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Scope
Very low temperatures are typically encountered in space exploration missions and deep space planetary applications.  Current spacecraft utilize various forms of thermal heating mechanisms to maintain the temperature of the on-board electronics at about room temperature for proper operation.  Many benefits would be realized if the electronics could function properly without the need of the heating accessories.  These benefits include increased efficiency, improved reliability, and decreased system development and launch costs.  Silicon germanium (SiGe) based transistors have lately emerged and are being used extensively in low power, very high frequency communication systems.  Besides high switching speed and low power consumption, these devices can also be tailored through band gap engineering to attain particular characteristics.  For high power transistor applications, MISFET (Metal-Insulator-Semiconductor Field Effect Transistor) devices offer low gate leakage current, large gate voltage swings, and high source-drain breakdown voltage.  All of these attributes are important to improve device efficiency and reliability.  Extending the temperature regime of operation of these devices can be made feasible by the use of silicon germanium (SiGe) technology that has can be used for cryogenic operation.  In this work, prototype engineering samples of SiGe MISFET devices, which were developed and supplied by GPD Optoelectronics Corporation, were evaluated for operation at cryogenic temperatures.  These SiGe transistors are power-level devices and are designed to operate at cryogenic temperatures below liquid nitrogen (-196 ºC).  This is in contrast to the conventional silicon-based bipolar transistors that undergo carrier freeze-out at low temperatures.  The power handling capability of these SiGe transistors along with their cryogenic operation render them one of very few devices with potential for use under extreme temperatures in space exploration missions.
Test Procedure
Prototype engineering samples of silicon germanium MISFET power transistors, which were developed by GPD Optoelectronics Corporation under a NASA Research Program, were evaluated at extreme temperatures between -195 °C and +70 °C.  Two devices of the first batch of these prototype transistors were tested in this work.  Both of these devices, MNN-02 and MNT-02, were N-channel enhancement-mode transistors but they differ in their internal structure layout.  Performance characterization was obtained in terms of their voltage-current characteristics, using a Sony/Tektronix 370A programmable curve tracer, at specific test temperatures.  A temperature rate of change of 10 °C/min was used, and a soak time of 20 minutes was allowed at every test temperature.  Cold-restart capability, i.e. power switched on while the devices were at a temperature of -195 °C, was also investigated.  Table I shows some of the specifications of these prototype transistors [1].
Table I.  Manufacturer’s specifications of SiGe MISFET devices [1].
	Parameter
	MNN-02
	MNT-02

	Operating Temp. (°C)
	-269 to +70
	-269 to +70

	Max Drain Current, ID (A)
	0.2
	0.2

	Max Drain-Source Voltage, VDS (V)
	20
	20

	Gate-Source Voltage, VGS (V)
	25
	25

	Transconductance, gm (mS)
	16
	12

	Package
	TO-3
	TO-3


Test Results
Temperature Effects
The characteristic curves of the MNN-02 MISFET device at selected test temperatures between -195 °C and +70 °C are shown in Figures 1 and 2.  These output characteristics are defined as the drain current (ID) versus drain-to-source voltage (VDS) curves at various gate voltages (VGS).  It can be clearly seen that the value of the drain current exhibits a gradual decrease in its room temperature value with decrease in temperature at any given VGS.  This decrease in drain current becomes significant at about -100 °C, reaching a minute value at the test temperature of -195°C.  When the temperature trend however is reversed, i.e., transistor was exposed to higher temperatures above -195 °C, the device exhibits recovery in its characteristics at the respective test temperature; and in fact, at the high test temperature of +70 °C, the values of the drain current are slightly higher than their room temperature counterparts.  It should be noted that the ID/VDS curves of this device display characteristics similar to “kink effect” only when tested at -50 °C.  Such a behavior, which occurs at drain-to-source voltages between 7 and 10 volts, is not fully understood.
Similar to the MNN-02 device, the MNT-02 MISFET experiences drain current drop as temperature is decreased.  Once again, the reduction in the current becomes appreciable at test temperature of -100 °C and lower.  The characteristic curves of this device are depicted in Figures 3 and 4 for various test temperatures.  Unlike its MNN-02 counterpart, which experienced a characteristic similar to the “kink effect” only at -50 °C, this device exhibits such phenomenon at all test temperatures except at ambient and +70 °C.  These anomalies in the characteristic curves occur, however, at lower drain-to-source voltages (4 to 8V) depending on the test temperature and the level of the applied VGS.  Similar to the earlier device, the MNT-02 MISFET exhibits recovery upon increasing the test temperature.  Also, the drain current at +70 °C is slightly higher than that obtained at room temperature.
Cold Re-Start

Cold-restart capability of the two SiGe MISFET devices was investigated by allowing the devices to soak at -195 °C for at least 20 minutes without the application of electrical bias.  Power was then applied to the device under test, and measurements were taken on the output characteristics.  Both MISFET devices were able to successfully cold-restart at ‑195 °C, and the results obtained were the same as those obtained earlier at that temperature.
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Conclusions
Prototype silicon germanium Metal-Insulator-Semiconductor Field Effect Transistors, which were developed and furnished by GPD Optoelectronics Corporation, were evaluated for operation between -195 °C and +70 °C.  These types of devices are especially important because they can be used in power switching and motor control applications at low temperatures for NASA missions.  Cold-restart capability at -195 °C of these engineering samples was also investigated.  In general, both of the devices MNN-02 and MNT-02, which are N-channel enhancement mode transistors, were able to sustain operation in the temperature range of -195 °C to +70 °C.  They do, however, undergo significant reduction in drain current capability at temperatures of -100 °C and lower.  The reduction in the drain current with temperature tends to be temporary as both devices recover upon increasing the test temperature.  At high temperature, i.e. +70 °C, the MISFETs attain drain current that is slightly higher than that obtained at room temperature.   Both transistors were also able to cold-restart at -195 °C.  Although both devices were of the same type (N-channel, enhancement mode) differing only in their internal structure, a behavior similar to “kink effect” was observed in the characteristic curves of the MNN-02 MISFET only at -50 °C, while it appeared in the ID/VDS curves of the MNT-02 unit at all temperatures between -25 °C and -195 °C.  At present, this discrepancy in the two devices could not be explained.  It can be postulated, however, that the different internal device layout might have been a contributing factor.  It is also important to point out that these developmental transistors were first generation prototype devices and, thus, any refinement in design layout and optimization in processing of next generation units would only lead to improving performance and enhancing stability for use of these SiGe MISFETS at cryogenic temperatures in space exploration missions.
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Figure 1.  ID versus VDS curves of MISFET MNN-02 at various temperatures.





Figure 4.  ID versus VDS curves of MISFET MNT-02 at various temperatures.





Figure 2.  ID versus VDS curves of MISFET MNN-02 at various temperatures.





Figure 3.  ID versus VDS curves of MISFET MNT-02 at various temperatures.
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