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Abstract. Bipolar degradation of the intrinsic bipolar body diode is one of the most important 
reliability problems associated with SiC MOSFET. In this paper, a voltage adjustable diode (VAD) 
integrated SiC trench MOSFET (VAD-TMOS) with barrier control gate (BCG) is proposed to 
overcome this issue. Compared to the intrinsic bipolar body diode of conventional SiC trench 
MOSFET (C-TMOS), VAD has 57% reduction of the on-state voltage drop. Furthermore, the reverse 
recovery charge (Qrr) of VAD-TMOS is only 1.21 μC/cm2, whereas the value of C-TMOS is 3.84 
μC/cm2. The miller charge (Qgd) of VAD-TMOS is reduced by about 6 × in comparison with that of 
C-TMOS owing to the reduction of the overlap region of gate and drain terminal. The better third 
quadrant and fast switching capability make SiC VAD-TMOS a potential candidate as a next 
generation of power switch. 

Introduction 
Trench gate silicon carbide metal oxide semiconductor field effect transistor (SiC MOSFET) with 

low specific on resistance is widely used in the electric vehicle, photovoltaic inverter, uninterruptible 
power supply [1]. However, the electric field in the gate oxide of the SiC trench gate MOSFET is 
very high in the blocking state, which can cause long term reliability problems [2]. The P- shield 
region at the trench bottom is introduced to protect the gate oxide in SiC trench gate MOSFET [3]. 

The parasitic body diode in SiC MOSFET could be utilized as a freewheeling diode in power 
converter circuits [4]. However, the forward on-state voltage drop (Von) of the parasitic body diode 
is as high as 3 V. And even worse, the recombination energy produced by the bipolar conduction of 
the body diode could induce the expand of Shockley Stacking Fault (SSF), which not only 
significantly increase Von but also the reverse leakage current of SiC MOSFET [5].  

In this paper, a voltage adjustable diode integrated SiC trench MOSFET (VAD-TMOS) with 
barrier control gate (BCG) is proposed to mitigate the bipolar degradation in the third quadrant of 
device operation and improve high frequency switching capability. An N-channel layer beneath the 
barrier control gate is utilized to form a lower electron barrier height between the N+ source region 
under gate oxide and the N-drift region, which is controlled by the applied barrier control gate bias 
and provides a new route for electron transit when VAD-TMOS works in the third quadrant. 

Device Structure and Mechanism  
Fig. 1 illustrates the cross-section view of proposed VAD-TMOS and conventional SiC trench 

gate MOSFET with grounded P-shield (C-TMOS). Compared with C-TMOS, the main features of 
VAD-TMOS consist of an integrated voltage adjustable diode and a barrier control gate, which avoids 
the activation of parasitic body diode when VAD-TMOS works in the third quadrant. The basic 
parameters of VAD-TMOS and C-TMOS are kept same for a fair competition, as shown in Table I. 
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Table I. Device parameters for TCAD simulation 
Parameters VAD-TMOS C-TMOS 
Tdrift/Ndrift 11 μm/8×1015 cm-3 11 μm/8×1015 cm-3 

NCSL 1×1017 cm-3 1×1017 cm-3 
TP-base/NP-base 0.5 μm/2.8×1017 cm-3 0.5 μm/2.8×1017 cm-3 

Ttrench 1.3 μm 1.3 μm 
Tp-shield/Np-shield 0.5 μm/2×1018 cm-3 0.5 μm/2×1018 cm-3 

Wp-shield 1.5 μm 1.5 μm 
Nch 2.5×1016 cm-3 - 
Lch 0.50 μm - 
tch 0.20 μm - 
tox 40 nm 40 nm 
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The polysilicon gate of VAD-TMOS is divided into two parts. The upper part is the gate electrode, 
and the lower part is the barrier control gate. The grounded P-shield at the trench bottom is used to 
protect the trench gate oxide from high electric field successfully in the blocking state and avoid 
charge storage effect during switching operation [6]. A current spreading layer (CSL) is also used to 
eliminate JFET pinch-off effect. In VAD-TMOS, an N type layer with doping concentration of 
2.5×1016 cm-3 and thickness of 0.2 μm forms an accumulation channel between grounded N+ source 
region and N-drift region. The doping concentration of accumulation channel is carefully designed, 
so it can be fully depleted by P-shield to ensure the blocking characteristics. The P-shield of both 
VAD-TMOS and C-TMOS and the N+ Source under BCG electrode of VAD-TMOS is connected to 
the Source electrode. 
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(a)                                                                                (b) 
Fig. 1. Cross section views of (a) VAD-TMOS and (b) C-TMOS 

 
Fig. 2 shows the 3D diagram of conduction band energy EC for VAD-TMOS and C-TMOS at zero 

bias. It is clear the EC of VAD-TMOS at SiC/SiO2 interface (a-a’ in Fig. 1 (a)) is significantly lower 
than that of C-TMOS. At the SiC/SiO2 interface, the maximum value of EC is the barrier height qΦBn 
of electrons from drain to source terminal.  
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(a)                                                                    (b) 

Fig. 2. Three-dimensional Ec distribution of (a) integrated VAD and (b) parasitic body diode of C-TMOS at 
zero bias voltage. 
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Fig. 3.  (a) Three-dimensional Ec distribution of VAD and (b) Ec distribution along SiO2/SiC interface (a-a’ 
in Fig. 1 (a)) with different Vds 

 
Fig. 3 illustrates the conduction band energy EC distribution of VAD-TMOS at different drain to 

source voltage (Vds). It is demonstrated that the electron energy associates with the decrease of Vds. 
When electron energy is more than the potential barrier height of 0.7 eV at SiC/SiO2, electrons could 
cross the barrier and flow directly into the N+ source, instead of crossing the high barrier in the P-
shield. This makes VAD-TMOS achieve much lower Von than C-TMOS. 

The BCG electrode is applied to adjust the barrier height qΦBn of integrated VAD to minimize Von 
for third quadrant operation. As shown in Fig. 4, when the bias voltage of BCG (VBCG) increases from 
- 4 V to 1 V, the potential barrier height qΦBn decreases from 3.3 eV to 0.2 eV. 

 

0.0
0.5
1.0
1.5
2.0
2.5
3.0

Ec (eV)

       
0.5 1.0 1.5 2.0 2.5 3.00.0

0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0

 VBCG= -4V
 VBCG= -3V
 VBCG= -2V
 VBCG= -1V
 VBCG=  0V   
 VBCG=  1V

N-driftchannel N+ 

E
C
 (e

V
)

X-axis (μm)

channelN-drift

 
(a)                                                                                       (b) 

Fig. 4. (a) Three-dimensional Ec distribution of VAD and (b) Ec distribution along SiO2/SiC interface (a-a’ 
in Fig. 1 (a)) with different VBCG 

 
The relationship between qΦBn and VBCG can be described by the following equation. 
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Where qχSi_SiC and qΦSi_SiC are the difference of conduction band energy and work function 

between poly Si and SiC P-shield. εSiC and εox are permittivity of SiC and SiO2. 

Results and Analysis 
Fig. 5 (a) shows the influence VBCG on the barrier height of VAD. It is found that qΦBn is linearly 

decreases with the reduction of VBCG. It should be noted that this model is in good agreement with the 
simulation results, except when VBCG is greater than 1V. This is because we assume the accumulation 
channel was fully depleted in the model. But when VBCG is greater than 1V, the channel is not fully 
depleted. 

Fig. 5 (b) compares the performances of VAD-TMOS and C-TMOS in both the first and third 
quadrants. The Ron,sp of VAD-TMOS and C-TMOS at VGS=20 V and IDS=100 A/cm2 are almost the 
same, which are 1.89 mΩ∙cm2 and 1.84 mΩ∙cm2, respectively. However, the Von of VAD-TMOS at 
Ids=-100 A/cm2 and VBCG=0 V is only 1.48 V, whereas the C-TMOS is 3.52 V. Different from C-
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TMOS, in VAD-TMOS, the current in the third quadrant does not flow from the P+ Source electrode 
and P-shield Source electrode to the N-drift region and then into the Drain electrode, but flows from 
the N+ region below the BCG electrode through the N-channel layer into the N-drift region and finally 
into the Drain electrode. 

Fig. 5 (c) shows the electron current and hole current of VAD-TMOS in the third quadrant when 
VBCG=0 V. Compared with electron current, the hole current of VAD-MOSFET is negligible. Fig 5 
(d) illustrates the hole distribution of VAD-TMOS and C-TMOS at Ids=-100 A/cm2 and VBCG=0 V. 
There is no hole injection in the drift region of VAD-MOSFET. The above analysis of VAD-TMOS 
and C-TMOS shows that there is no undesirable bipolar conduction in VAD-TMOS during the third 
quadrant operation. Therefore, the proposed VAD-TMOS successfully avoids bipolar degradation of 
the parasitic body diode. 
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(c)                                                                     (d) 

Fig. 5. (a) Comparison of qΦBn calculated from the model and extracted from the simulation at different VBCG 
and (b) Performance Comparison in the first and third quadrant of operation for the optimum VAD-TMOS 
and C-TMOS. In the inset is shown the current distribution at C1 and C2 and (c) Electron current and hole 

current of VAD-TMOS in third quadrant and (d) hole distribution of VAD-TMOS and C-TMOS at Ids=-100 
A/cm2 and VBCG=0 V. 

 
The gate charge Qg of VAD-TMOS and C-TMOS are illustrated in Fig. 6 (a). The Qg and Qgd of 

VAD-TMOS is significantly reduced by 43% and 84% in comparison with C-TMOS. Because the 
barrier control gate reduces the overlap area of gate and drain terminal. These results clearly show 
VAD-TMOS could improve the high frequency performance. The small reverse recovery current 
significantly decreases the power loss in the diode, as shown in Fig. 6 (b). The reverse recovery charge 
(Qrr) of VAD-TMOS is only 1.21 μC/cm2, whereas charge is 3.84 μC/cm2 for C-TMOS. This is 
because VAD is a unipolar diode and there is no recombination of electron and hole in the reverse 
recovery process. 
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Fig. 6.  Comparison of (a) Qg and (b) Qrr between VAD-TMOS and C-TMOS. 
 

The simplified processes used for manufacturing VAD-TMOS devices are briefly described in Fig 
7, which include CSL, P-base, P+, N+, P-shield and N-channel implantation, trench etch, isolated 
oxidation, gate oxidation, polysilicon gate deposition and etching, and metallization.  
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(g)                                            (h)                                            (i) 

Fig. 7. Fabrication process for the proposed power VAD-MOSFET structure: (a) CSL and P-base 
implantation; (b) P+ implantation；(c) trench etching; (d) P-shield and N-channel implantation; (e) N+ 

implantation; (f) gate oxidation; (g) polysilicon deposition and etching; (h) isolated oxide and polysilicon 
deposition and etching; (i) metallization.  
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Summary 
In this paper, a novel SiC trench gate MOSFET with an integrated voltage adjustable diode (VAD-

TMOS) is proposed and investigated to improve third quadrant and high frequency performance by 
using TCAD simulation. A barrier control gate is utilized to control the forward voltage drop of the 
integrated VAD. Compared with C-TMOS, VAD shows 57% reduction of the Von as well as the 
improvement in Ron,sp×Qgd by a factor of 6. These results clearly indicate VAD-TMOS is an attractive 
power device for the next generation power application. 
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