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Abstract

:

In this paper, performances of a 4H-SiC UMOSFET with split gate and P+ shielding in different configurations are simulated and compared, with an emphasis on the switching characteristics and short circuit capability. A novel structure with the split gate in touch with the P+ shielding is proposed. The key design issues for 4H-SiC UMOSFETs are trench gate dielectric protection and reverse transfer capacitance Crss reduction. Based on simulation results, it is concluded that a UMOSFET with a gate structure combining split gate grounded to the trench bottom protection P+ shielding layer and a current spreading layer is achieved to yield the best compromise between conduction, switching, and short circuit performance. The split-gate design can effectively reduce Crss by shielding the coupling between the gate electrode and the drain region. The P+ shielding design not only protects the oxide at trench bottom corners but also minimizes the short channel effect due to drain-induced barrier lowing and the channel length modulation. Trade-off of the doping concentration of current spreading layer for UMOSFET is also discussed. A heavily doped current spreading layer may increase Crss and influence the switching time, even though RON,SP is reduced.
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1. Introduction


SiC-based devices are promising candidates as power switches in various applications, thanks to the superior material properties of SiC, especially the wide bandgap, high critical electrical field, and excellent thermal conductivity [1]. Furthermore, gate dielectric of SiC devices can be formed by thermal oxidation with a good quality in a very similar way as in Si devices, which greatly facilitates the manufacturing of SiC devices. However, a high interface trap density (Dit) exists at the SiO2/SiC interface, which lowers the channel electron mobility and greatly increases RON,SP, particularly in the voltage range of 600–1700 V [2]. To reduce Dit in SiC MOSFETs, various gate oxide processes were developed, but the progress is still very limited as of today [3,4]. To circumvent the drawbacks brought by the low electron channel mobility, many approaches with different gate structures have also been proposed, and among them, the trench gate MOSFET (UMOSFET) is very promising. Unlike DMOSFETs, in which the cell density is limited by the horizontal JFET [5,6], UMOSFETs employ the very high cell density to minimize the contribution of channel resistance to the total on-state resistance. However, the electric field crowding at the trench gate bottom corner is a challenging issue in UMOSFETs [7,8], because the high critical electric field of 4H-SiC will bring a high electric field in the dielectrics and eventually cause long-term reliability concerns. One potential solution is to add a P+ shielding (PS) region at the bottom of the trench gate, so the electric field in the oxide at the trench gate corner can be reduced significantly [9,10]. However, such a design can introduce a parasitic JFET resistance along the current path and may require a current spreading layer to reduce it. Another important issue in the design of UMOSFETs is the large gate-to-drain capacitance (Cgd) which comes from the large cell density. Cgd plays an important role in MOSFETs since it corresponds to the reverse transfer capacitance Crss, which is related to dV/dt during hard switching and affects switching performance [11]. In a conventional gate structure of UMOSFETs, Cgd is large due to a large gate electrode area coupled with the N-drift region through trench bottom oxide. With a thick bottom oxide, this issue can be alleviated. The PS and split-gate (SG) structures in UMOSFET are shown to solve this problem even more effectively [12,13]. Cgd can be reduced by simply grounding SG or PS to the source electrode. Besides switching performance, another important characteristic of power-switching devices is the short-circuit capability, particularly in motor-drive applications. In short-circuit conditions, the current of a power device should be limited to prevent the device from experiencing thermal destruction and prolong its short-circuit withstand time. This paper is an extended study of a previous report [14], but it proposes a new gate structure of a SG under the control gate and in contact with the PS. All the critical issues associated with different gate structures are investigated and compared in this paper. Moreover, the short-circuit capability of SiC UMOSFETs affected by drain-induced barrier lowing (DIBL) is also explored for the first time. Finally, a new design is suggested, which can not only retain the advantages of conventional UMOSFETs such as low RON,SP and high blocking voltage, but also minimize the electric field in the oxide at the trench gate corner and possess a superior short-circuit capability.




2. DC and Reverse Characteristics


Figure 1 is a summary of the gate structures simulated in this paper. Figure 1a shows a conventional gate structure of UMOSFET with a thick bottom oxide. In Figure 1b, a SG is inserted underneath the control gate. In Figure 1c, an N-type current spreading layer (CSL) is inserted between the N-drift layer and p-well layer. In Figure 1d, a heavily doped P-type layer created by ion implantation, i.e., the PS region, is placed underneath the trench gate of Figure 1b. In this case, CSL is not included. Figure 1e includes CSL and PS but without SG. Figure 1f shows a trench gate structure merging CSL, PS, and SG. At last, a novel structure with SG in direct contact to PS (SG–PS/CSL) is proposed as shown in Figure 1g. In all of the gate structures revealed above, SG and PS are both shorted to the source electrode hypothetically. In real device design and operation, PS needs a low resistive path to the source electrode, to minimize possible RC time delay during device switching, which is difficult to achieve in the device layout, since P-type 4H-SiC is resistive. This difficulty is usually overcome by complicated gate structures with some sacrifices of the device performance [10]. By simply removing the oxide between SG and PS, as shown in Figure 1g, PS can be shorted to source electrode through SG which is usually heavily doped and therefore highly conductive. In this case, SG has to be p-type doped to avoid a pn junction at the SG/PS interface. Although not shown in the two-dimensional schematics in Figure 1, the P-wells and PS of all these devices are assumed shorted to the source electrode through n+ source openings and other locations in the third dimension. In simulation, this is done with virtual contacts connected to the source electrode at appropriate locations on the symmetry plane, as depicted in Figure 1.



All of the aforementioned structures are designed for 1200 V applications, with an 11 μm thick and 6 × 1015 cm−3 doped drift layer. The gate width is assumed to be 1 μm, which is practical for current 6-inch and 8-inch foundry technologies. In order to take advantage of UMOSFETs for high cell density, the cell pitch is fixed to be 3.5 μm, which is smaller than state-of-the-art 4H-SiC DMOSFETs. CSL in the baseline structure has a thickness of 1 μm and N-type doping concentration of 9 × 1016 cm−3. The P-well is assumed to be epitaxially grown on top of the drift layer, with a 1 μm thickness and 2 × 1017 cm−3 doping concentration, followed by an epitaxial N+ source region of 0.5 μm in thickness and uniform 1 × 1020 cm−3 in concentration. The channel length of all UMOSFETs in Figure 1 is kept at 1 μm. The PS region is formed by ion implantation with the peak concentration of 1 × 1020 cm−3, the dose of 3.2 × 1015 /cm2, and the maximum energy of 180 keV. All the simulation parameters are default in Silvaco, except that the channel electron mobility is adjusted to be around 20 cm2/Vs, corresponding to the present status of SiO2/4H-SiC by nitridation treatment. The extracted threshold voltage is 6.5 V from Id-Vg curves. The gate trench is over-etched through the P-well to a depth of 1.2 μm. The SG region is assumed to be 0.5 μm thick. For SG–PS/CSL, the SG is assumed p-type, while for other structures, it is assumed n-type as the control gate. The simulations are carried out using Silvaco.



Figure 2 summarizes the simulated on-state characteristics of the SiC UMOSFET structures at room temperature. As can be observed, both structures without CSL exhibit much higher on-state resistances than that of the conventional structure, indicating that, in fine cell pitch structures, current spreading is important, especially when there is a parasitic JFET effect by PS and P-well. The specific on-resistance of the SG/CSL/PS structure and the proposed SG–PS/CSL structure is 2.33 mΩ-cm2 at Vgs = 20 V, comparable to that of the conventional structure. For SG/CSL, the specific on-resistance can be further reduced to 2.00 mΩ-cm2 since therefore is no PS and therefore no JFET effect. However, this structure suffers from other effects, as shown in the next discussion.



The room-temperature reverse characteristics of the above structures are simulated and displayed in Figure 3. They all satisfy the required 1200 V rated blocking voltage with sufficient margin. In real devices, the reverse blocking capability is mostly limited by the edge termination, but this is not the focus of this study. The largest breakdown voltage in cell structure by simulation is 2250 V achieved by SG/PS, SG–PS/CSL, and SG/CSL/PS structures. The insertion of CSL will not affect the static blocking capability if properly designed. Another critical issue to be considered is the electric field in the gate oxide, especially at the trench gate bottom corner. Such high electric field is detrimental to device reliability, as pointed out in previous reports [15,16]. Figure 4 depicts the electric field distribution in the gate oxide near the trench bottom of conventional, SG/CSL, CSL/PS, and SG/CSL/PS structures, all at a drain voltage of 1600 V in the off state and without severe RON,SP degradation. As can be observed in Figure 4, without PS underneath the trench bottom, high electric field exceeding 5 MV/cm appears in the oxide of the conventional and SG/CSL structures, even with a thick bottom oxide of 0.1 μm and rounded trench bottom corners, causing Vth and Id,lin degradation after long-term reverse stress. On the other hand, the maximum electric field is always in the semiconductor in CSL/PS and SG/CSL/PS structures under the same bias condition, while the electric field in gate oxide is well below 3 MV/cm. In this case, stable and reliable reverse operation can be expected. It is worth noting that the electric field in the oxide in SG–PS/CSL is basically identical to the oxide in SG/CSL/PS.




3. AC and Switching Characteristics


AC and switching performances are further investigated, with a focus on the most promising CSL/PS, SG/CSL/PS, and SG–PS/CSL structures in comparison with the conventional structure. Figure 5 shows the simulated Ciss versus Vds curves at the frequency of 1 MHz and biased at Vgs = 0 V. As in typical MOSFET structures, Ciss is mostly coming from Cgs and has a very weak dependence on Vds. Since there is no contribution from the capacitance between the control gate and SG which is grounded to source, or the capacitance between the control gate and PS, which is also grounded to source, Ciss of the conventional gate structure is the lowest. Luckily Ciss of other gate structures are not much larger either, since those capacitances are reduced by increasing the oxide thickness at the proper locations, for example, between the control gate and SG. Figure 6 summarizes Coss, with two main features observed. First, at a low Vds (< 10 V), Coss of the conventional structure is much lower than that of CSL/PS and SG/CSL/PS. This is attributed to the narrow depletion region of the PN junction due to the high doping concentration of CSL, which increases Csd and Cgd. Second, a distinct drop exists in Coss curves of CSL/PS and SG/CSL/PS but not the conventional gate structure. Such drop is a unique feature of superjunction or superjunction-like devices, and is attributed to the pinch-off of CSL at a high reverse bias, which is similar to the n-pillars in silicon superjunction MOSFETs. In the case of 4H-SiC split-gate UMOSFETs, in addition to the vertical depletion from the P-well, lateral depletion coming from SG or PS will fully deplete CSL at a pinch-off voltage and dramatically reduce Csd and Cgd. It is also clear that, with a lightly doped CSL of 2 × 1016 cm−3, the pinch-off occurs at a smaller Vds. To further elaborate on this, Crss (= Cgd) of conventional, CSL/PS, and SG/CSL/PS structures with different CSL doping concentrations are summarized in Figure 7, with the drop clearly demonstrated. Before pinch-off, the depletion capacitance in CSL contributes a significant amount to Cgd when the doping concentration is high in the case of 9 × 1016 cm−3, and therefore Crss is larger in CSL/PS and SG/CSL/PS than in the conventional. However, when the CSL concentration is low in the case of 2 × 1016 cm−3, the depletion capacitance is small enough, and Crss becomes very close to the value of the conventional structure. After pinch-off, because of the shielding from SG and PS underneath the control gate, Crss in CSL/PS and SG/CSL/PS is significantly reduced when compared to that in the conventional structure. The fact that CSL is more easily depleted with a lower concentration and the benefit of SG is also reflected by Crss values.



Figure 8 summarizes the gate-charge waveforms of the five gate structures in Figure 5, under clamped inductive load-switching tests at 800 V bias. The relationship between Qgd and Crss (Cgd) can be described as Equation (1) [17]:


  Qgd =    ∫   V  o n      V  D D      Cgd ( Vds    ) d Vds  



(1)




where Qgd is the gate charge in the gate plateau region (around Vgs = 7.5 V) and VDD = 800 V in Figure 8. From Figure 7, it is obvious that the Crss is larger for the conventional structure for most of the Vds range and is smaller for the split-gate structure. As expected from Equation (1), Qgd of SG/CSL/PS is much lower than that of conventional, and is further reduced when the doping concentration of CSL decreases. From the above simulation results, it is worth mentioning that the DC and AC performance of SG–PS/CSL is almost identical to that of SG/CSL/PS, which is reasonable since the main features of the two structures are very similar. It should be noted that in real applications parasitic inductances in such high dV/dt must be considered since they might induce a large voltage overshoot in the switching waveforms and raise EMI and reliability concerns [18]. Active gate drivers are required to achieve the best switching performance while overcoming these drawbacks, which is beyond the scope of this paper.




4. Short-Circuit Capability


The short-circuit capability of power-switching devices is of great importance, particularly for motor-drive applications. In this section, we discuss the importance of the PS region to the short-circuit capability of 4H-SiC UMOSFETs. A common approach to reduce channel resistance in 4H-SiC MOSFETs is to use submicron channel length, where short channel effects are inevitable [19,20]. In Figure 9, simulated Id-Vds curves in the saturation region of SG/CSL and SG/CSL/PS are compared. A channel length of 0.5 μm is used. It is clear that the insertion of PS can reduce the saturation current in the high Vds regime and therefore improve the short-circuit capability, which is limited by thermal constrains [21,22]. A band diagram along the vertical channel is plotted in Figure 10, when Vgs is 20 V and Vds is 900 V. With the PS region, the channel is shielded from the drain potential, even at such high drain bias, and therefore the channel length modulation, as well as the drain-induced barrier lowering (DIBL) effect in the device is relieved This reduces the saturation current and power dissipation during short-circuit duration, similar to what has been reported for silicon IGBT [23,24].



The key performance indexes of the potential gate structures investigated in this study are listed in Table 1. It is shown that a trench gate structure with SG/CSL/PS or SG–PS/CSL implemented can achieve very good DC and AC performance compared to conventional structure without suffering from high electric field in the gate oxide.




5. Conclusions


In this paper, different gate structures in 4H-SiC UMOSFETs are numerically studied with focus on their DC, AC, and short-circuit performances. From the simulation results, trench gate structure with SG/CSL/PS or SG–PS/CSL show better DC and AC performance without suffering from high electric field in the gate oxide or high specific on-resistance. In addition, with the P+ shielding underneath the trench gate, the channel length is allowed to shrink without the risk of poor short-circuit capability, owing to high saturation current from the channel length modulation and drain-induced barrier-lowering effect.
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Figure 1. Schematics of different gate structures studied in this paper. A novel proposed UMOSFET with SG in contact with PS structure is shown in (g). All devices have a cell pitch of 3.5 μm. (a). Conventional; (b). SG; (c). SG/CSL; (d). SG/PS; (e). CSL/PS; (f). SG/CSL/PS; (g). SG-PS/CSL. 
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Figure 2. The on-state characteristics of different gate designs at Vgs = 20 V. The RON,SP of the proposed SG/CSL/PS structure is 2.33 mΩ-cm2. © (2020) IEEE. Reproduced, with permission, from [14]. 
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Figure 3. The reverse blocking characteristics between different gate designs. The breakdown voltages of the proposed SG–PS/CSL and SG/CSL/PS structure is 2250 V. © (2020) IEEE. Reproduced, with permission, from [14]. 
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Figure 4. The electrical field distribution in different gate designs at Vds = 1600 V. The devices without PS (a,c) show a relative high electric field at the gate trench bottom corner. In simulation, P-well and SG are connected to the source electrode through virtual contacts at locations indicated in Figure 1. (a). Conventional; (b). CSL/PS; (c). SG/CSL; (d). SG/CSL/PS; (e). SG-PS/CSL. 
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Figure 5. Ciss of conventional, CSL/PS, SG–PS/CSL, and SG/CSL/PS, with different CSL doping concentrations. The frequency is at 1 MHz and Vgs is 0 V. If not otherwise specified, the CSL doping concentration is 9 × 1016 cm−3. 
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Figure 6. Coss of conventional, CSL/PS, SG–PS/CSL, and SG/CSL/PS, with different CSL doping concentrations. The frequency is at 1 MHz and Vgs is 0 V. If not otherwise specified, the CSL doping concentration is 9 × 1016 cm−3. 
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Figure 7. Crss of conventional, CSL/PS, SG–PS/CSL, and SG/CSL/PS, with different CSL doping concentrations. The frequency is at 1 MHz and Vgs is 0 V. If not otherwise specified, the CSL doping concentration is 9 × 1016 cm−3. © (2020) IEEE. Reproduced, with permission, from [14]. 
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Figure 8. Gate-charge waveforms of conventional, CSL/PS, SG–PS/CSL, and SG/CSL/PS, under 800 V clamped inductive load switching. If not otherwise specified, the CSL doping concentration is 9 × 1016 cm−3. © (2020) IEEE. Reproduced, with permission, from [14]. 
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Figure 9. Id-Vds curves in the saturation region of SG/CSL and SG/CSL/PS. 
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Figure 10. Energy band diagram of SG/CSL and SG/CSL/PS when Vgs = 20 V and Vds = 900 V. 
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Table 1. Key performance indexes of the gate structures studied in this paper.
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	Characteristics
	Unit
	Conventional
	CSL/PS

CSL = 9 × 1016 cm−3
	SG/CSL/PS

CSL = 9 × 1016 cm−3
	SG/CSL/PS

CSL = 2 × 1016 cm−3
	SG–PS/CSL

CSL = 9 × 1016 cm−3





	RON,SP
	mΩcm2
	2.38
	2.32
	2.33
	2.60
	2.33



	Maximum Eox at 1600 V
	MV/cm
	7.5
	2.1
	2.2
	1.2
	2.2



	Qgs
	nC/cm2
	339
	360
	374
	436
	371



	Qgd
	nC/cm2
	408
	209
	149
	29
	149



	Ciss at 800 V
	nF/cm2
	61.86
	64.26
	65.63
	69.21
	65.72



	Coss at 800 V
	pF/cm2
	714
	790
	791
	792
	790



	Crss at 800 V
	pF/cm2
	299
	25
	16
	9
	16



	RON x QGD
	mΩnC
	971
	485
	347
	75
	347
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