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Design and Methodology of Silicon Carbide High Voltage Termination Extension for Small Area BJTs
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An optimized termination extension tutorial is reported for a small area (≈ 1mm²) 4H-SiC NPN BJT. The extension system is based on a parametric JTE with isolation rings. Additional aspects such as (1) MESA angle, (2) relieving electric field on the base-drift junction, and (3) blocking the electric field from reaching border structure are investigated. A breakdown voltage greater than 10 kV is recorded, when drift region is n-doped to 8x10 14 cm-3.

Introduction

4H-SiC power bipolar devices are considered one of the most reasonable candidates for low-loss and high power semiconductor devices when compared to Silicon (Si) due to [START_REF] Locatelli | Silicon carbide against silicon: a comparison in terms of physical properties, technology and electrical performance of power devices[END_REF] a high bandgap allowing it to reach a low intrinsic carrier density even when operating over high temperatures (greater than 500 °C) [START_REF] Locatelli | Silicon carbide against silicon: a comparison in terms of physical properties, technology and electrical performance of power devices[END_REF], (2) a high saturation drift velocity enabling the operation over high frequencies, and (3) a huge breakdown electric field resulting in the reduction of ON resistance (RON) plus avoiding a second breakdown avalanche effect [START_REF] Cooper | SiC Power-Switching Devices-The Second Electronics Revolution[END_REF]. Similarly, 4H-SiC power BJTs, are free from gate oxide problems giving it the ability to sustain high currents with low-voltage drop when compared to SiC MOSFETs [START_REF] Krishnaswami | 1000-V, 30-A 4H-SiC BJTs With High Current Gain[END_REF]. Since BJTs are current controlled devices, making it a disadvantage over MOSFETs, an input drive current is needed on the base terminal in the on-state operation mode leading to an increase in the total power dissipation of the device, thus it is always useful to maximize the current gain in BJTs. The recent reported high voltage 4H-SiC BJTs include a 10 kV open-base breakdown voltage (BVCEO) and specific on-resistance of 130 mΩ.cm 2 at (RT) with a 120 µm, 6x10 14 cm -3 n-doped drift layer [START_REF] Zhang | 10 kV, 10 A Bipolar Junction Transistors and Darlington Transistors on 4H-SiC[END_REF]; a 15 kV BVCEO at a leakage current of 0.1 mA/cm 2 with 125 µm drift layer n-doped to 1.1x10 14 cm -3 [START_REF] Salemi | 15 kV-Class Implantation-Free 4H-SiC BJTs 15 kV-Class Implantation-Free 4H-SiC BJTs[END_REF], and a 9.2 kV BVCEO with a 50 µm, 7x10 14 cm -3 n-doped drift layer and RSP_ON = 78 mΩ.cm 2 [START_REF] Zhang | Demonstration of first 9.2 kV 4H-SiC bipolar junction transistor[END_REF]. For high electric field bipolar applications, it is mandatory to implant a highly sophisticated base-drift junction termination extension (JTE) system, which serves in minimizing the electric field plate crowd generated at the MESA edge of the power device. Several approaches were applied to optimize the extension performance; (1) by applying variations over the length and etching depth of the JTE [START_REF] Salemi | Area-and Efficiency-Optimized Junction Termination for a 5.6 kV SiC BJT Process with Low ON-Resistance[END_REF], (2) by implanting different doses over the total length of the JTE [START_REF] Miyake | 21-kV SiC BJTs With Space-Modulated Junction Termination Extension[END_REF], and (3) by the addition of extra implanted rings [START_REF] Planson | Edge termination design improvements for 10 kV 4H-SiC bipolar diodes[END_REF]. This paper presents different design methodologies for high-voltage SiC BJT termination for obtaining both high-open-emitter (BVCBO) and high open-base (BVCEO) breakdown voltage greater than 10 kV based on simulation measurements done using Synopses TCAD [START_REF] Sentaurus | TCAD Simulation Tool by Synopses Inc[END_REF]. The realized results are relative to several technical models associated to the SiC simulation parameters given by TCAD, which were used as follows: Arora model for Doping Dependence., Caughey-Thomas model for High Field Dependence, Scharfetter and VanOverstraetendeMan used for Recombination and Impact Ionization models, and finally Bandgap Narrowing for the band gap model.

SiC BJT Termination Model and Technology

Figure 1: Schematic cross-sectional view of a BJT structure with optimized termination Figure 1 represents an illustration of a 4H-SiC NPN optimized BJT structure. The structure is built with a 0.5 µm, 1x10 18 n-doped collector layer. The lowly n -doped drift layer has a thickness of 120 µm and a doping concentration 8x10 14 cm -3 . The 2 µm base layer is p-doped to 2x10 17 cm 3 , with 400 nm highly p + implants under the base contacts to ensure a low resistive ohmic contact. The 0.5 µm emitter layer is n-doped to 1x10 19 cm -3 meeting another 0.5 µm highly n-doped emitter contact layer. Theoretically, the highest breakdown voltage of a PN junction with such drift parameters can reach to 14 kV according to Equation 1, where BV represents the blocking voltage in volts, EFmax is maximum electrical field that SiC can sustain in V/cm, 𝜀 𝑠 is the dielectric permittivity of the semiconductor material, and ND is the doping concentration of the drift region in cm -3 . The thickness of the epitaxial layer also influences the breakdown voltage, since the electrical field 𝐸 𝐵 can be expressed as follows:

𝐵𝑉 = 𝐸𝐹

𝐸𝐹 𝑚𝑎𝑥 2 = 𝑞 𝑁 𝐷 𝑊 𝐷 𝜀 𝑠 …………………………………….….…………………… (Equation 2, [11])
where WD is the drift thickness in meters, giving another form of the blocking voltage:

𝐵𝑉 = 𝑞 𝑁 𝐷 𝑊 𝐷 ² 2𝜀 𝑠 ……………………………………………...…………………. (Equation 3, [11])
From Equations 1 and 3, we realize that increasing WD, and decreasing ND, both serve in increasing the blocking voltage. This feature can be observed in [START_REF] Miyake | 21-kV SiC BJTs With Space-Modulated Junction Termination Extension[END_REF], where the highest breakdown voltage for a BJT to-date is recorded 21 kV. This lab in Kyoto University/Japan, in addition to an optimized termination extension and a proper fabrication process, was able to reach this value with a very low ND = 2.3x10 14 cm -3 and a WD greater than 180 µm. Putting these values in Equation 1, a maximum theoretical breakdown voltage up to 50 kV can be obtained, which is considered far from the recorded results. Normally, it is impossible to reach the theoretical breakdown due to electric field crowding close to junction edges, but research is always working to get near this value by optimizing the termination extension. Figure 1 describes several approaches when designing an optimized extension.

From geometrical point of view, fabrication of MESA structures with negative inclination aid in avoiding problems such as edge breakdown due to a significant reduction of electric field when compared to the bulk one [START_REF] Lebedeva | Edge-Termination Technique for High-Voltage Mesa-Structure 4H-SiC Devices: Negative Beveling[END_REF]. Figure 2, shows the electric field behavior of same BJT structure but with different MESA angles. An increase in the angle reduces the electric field crowding generated on the junction. Relieving this electrical field crowding effect is also done by implanting P + isolation rings. These rings can be capped along the JTE as in Figure 1 and integrated at the edge of structure with an ohmic contact performing a PN isolation diode as described in [START_REF] Liang | Optimization Design of Isolation Rings in Monolithically Integrated 1200V SiC Transistor and Anti-Parallel Diode for Improved Blocking Voltage[END_REF]. The efficiency of the JTE is influenced by parameters such as the length (LJTE), and the implanted dose (DJTE). The idea is to provide a smooth flow for the electric field by choosing the suitable dose given for the implanted JTE along its length. The chosen dose should be relative to the base doping concentration, for permitting a continuous flow all over the structure. The thickness of the JTE is limited and fixed to 1µm, as we vary the dose.

Moreover, is it possible to complete the extension by adjoining rings with the same dose and thickness associated to the JTE (Figure 1). The performance of the rings is relative to their number (NRings) and the space given between them (SRings.), which may vary between each ring. The rings length (LR) which is not considered a critical parameter is fixed to 5 µm. The number of rings with their associated spaces plus the LJTE determines the overall length of the termination system. This length is important when dealing with small sized structures.

EF Crowd θ EF Crowd θ EF @ border = 3x10 5 V/cm SC No EF @ border

In normal cases, no electric field crowd should be present at the edge of the structure, and hence an isolation length should be given after the given extension system. For small structures, where no to little space is available, a highly n+-doped stop channel can be added after the termination extension (Figure 1) in order to prevent the lateral electric field from reaching the chip edge which is a phenomenon where capability of breakdown voltage decreases as shown in Figure 3.

Results and Discussion

Table 1 describes three different general small BJT structures with different designs. Structure 1 as mentioned before refers to an unoptimized device and will be used as a reference. The BV recorded is nowhere from reaching the 10 kV, with a 0% of enhancement due to the absence of JTE and Rings. Structure 2 is built just with a JTE. Several lengths between 250 µm and 500 µm were tested with different doses in order to detect the optimum length and dose that match the base doping we have.

No rings are integrated in this structure and the recorded BV is increased by 300% since the breakdown voltage obtained is almost triple the one we got from structure 1, translating the ability of peripheral protection to get closer to the theoretical 1D target. After dealing with the JTE parameters, an isolation ring system is added to structure 3 with constant spacing between them. This structure burdened more the electrical field and hence increased significantly the efficiency of the system to reach up to 430%. Finally, referring to the electrical field profile shown in Figure 4 we can clearly notice the importance and potential of adding a JTE and ring system on the electric field. The continuous curve in Figure 4 refers to the electric field associated to structure 1. We realize the peak of the curve is located immediately at the base-drift junction, and then the field sharply vanishes, which explains the low breakdown voltage with such a structure. Paradoxically, the dashed curve represents an optimized structure. We notice how the electric field is distributed all over the structure. The first two peaks of this field determine the starting and ending point of the JTE, while the following ones represent the electric field on each ring border to reach the last one. It is highly recommended to conserve or keep the same electric field along the border of the JTE and rings, in other words; keeping the same level for each peak. This phenomenon also affects the ability of increasing the breakdown voltage and it is controlled by the number and space given between each ring. 

Conclusion

A high power, with small area 4H-SiC NPN bipolar transistor structure with optimized termination extension was investigated in this paper. The termination is highly effective and efficient. A targeted breakdown voltage was reached with a proper electric profile all over the structure. A final structure was ended up with specific parameters where the breakdown voltage recorded is 12.6 kV which forms 90% from the theoretical value (14 kV) with 120 µm drift thickness n-doped to 8x10 14 cm -3 . Additional points were discussed concerning high P + doped implanted rings to decrease the electric field peak at the base-drift junction, and highly N + doped stopping channel for the aim of blocking high electric field on the edge of the structure. 

  .... (Equation 1,[START_REF] Buono | Simulation and Characterization of Silicon Carbide Power Bipolar Junction Transistors[END_REF])
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 23 Figure 2: Electrical field (EF) distribution at MESA with various angle θ: (a) θ = 0°, (b) θ = 10°
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 4 Figure 4: Variation of electrical field as a function of JTE and Rings presence
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Table 1 :

 1 Variation of breakdown voltage as function of structure design

	Structure	JTE	LJTE [µm] DJTE [x10 13 cm -2 ]	NRings	BVCBO [kV]
	1	Absence 	Absence  Absence 	Absence  Absence 	3
	2	Presence ✓	LJTE Є [250, 500] DJTE Є [0.8, 1.5]	Absence  Absence 	9
	3	Presence ✓	LJTE Є [250, 500] DJTE Є [0.8, 1.5]	NRings Є [1, 8]	12.6
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