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Two device runs of high voltage bipolar 6H-SiC p + n diodes were fabricated. Emitter and JTE (Junction Termination Extension) periphery were both realized by Al ion implantation, at room temperature (RT) for JTE, and both RT and 300°C for emitters. All diodes Current-Voltage characteristics were systematically measured in forward (0 ® 5V) and reverse bias (0 ® -50V). Breakdown voltages were also measured on a part of diodes. The emitter quality after implantation and annealing seems to be important for the diode behavior in forward and in reverse polarization also. For the 300°C implanted diodes higher current densities (200 A.cm -2 at 5V) are obtained in forward bias, with a more homogeneous distribution, showing better doping activation and layer quality. Compared to the RT implanted diodes, a less number of 300°C implanted diodes with high leakage currents is obtained. Those with the smallest emitter and the largest JTE length sustain more than 1100V. The breakdown voltage value (VBR) is close to the calculated value and independent on the testing ambient. This indicates a breakdown in the bulk volume, confirmed by a lower VBR for the RT implanted diodes. This lower VBR value is due to the presence of an amorphous layer after implantation and thus residual defects at the emitter-epilayer junction interface.

Introduction

Realization of silicon carbide (SiC) power devices and integrated power systems, requires local doping. Due to the very low diffusion coefficients of the dopants in SiC, ion implantation is needed, followed by a high temperature annealing. To avoid amorphous layer creation and thus the presence of residual defects, ion implantation has to be performed at high temperature (300-600°C) which is an impediment in industrial SiC device development, utilizing silicon standard equipment.

In this paper performances of two fabricated runs of 6H-SiC bipolar power p + n diodes implanted at 300°C and room temperature (RT) are compared.

Experiment

Two commercial 6H-SiC n-type epilayers (~10 16 cm -3 , 10 µm) grown on n-type substrates were Al ion implanted, to realize the p-type emitter and the Junction Termination Extension (JTE) which acts as the periphery protection (Fig. 1). The parameters of implantations (energies, doses) were preliminary determined by Monte-Carlo simulations [1]. Then the obtained doping profiles were introduced in Medici software, a finite element electrical simulator for device structures. The diode design, the JTE geometry (doping, length and depth), were thus optimized to obtain a maximum breakdown voltage (VBR) in the bulk with usefulness lateral protection by the JTE.

1.3x10 13 cm -2 total doses were implanted at room temperature simultaneously in the two wafers to form the JTE. For the emitter a 1.75x10 15 cm -2 total dose was implanted forming box profile of ~4x10 19 cm -3 on 0.45µm, using different temperatures for the two wafers (300°C and RT). The postimplantation annealing (1700°C/30min) was performed in a rf-induction furnace specially dedicated to this SiC technological step [2].

Capacitance-Voltage measurements on layers implanted with almost the same JTE dose (10 13 cm - 2 ) and annealed in the same conditions have proved the Al implanted dopant migration on active Si sites by the post-implantation annealing [3]. The dopant profile was also conserved after post-Fig. 1. Bipolar power diodes cross-section structure.

implantation annealing.

The ohmic contacts were formed employing an Al/Ti alloy on the p-type emitters and Ni on the whole n-type backside.

Current-voltage characteristics of all fabricated diodes were systematically measured in forward (0 ® 5V) and reverse bias (0 ® -50V) using an automatic probe-stage and 4 K237 Source Measurements Units

Results and Discussion

Forward current densities (J) superior to 200A.cm -2 are obtained at 5V for the diodes with the emitter implanted at 300°C whereas a limit value of ~160A.cm -2 is obtained for the RT implanted ones(Fig. 2a). In reverse bias at -50 V leakage currents as low as 10 -8 A.cm -2 are measured (Fig. 2b).
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Fig.2. J-V spectra in forward (a) and reverse bias (b) of p-n diodes with the emitter implanted at 300°C (full square) and RT (open circle). The presented spectra are selected from the best diodes in terms of low leakage currents and high current densities in forward bias.

The emitter sheet resistances were measured on Van der Pauw (VdP) structures distributed on the whole surface of the two wafers. A lower resistance is found for the 300°C implanted layers (Fig. 3) that explains the higher current density in forward bias on these diodes. The lower residual damage in the implanted layers is responsible for the higher doping and so the higher injection levels of the emitter. The emitter layer resistances have a radial distribution decreasing from the center to the periphery due to the temperature gradient in the post-implantation furnace [2]. Nevertheless the diode current densities do not follow this distribution, the series resistance of the implanted layer being a negligible term in the total measured series resistance dominated by the contact [4] and epilayer series resistance. Fig. 4(a,b) presents current density histograms obtained by measurements under 5V in forward bias, on 160 µm diameter emitter diodes from the two wafers. A more homogeneous distribution with higher current densities is obtained for the 300°C implanted diodes, which indicates a better dopant activation and layer qualities. Rutherford Backscattering Spectroscopy in the Channeling mode measurements [3] on similar implanted layers have shown a recrystallized state close to the virgin non-implanted state, after annealing in the case of non-amorphous as-implanted layers. The layers implanted at RT, amorphous on 0.3µm depth, are recrystallized by the annealing but with a residual damage quantified to 6% dechanneling yield. Increasing the emitter size (Fig. 4c) translates the histograms towards lower current density range, the emitter surface becoming more sensitive to the material quality.

This last remark is also valid for the histograms obtained in reverse bias at -50V (Fig. 5(b,c)). Increasing the emitter size and so the probability to the eventual presence of structural defects (micropipes, dislocations,…), increases the number of diodes with high leakage currents (Abs(J)>10 - 4 A.cm -2 ). Comparing the two wafers (Fig. 5(a,b)), the diodes have almost the same distribution. A less number of diodes with Abs(J)>10 -4 A.cm -2 is obtained for the 300°C implanted wafer. However current densities as low as 10 -9 A.cm -2 are attained, only for the diodes implanted at room temperature. Measurements in reverse bias up to -1100 V with a K238 are presented in Fig. 6. The role of the JTE is proved comparing the diodes with and without JTE. The breakdown voltage also increases with the JTE length. All the diodes with the smallest emitter implanted at 300°C and the largest JTE length can block more than 1100V. VBR on these diodes measured with a 12.5kV FUG power supply, increases up to 1270 V which is very close to the value calculated by Medici software (1300 V), using ionization coefficient published by Konstantinov [5] Although for the two wafers the JTEs are realized in the same conditions and the epitaxial doping is slightly superior for the 300°C implanted wafer (Cree TM data sheet), more diodes are able to sustain more than 1100V in the 300°C implanted wafer. The emitter state after implantation and annealing seems to be also important for the diodes behavior in reverse polarization. The VBR dependence on the emitter quality state indicates a breakdown in the bulk volume.

We may relate the lower VBR value for the RT implanted diodes to the residual defects present at the emitter-epilayer junction interface, due to the presence of an amorphous layer before the annealing of the RT implanted emitters.

The breakdown in the bulk volume is confirmed also by the non-variation of the VBR by testing in different ambient (air, oil, SF6) the diodes with the largest JTE. No arcs occurs in surface in this case.

These results could not be obtained without useful JTE lateral protection against breakdown. The efficiency of our JTE were also proved by cartography on diodes surface with Optical Beam Induced Current Measurements up to 1kV [6].

Conclusion

The role of the implanted emitter state in the diode behavior was demonstrated both in forward and reverse bias. Avoiding amorphous layer formation by implanting the emitter at high temperature increases the injection level in forward bias. The lack of the defects related to the recrystallized amorphous layers allows also to obtain blocking voltages close to the theoretical ones obtained by finite element simulation. The efficiency of the JTE lateral protection, also realized by Al ion implantation, was a positive factor to obtain these results. Thus the breakdown in reverse voltage bias for the diodes with the largest JTE occurs in the volume, that is confirmed also by the non-variation of the measured breakdown voltage in different testing ambient. 
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 3 Fig.3. Emitter sheet resistance measured on VdP structures distributed on the whole wafers surfaces. (full square for the wafer diodes with emitter implanted at 300°C and open circle for the RT ones.

  structure with respect to the center of the wafer [mm]

Fig. 4 .

 4 Fig.4. Current density histograms of diodes forward biased at 5V. The y-axis range is proportional to the number of each type of diodes: a) RT implanted, 160 µm diameter emitter, b) 300°C implanted, 160 µm diameter emitter, c) 300°C implanted, 250 µm diameter emitter
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 5 Fig.5. Current density histograms of diodes reverse biased at -50V. The y-axis range is proportional to the number of each type of diodes: a) RT implanted, 250 µm diameter emitter, b) 300°C implanted, 250 µm diameter emitter, c) 300°C implanted, 160 µm diameter emitter
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 6 Fig.6. JTE length dependence blocking voltage measured with K238 up to 1100 V on diodes from the wafer with the emitter implanted at RT (a) and 300°C (b). Open circles correspond to diodes with 160 µm diameter emitter size and full squares to 250 µm diameter.