electron Device Lett. 1999, 20, 611–613. [CrossRef]

18. Noborio, M.; Suda, J.; Kimoto, T. P-Channel MOSFETs on 4H-SiC {0001} and Nonbasal Faces Fabricated by Oxide Deposition and
N2O Annealing. IEEE Trans. Electron Devices 2009, 56, 1953–1958. [CrossRef]

19. Zhu, S.; Liu, T.; White, M.H.; Agarwal, A.K.; Salemi, A.; Sheridan, D. Investigation of Gate Leakage Current Behavior for
Commercial 1.2 kV 4H-SiC Power MOSFETs. In Proceedings of the 2021 IEEE International Reliability Physics Symposium (IRPS),
Monterey, CA, USA, 21–25 March 2021; pp. 1–7.

20. Sui, Y.; Tsuji, T.; Cooper, J.A. On-State Characteristics of SiC Power UMOSFETs on 115-Mm Drift Layers. IEEE Electron Device Lett.
2005, 26, 255–257. [CrossRef]

21. Harada, S.; Kato, M.; Kojima, T.; Ariyoshi, K.; Tanaka, Y.; Okumura, H. Determination of Optimum Structure of 4H-SiC Trench
MOSFET. In Proceedings of the 2012 24th International Symposium on Power Semiconductor Devices and ICs, Bruges, Belgium,
3–7 June 2012; pp. 253–256.

22. Wei, J.; Zhang, M.; Jiang, H.; Wang, H.; Chen, K.J. Dynamic Degradation in SiC Trench MOSFET with a Floating P-Shield Revealed
with Numerical Simulations. IEEE Trans. Electron Devices 2017, 64, 2592–2598. [CrossRef]

23. Peters, D.; Basler, T.; Zippelius, B.; Aichinger, T.; Bergner, W.; Esteve, R.; Kueck, D.; Siemieniec, R. The New CoolSiC™ Trench
MOSFET Technology for Low Gate Oxide Stress and High Performance. In Proceedings of the PCIM Europe 2017 International
Exhibition and Conference for Power Electronics, Intelligent Motion, Renewable Energy and Energy Management, Nuremberg,
Germany, 16–18 May 2017; pp. 1–7.

24. Jakobi, W.; Uhlemann, A.; Thoben, M.; Schweikert, C.; Strenger, C.; Pai, A.P.; Beaurenaut, L.; Muenzer, M. Benefits of New
CoolSiCTM MOSFET in Hybrid PACKTM Drive Package for Electrical Drive Train Applications. In Proceedings of the CIPS 2018
10th International Conference on Integrated Power Electronics Systems, Stuttgart, Germany, 20–22 March 2018; pp. 1–9.

25. Yano, H.; Nakao, H.; Hatayama, T.; Uraoka, Y.; Fuyuki, T. Increased Channel Mobility in 4H-SiC UMOSFETs Using On-Axis
Substrates. Mater. Sci. Forum. 2007, 556–557, 807–810. [CrossRef]

26. Yang, T.; Wang, Y.; Yue, R. SiC Trench MOSFET with Reduced Switching Loss and Increased Short-Circuit Capability. IEEE Trans.
Electron Devices 2020, 67, 3685–3690. [CrossRef]

https://doi.org/10.1109/JESTPE.2013.2271499
https://doi.org/10.1149/1.2108829
https://doi.org/10.1109/JPROC.2002.1021561
https://doi.org/10.1109/TED.2020.3040207
https://doi.org/10.1109/led.2016.2609599
https://doi.org/10.1109/55.915604
https://doi.org/10.1109/16.936693
https://doi.org/10.1109/TED.2004.835622
https://doi.org/10.1109/LED.2010.2047239
https://doi.org/10.1109/tdmr.2017.2694220
https://doi.org/10.1109/55.806101
https://doi.org/10.1109/TED.2009.2025909
https://doi.org/10.1109/LED.2005.845495
https://doi.org/10.1109/ted.2017.2697763
https://doi.org/10.4028/www.scientific.net/MSF.556-557.807
https://doi.org/10.1109/ted.2020.3005992


Electronics 2024, 13, 1701 11 of 11

27. Guo, J.; Li, P.; Jiang, J.; Zeng, W.; Wang, R.; Wu, H.; Gan, P.; Lin, Z.; Hu, S.; Tang, F. A New 4H-SiC Trench MOSFET with Improved
Reverse Conduction, Breakdown, and Switching Characteristics. IEEE Trans. Electron Devices 2023, 70, 172–177. [CrossRef]

28. TCAD Sentaurus Device Manual; Synopsys, Inc.: Mountain View, CA, USA, 2013.
29. Sometani, M.; Hosoi, T.; Hirai, H.; Hatakeyama, T.; Harada, S.; Yano, H.; Shimura, T.; Watanabe, H.; Yonezawa, Y.; Okumura,

H. Ideal Phonon-Scattering-Limited Mobility in Inversion Channels of 4H-SiC (0001) MOSFETs with Ultralow Net Doping
Concentrations. Appl. Phys. Lett. 2019, 115, 132102. [CrossRef]

30. Tanaka, H.; Mori, N. Modeling of Carrier Scattering in MOS Inversion Layers with Large Density of Interface States and
Simulation of Electron Hall Mobility in 4H-SiC MOSFETs. Jpn. J. Appl. Phys. 2020, 59, 031006. [CrossRef]

31. Noguchi, M.; Iwamatsu, T.; Amishiro, H.; Watanabe, H.; Miura, N.; Kita, K.; Yamakawa, S. Carrier Transport Properties in
Inversion Layer of Si-Face 4H-SiC MOSFET with Nitrided Oxide. Jpn. J. Appl. Phys. 2019, 58, 031004. [CrossRef]

32. Uhnevionak, V.; Burenkov, A.; Strenger, C.; Ortiz, G.; Bedel-Pereira, E.; Mortet, V.; Cristiano, F.; Bauer, A.J.; Pichler, P. Compre-
hensive Study of the Electron Scattering Mechanisms in 4H-SiC MOSFETs. IEEE Trans. Electron Devices 2015, 62, 2562–2570.
[CrossRef]

33. Sung, W.; Han, K.; Baliga, B.J. A Comparative Study of Channel Designs for SiC MOSFETs: Accumulation Mode Channel vs.
Inversion Mode Channel. In Proceedings of the 2017 29th International Symposium on Power Semiconductor Devices and IC’s
(ISPSD), Sapporo, Japan, 28 May–1 June 2017; pp. 375–378.

34. Naydenov, K.; Donato, N.; Udrea, F. Operation and Performance of the 4H-SiC Junctionless FinFET. Eng. Res. Express 2021,
3, 035008. [CrossRef]

35. Wang, H.; Xiao, M.; Sheng, K.; Palacios, T.; Zhang, Y. Switching Performance Analysis of Vertical GaN FinFETs: Impact of Interfin
Designs. IEEE Trans. Emerg. Sel. Top. Power Electron. 2021, 9, 2235–2246. [CrossRef]

36. Sze, S.M.; Li, Y.; Ng, K.K. Physics of Semiconductor Devices; John Wiley & Sons: Hoboken, NJ, USA, 2021.
37. Wei, J.; Xie, R.; Xu, H.; Wang, H.; Wang, Y.; Hua, M.; Zhong, K.; Tang, G.; He, J.; Zhang, M.; et al. Charge Storage Mechanism of

Drain Induced Dynamic Threshold Voltage Shift in p-GaN Gate HEMTs. IEEE Electron Device Lett. 2019, 40, 526–529. [CrossRef]
38. Xu, H.; Wei, J.; Xie, R.; Zheng, Z.; He, J.; Chen, K.J. Incorporating the Dynamic Threshold Voltage into the SPICE Model of

Schottky-Type p-GaN Gate Power HEMTs. IEEE Trans. Power Electron 2021, 36, 5904–5914. [CrossRef]
39. Miller, G.J. Study of the Input and Reverse Transfer Capacitance of Vertical MOS Transistors. IEEE Trans. Electron Devices 1983, 30,

1344–1347. [CrossRef]
40. Xu, S.; Ren, C.; Foo, P.-D.; Liu, Y.; Su, Y. Dummy Gated Radio Frequency VDMOSFET with High Breakdown Voltage and Low

Feedback Capacitance. In Proceedings of the 12th International Symposium on Power Semiconductor Devices & ICs, Toulouse,
France, 22–25 May 2000; pp. 385–388.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1109/TED.2022.3225121
https://doi.org/10.1063/1.5115304
https://doi.org/10.35848/1347-4065/ab7271
https://doi.org/10.7567/1347-4065/aafc51
https://doi.org/10.1109/TED.2015.2447216
https://doi.org/10.1088/2631-8695/ac12bc
https://doi.org/10.1109/jestpe.2020.2980445
https://doi.org/10.1109/led.2019.2900154
https://doi.org/10.1109/TPEL.2020.3030708
https://doi.org/10.1109/t-ed.1983.21296

	Introduction 
	Device Structure and Parameter Optimization 
	Simulation Models 
	Structure 
	Fabrication 
	Parameter Optimization 

	Investigation of Threshold Voltage Instability 
	Device Characteristics 
	Conclusions 
	References

