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Scope
Electronics are required to operate under extreme temperatures in planetary exploration and deep space missions.  Spacecraft on-board electronics must also tolerate thermal cycling between extreme temperatures and operate efficiently to ensure mission success.  Transistors, which represent the backbone of computer technology and power systems, exist in different varieties and different classes that are customized for specific application.  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.  In this work, prototype engineering samples of SiGe hetero-junction bipolar transistors (HBT), which were developed and supplied by GPD Optoelectronics Corporation, were evaluated for operation at cryogenic temperatures and under thermal cycling.  These SiGe bipolar 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 harsh environments in space applications.  The results of this work can serve as guidelines on the suitability of such devices for use in space exploration missions under extreme temperatures.
Test Procedure
Prototype engineering samples of silicon germanium hetero-junction bipolar power transistors, which were developed for cryogenic operation and furnished by GPD Optoelectronics Corporation, were evaluated at extreme temperatures between -195 °C and +85 °C.  Multiple units of each type of these devices were tested in this work.  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 per minute was used, and a soak time of at least 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.  Additionally, the effects of thermal cycling under a wide temperature range on the operation of these medium and high power transistors were investigated.  The devices were exposed to a total of 12 cycles between ‑195 °C and +85 °C at a temperature rate of 10 °C per minute.  Following the thermal cycling, measurements were then performed at the test temperatures +20, -195, and +85 °C.  Table I shows some of the specifications of these prototype transistors [1].
Table I.  Manufacturer’s specifications of hetero-junction bipolar power transistors [1].
	Parameter
	HBT-16-25
	HBT-L2-32
	HBT-03-902
	HBT-SH-51

	Operating Temp. (°C)
	-253 to +70
	-253 to +70
	-253 to +70
	-253 to +70

	Collector Emitter Voltage, VCE (V)
	+50
	+50
	+20
	+20

	Collector Current, IC (A)
	+2
	+2
	+0.2
	+0.2

	DC Gain @ 20 °C
	70
	40 - 60
	30
	30

	Package
	TO-3
	TO-3
	TO-5
	TO-5

	Number of Devices Tested
	4
	2
	2
	2


Test Results
Although multiple units of each transistor type were tested, data pertaining to only one of each type of these transistors is presented due to the similarity in the results of the same type devices.
Temperature Effects
HBT-16-25 Transistor
Figure 1 shows the pre-cycling output characteristics of the HBT-16-25 transistor at various test temperatures.  These output characteristics are defined as collector current (IC) versus collector-to-emitter voltage (VCE) family of curves at various base currents.  It can be clearly seen that the transistor exhibited a gradual increase in gain as temperature was decreased.  This gain increase became very significant at temperatures of -150 °C and lower.  At -195 °C for example, the transistor’s gain, measured at VCE of 8 V and IB between 5 and 10 mA, was an order of magnitude higher than that at room temperature.  At the high temperature of +85 °C, the transistor underwent slight reduction in gain compared to that at room temperature.
HBT-L2-32 Transistor

Unlike the HBT-16-25, the HBT-L2-32 transistor initially exhibited a slight drop in gain as temperature was decreased but it showed recovery at about -150 °C; and the gain increased as temperature was decreased further.  An increase of about 1.2 in gain magnitude occurred when the test temperature approached -195 °C, as shown in Figure 2.  When test temperature was increased from room temperature to +85 °C, gain increased only slightly.
HBT-03-902 Transistor

Figure 3 shows the pre-cycling output characteristics of the HBT-03-902 transistor.  It can be clearly seen that the behavior of this transistor was very similar to that of the HBT-16-25 device at low temperatures, i.e., its gain increased gradually as test temperature was decreased; and it achieved a much higher value (about 4 times its room temperature’s) at ‑195 °C.  At +85 °C, however, this transistor maintained its room temperature characteristics and its gain remained the same.
HBT-SH-51 Transistor
Gain of the HBT-SH-51 decreased slightly as temperature was lowered to -50 °C.  Below ‑50 ºC gain started to increase, and it continued to increase down to -195 °C, as shown in Figure 4.  In addition, a slight increase was observed in the gain of this transistor when tested at +85°C.  The output curves of the HBT-SH-51 transistor depicted in Figure 4 reveal the existence of an initial collect-emitter voltage drop that had to be exceeded before the transistor began conducting.  The value of this voltage at room temperature was about 0.25 V, and it increased as temperature was decreased; reaching about 1.2 V at -195 °C.  It is interesting to note that when the transistor was exposed to high temperatures, i.e. +85 °C, this voltage was reduced significantly, and the output conductance was increased as reflected by the increase in the slope of the characteristic curves.  While the increase in the slope of the output curves could be attributed to a reduction in the on-resistance of the transistor occurring at high temperatures, the reduction in the “voltage drop”, which was not observed in the behavior of the other three transistors, was possibly due to thermal annealing or some other mechanisms within the device structure.  It can also be speculated that when the voltages applied to the base-emitter and base-collector junctions are varied; the width of the collector depletion changes, thereby, affecting the collector dependency on the collector-emitter voltage.  The resistance of the undepleted region of the collector combined with junction contact resistance would then lead to this voltage drop.
DC Gain (IC/IB) for the Four Transistors
Values of the DC gain of these four silicon germanium HBT transistors as a function of test temperature are shown in Figure 5.  The gain was determined as the ratio of the collector current to the base current at specific collector-emitter voltage.  The operating conditions at which this gain was calculated are also shown on the curves.  It is clearly obvious that the HBT-16-25 and the HBT-03-902 transistors experienced significant gain increase as temperature reached -195 °C.
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Figure 5.  DC gain (IC / IB) as a function of temperature for the four transistors.
Cold Re-Start
Cold-restart capability of the four SiGe HBT transistors 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.  All four types of transistors were able to successfully cold-start at ‑195 °C, and the results obtained were the same as those obtained earlier at that temperature.
Effects of Thermal Cycling
The effects of thermal cycling under a wide temperature range on the operation of the SiGe HBT transistors were investigated by subjecting them to a total of 12 cycles between ‑195 °C and +85 °C at a temperature rate of 10 °C/minute.  Output characteristics of the transistors were then taken at +20 °C, -195 °C, and +85°C.

HBT-16-25 Transistor

Figure 6 compares the output characteristics of the HBT-16-25 transistor at those selected test temperatures before and after the thermal cycling.  It can be clearly seen that the post-cycling family of output curves is the same as that of pre-cycling for a given test temperature.  Thermal cycling, therefore, has not affected the operational behavior of this transistor.
HBT-L2-32 Transistor

Subjecting the HBT-L2-32 transistor to thermal cycling has resulted in no change in its characteristics at either 20 °C or +85 °C.  At the cryogenic temperature of -195 °C, however, a slight upward shift took place in the current-voltage curves.  It is important to note that even with this shift in the family of curves as shown in Figure 7, the DC incremental gain of this transistor remained the same at this test temperature.
HBT-03-902 Transistor

Comparisons of the output characteristics of the HBT-03-902 transistor at 20 °C, -195 °C, and +85 °C before and after the thermal cycling are depicted in Figure 8.  A slight upward shift in the output curves occurred after cycling at all these three test temperatures.  Once again, the DC incremental gain of this HBT-03-902 transistor was not affected by the thermal cycling.
HBT-SH-51 Transistor

A comparison of the pre- and post-cycling characteristics of the HBT-SH-51 transistor at the three test temperatures is shown in Figure 9.  It is evident that the effects of thermal cycling on this transistor were similar to those experienced by its HBT-L2-32 counterpart.  The only apparent change associated with cycling was the slight upward shift in the output curves at -195 °C.  The initial collector-emitter voltage drop that was associated with the switching operation of this transistor before cycling was also evident after the cycling.  Therefore, thermal annealing at +85 °C that was suggested earlier as a contributing factor in reducing this voltage is not valid, and some other mechanisms instead are responsible for reducing this voltage at high temperatures.  Discussions held with the manufacturer indicated that these devices were earlier units, and the “turn-on” voltage was attributed to contact problems.  Improved processes in later devices corrected this problem.
The thermal cycling appeared to have no effect on the structural integrity of all of these SiGe devices as no physical deterioration or packaging damage was observed in any of them.
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Pre-cycling at 20 °C
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Pre-cycling at -195 °C
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Pre-cycling at +85 °C
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Post-cycling at 20 °C
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Post-cycling at -195 °C
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Post-cycling at +85 °C
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Pre-cycling at 20 °C
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Pre-cycling at -195 °C
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Pre-cycling at +85 °C
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Post-cycling at 20 °C
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Post-cycling at -195 °C
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Post-cycling at +85 °C
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Pre-cycling at 20 °C

[image: image42.wmf]0

2

4

6

V

C

E

 

(

V

)

0

0.1

0.2

0.3

0.4

I

C

 

(

A

)

I

b

=

 

5

 

m

A

4

3

2


Pre-cycling at -195 °C
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Pre-cycling at +85 °C
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Post-cycling at 20 °C
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Post-cycling at -195 °C
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Post-cycling at +85 °C
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Pre-cycling at 20 °C
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Pre-cycling at -195 °C
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Pre-cycling at +85 °C
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Post-cycling at 20 °C
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Post-cycling at -195 °C
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Post-cycling at +85 °C

Conclusions
Four different types of prototype silicon germanium hetero-junction bipolar power transistors, which were developed and furnished by GPD Optoelectronics Corporation, were evaluated for operation between -195 °C and +85 °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. The effects of thermal cycling under a wide temperature range on the operation of these engineering samples and cold-restart capability were also investigated.  In general, all four devices were able to maintain good operation between -195 °C and +85 °C.  The temperature-induced changes varied from slight increase in output conductance to appreciable gain increase at cryogenic temperatures.  The increase in gain with decreasing temperature was markedly more intense for the HBT-16-25 and the HBT-03-902 transistor types.  The increase in gain as temperature was lowered is an expected characteristic for these devices according to the physics of hetero-junction bipolar transistors.  The limited thermal cycling performed on the transistors had little effect on their performance and packaging structures, and the devices were able to cold start at -195 °C.  Further testing under long-term cycling is required to fully establish the reliability of these SiGe devices and to determine their suitability for extended use in space exploration missions under extreme temperature environments.
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Figure 1.  Pre-cycling characteristics of HBT-16-25 transistor at various temperatures.





Figure 2.  Pre-cycling characteristics of HBT-L2-32 transistor at various temperatures.





Figure 3.  Pre-cycling characteristics of HBT-03-902 transistor at various temperatures.





Figure 4.  Pre-cycling characteristics of HBT-SH-51 transistor at various temperatures.





Figure 6.  Comparison of the output characteristics of the HBT-16-25 transistor at selected test temperatures before and after thermal cycling.





Figure 7.  Comparison of the output characteristics of the HBT-L2-32 transistor at selected test temperatures before and after thermal cycling.





Figure 8.  Comparison of the output characteristics of the HBT-03-902 transistor at selected test temperatures before and after thermal cycling.





Figure 9.  Comparison of the output characteristics of the HBT-SH-51 transistor at selected test temperatures before and after thermal cycling.
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