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4H-SiC P + NN + structures have been fabricated following Medici TM software simulation in order to block voltages as high as 6 kV. In particular, these diodes are realized by surrounding the emitter by a Aluminum-implanted ring called Junction Termination Extension (JTE). Electrical characterizations under reverse bias at room temperature and in various environments (air, SF 6 ) show a premature breakdown of the diodes. This breakdown is localized at the emitter periphery. OBIC (Optical Beam Induced Current) measurements show a peak of photocurrent at the emitter junction edge, indicating the presence of a high electric field. These results involve an effectiveness of 60 % of the JTE. This is probably related to a low electrical activation of the implanted aluminum during the post-implantation annealing and to the presence of positive charges at the surface of the devices.

Introduction.

Silicon carbide presents interesting electrical properties for many applications and especially for the high voltage devices. To fully benefit the advantages of SiC and avoid any premature breakdown of the high voltage diodes, it is necessary to realize efficient junction terminations. The purpose of this work is to estimate the Junction Termination Extension (JTE) influence on the electrical behavior of 4H-SiC P + NN + diodes under reverse biases. In this paper we present current-voltage (I-V) characteristics measured in two different gaseous ambients (air, SF 6 ). Analyses of these results are completed by OBIC (Optical Beam Induced Current) measurements. This technique allows to investigate the electric field distribution in the structure and especially at the junction periphery.

Experiments

Device structure P + NN + diodes are formed by multiple aluminum implantations at room temperature in n-type 4H-SiC epilayer (thickness = 40 µm, doping level = 1.1×10 15 cm -3 confirmed by C(V) measurement over a few µm depth from the surface). The JTE is created by five successive aluminum implantations at room temperature. Main parameters of the junction termination (depth = 0.5 µm, doping level = 2×10 17 cm -3 , length = 250 µm) are optimized with Medici TM software simulations (the ionization coefficients used are those given by Konstantinov et al. [1]) in order to obtain blocking voltages as high as 6 kV. Then the samples are annealed at 1700 °C during 30 minutes [2], and finally metallized for both anode and cathode ohmic contacts. No passivation layer covers the semiconductor surface. Two types of diodes are tested : diodes without JTE (D1), and diodes with JTE region (D2).

OBIC setup and method

The OBIC method has been previously used to investigate the influence of JTE on the electric field distribution in bipolar diodes. For photo-excitation a UV light is used at different wavelengths (ranging from 363.8 nm down to 300 nm) which is focused at the surface of the sample and modulated at 70 Hz by a chopper. The curves are obtained by scanning a diameter of the diode (400 µm diameter) with the laser beam (3.3 µm diameter). The detailed descriptions of the OBIC method and setup are given in Reference [3].

Results.

Electrical characterizations.

The I-V characteristics and tests of breakdown voltages were realized under DC conditions at room temperature in two different ambients (air and SF 6 gas). The demonstrations of the breakdown were observed by means of a CCD camera and a video monitor. The forward I-V characteristics present good rectifying behaviors: the typical forward drop voltage at 300 K is 3 V at 10 A cm -². Under reverse bias in air ambient at 300 K, the curve presents two distinct zones (Fig. 1). In the first part of the initial characteristic, the current remains weak up to a reverse bias V R of -200 V. Beyond this voltage, the current rises quickly until V R = -400 V and tends to saturate in the range [10 -4 -10 -3 ] A/cm². When V R < -500 V, electric arcs begin to appear between the anode contact and some close etched or metallized devices. This I-V curve is not reproducible. During the second measurement in the first part, we observe an increase of the current. For the second part of the characteristic, we note that for a same voltage the measured current is generally weaker. Those results are completed by I-V measurements performed in SF 6 ambient under small overpressure (Fig. 2). In these conditions we observe the same behavior than in the air ambient. However, luminous white points at the emitter periphery accompany the electric arcs. Towards 2000 V the arcs lead to the diode breakdown. This illustrates a localized breakdown of the diode induced by a high electric field at the P + N junction edge. For the diodes without junction termination, the maximum breakdown value reached is in the range [700-1000] V, these results are in good agreement with those obtained by MEDICI simulations. Fig. 2: Reverse electrical characteristics of diodes with JTE, measured at 300 K in the SF 6 ambient using a Tektronix 370A curve tracer. Three bias sweeps are presented for this diode and are numbered in the order of measurement.

OBIC measurements

Fig. 3 shows OBIC measurements performed on a D1 diode along a diameter line using 363.8 nm wavelength corresponding to a penetration length in 4H-SiC higher than 40 µm [4]. We observe an OBIC signal when the spot light illuminates the emitter non-covered by the metal. The photocurrent increases with the reverse voltage due to the space charge region (SCR) spreading inside the epilayer. At V R = -300 V, a peak of photocurrent emerges at the emitter edge, which indicates carriers multiplication due to a localized high electric field. W cm for different reverse voltages.
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The OBIC signal measured on a D2 diode with JTE (Fig. 4) presents the same behavior. No photocurrent is detected over JTE position but we recognize the signal due to the P + N junction which increases with the reverse voltage. However at V R = -300 V we detected a weak signal on the part of JTE close to the emitter. In order to observe the effect of JTE on electric field distribution it is necessary to investigate a lower depth of the epilayer by measuring OBIC signal using a shorter wavelength. Lateral spreading of SCR under JTE region W cm for different reverse voltages. Fig. 5 shows OBIC measurements on a D2 diode illuminated at a wavelength of 300 nm. Contrary to the curves obtained at λ = 363.8 nm, at V R = 0 V we detected an OBIC signal on part of JTE. This photocurrent increases with the voltage and we also note that when the bias increases, the area where the signal is detected extends laterally. Those results illustrate the lateral spreading of the SCR under JTE region [5] that indicates a total depletion of JTE.
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Discussion.

The electrical results have shown a premature breakdown of diodes with junction termination. SIMS analyses at different places on a wafer reveal an aluminum implanted dose of JTE lower than the desired one (1×10 13 cm -2 ). The simulations carried out with these effective JTE doping values give a theoretical breakdown voltage (3 kV) higher than experimental value. Measurements obtained with OBIC method show an premature depletion of the JTE area and a localized breakdown at the emitter edge. Those results tend to confirm a certain protection inefficiency probably due to an aluminum electrical activation1 lower than 100 % [3]. However the low aluminum electrical activation does not seem to be the only explanation of the poor JTE efficiency. Indeed OBIC measurements performed on several diodes have revealed the presence of a high electric field at the emitter edge under weak voltages. Those results and the instability of current during I-V measurements can be due to the presence of a surface charge. The different steps of the process flow are certainly at the origin of this surface charge. Indeed the presence of a positive charge on the SiC surface tends to tighten the equipotential lines at the junction periphery which induces a degradation of the JTE performance [6] and causes the appearance of high electric field at the emitter edge. This last assumption seems to be confirmed by simulation of D1 and D2 diodes with a positive charge density of 7×10 11 cm -2 . We note that the positive charge has no influence on the breakdown value of D1 diodes. On the contrary, by comparing the results of D1 diode simulation with or without surface charge, we observe for a same voltage an increase of the electric field at the emitter periphery. For the D2 diode we clearly observe an effect of surface charge on the JTE performance. By taking account of the positive surface charges, the efficiency of junction termination is reduced by about 12 %. The premature breakdown of the components can be induced by a combined action of these two phenomena (presence of a positive charge on the SiC surface and low electrical activation of aluminum dopant).

Conclusion.

The OBIC measurements performed on planar 4H-SiC bipolar diodes have allowed to investigate the JTE influence on the electric field distribution at the device periphery and the place of the breakdown. These results correlated with the electrical characterizations in different ambients tend to prove that the premature breakdown of our structures is due to partial electrical activation of the implanted aluminum dose in the JTE guard and to the presence of positive charge on SiC surface.
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 21 Fig.1: Reverse electrical characteristics of diodes with JTE (D2), measured at 300 K in the air. Two bias sweeps are presented for each diode. The order of appearance in the legend corresponds to the chronological order of I-V measurement performed on each diode.
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 4 Fig. 4: OBIC measurements performed on a D2 diode with JTE at λ = 363.8 nm with P opt = 2 -2

Fig. 5 :

 5 Fig. 5: OBIC measurements performed on a D2 diode with JTE at λ = 300 nm with P opt = 2

The aluminum electrical activation is the ratio of Al concentration incorporated in SiC lattice sites on the implanted Al concentration.
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