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SiC power devices operation from cryogenic to high temperature: investigation of various 1.2kV SiC power devices

Silicon has long been the dominant semiconductor for high-voltage power applications. Thanks to the significant achievements in SiC technology, (bulk material growth and in SiC device processing), this semiconductor has reached a maturity level confirmed by recent reliability studies performed on both rectifiers [] and switches (JFETs[], MOSFETs [] and BJTs []). In most cases, high voltage, high current and high temperature capabilities of SiC based devices has been proved [1,2], the maximum temperature limit being in the range of 175°C up to 250°C. Previously, operation of 4H-SiC VJFETs has been demonstrated at junction temperatures over 300ºC (1) and shown promise under high radiation (2). Performance of the 4H-SiC bipolar junction transistor at 100K has been also studied (3). Among those studies, a very few are targeting temperature lower than 77°C (military specifications). For more critical ambient temperature (i.e. aerospace or cryogenic applications), [Cheng-2005, ISPSD] has reported the high temperature and cryogenic operation of VJFET.

In this work, we propose to investigate both high temperature and cryogenic operation of various SiC power devices commercially available with a maturity level better than devices used for previous investigations. Static and dynamic characterizations have been performed from 100K to 525K on a 20mOhm 1.2kV JFET, MOSFET, BJT. A cryogenic chamber has been used for low temperature range (100K-250K) characterization, and an air conditioner for the upper range (form 200K up to 525K), associated to an Agilent Curve tracer (B1505) to extract the power devices key parameters (RON, VTH, ILEAK). The specific on-resistance of a power switch is a key parameter to focus on in order to be able to calculate the power losses in an inverter leg for example. Its variation versus temperature is related to several physical phenomena, linked to the unipolar/bipolar operation mode of the analyzed devices.

For the unipolar devices, like normally-on JFETs, the ionization temperature of the free nitrogen donors must be considered [J. Pernot]. At temperature above xxx K, we could consider that the nitrogen donors ionization level is at it's maximum. The specific on resistance being thus only dependent on the electron mobility [] mu=muO (T/TO)^-2.1. Lowering the temperature below 300K, closed to the carrier freezeout one (T<100K), imply a competition between acceptor and donor ionization rates, mobility dependence being then mostly alike (T/To)^-1.5. As a consequence, the JFET channel could then be fully depleted, i.e. the devices to switch from a normally-on behavior to a normally-off one. For the numerous measured JFETs (from Infineon and Semisouth), the on-resistance factor is about 2 (Fig. 1-left). Threshold voltage has also been extracted and the pinch-off is reduced from -3V at 300K to -1.5V at 80K (Fig. 1-right). Such quantifications are critical to define properly both a converter and driver topologies.

Concerning MOSFETs devices, the on-resistance is driven by both the epitaxial layer contribution and the inversion channel contribution. The channel mobility is strongly affected by the quality of the field-oxyde/SiC interface state density. Two devices have been characterized: a CREE MOSFET and a SiC-Accumosfet. For gate bias VGS>15V, the On-resistance is almost stable as inferred on Fig. 2-left.

Focusing on SiC BJTs, additional factors are impacting the on resistance: the carrier lifetime, the recombination rate and the traps defects activation. Both on-resitance 70mOhm@80K 50mOhm@300K, and current gain have been measured Beta@300k=80 while Beta&80K=200.

From table 1, we can conclude that all devices can operate over this temperature range without dramatic changes in theirs key parameters. Furthermore, we do not have observed any freezeout phenomena, as the temperature measurement has been experimentally limited to 100K. Apart packaging considerations and reliability issues, we can conclude that all SiC power devices are able to operate at low and high temperature.

The final paper will present additional electrical characterization results over the wide temperature range as well as time dependence evolutions in order to conclude on their best operability conditions over such a wide temperature range. Table I. SiC power devices key parameters extracted at various temperatures.
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 1 Fig. 1. Left : normally-on JFET on-resistance dependence on temperature (normalized to 300K); Right : on resistance variation versus gate reverse bias (illustrating pinch-off voltage reduction while lowering temperature).

Fig. 2 .

 2 Fig.2. Left : MOSFET on-resistance dependence on temperature (normalized to 300K) versus gate forward bias illustrating inversion channel impact on the threshold voltage while lowering temperature. Right : BJT gain dependence on collector current at low (80K) and room temperature.