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Background

Electronic circuits and systems designed for earth orbiting space applications and outer planetary exploration are required to operate reliably and efficiently under extreme temperature conditions.  This requirement is dictated by the fact that the operational environments associated with some of these space missions will encompass temperatures as low as -230 °C.  Some of these missions include the Orbital Space Plane, ISS, Space Transportation System, James Webb Space Telescope, Mars Science Laboratory, Planetary Space Rovers, Kuiper Pluto Orbiter, and Europa Orbiter. Table I shows the external temperatures for near earth-obiting spacecraft due to self-shadowing or sun shields.  Table II shows equilibrium temperatures for unheated spacecraft in the region of the outer planets.  For example, an inter-planetary probe launched to explore the rings of Saturn would experience a temperature near Saturn of about –183 (C. 

Table I.  Environments encountered by some electronics in Earth orbit

	Spacecraft
	Low Temperatures Due to Shadowing

	International Space Station
	-120 (C

	Space Shuttle
	-160 (C

	James Webb Space Telescope
	-233 (C


Table II.  Typical operational temperatures for unheated spacecraft.

	Mission
	Temperature oC

	Mars
	-20 to –120

	Jupiter
	-151

	Saturn
	-183

	Uranus
	-209

	Neptune
	-222

	Pluto
	-229


The ability to operate spacecraft electronics at very low temperatures enables new classes of missions and allows for extending capabilities for traditional missions.  In addition, the utilization of electronics capable of low temperature operation will not only fulfill the advanced technology requirements, but also will contribute to improving circuit performance, increasing system efficiency, and reducing development and launch costs.  These benefits will be facilitated by the improved intrinsic properties of some of the electronic materials at low temperature, reduced device losses, and the elimination of heating elements and resources that are typically used in conventional missions to keep the on-board electronics warm.

Scope

Commercial-Off-The-Shelf (COTS) electronic devices are usually limited in their low temperature handling capability due to limitations in the materials being used or due to the inherent design and manufacturing processes.  Even military-grade devices are only rated to a temperature of -55 °C.  Very limited information is available on the performance of components and circuits at temperatures below -55 °C.  In addition, little is known of the effect of thermal cycling that is typical of most space missions, on the operational behavior of these systems.

The NEPP-supported task on mixed signal devices for very low temperatures addresses the need for critical information on the performance and long-term reliability of devices and circuits, establishing a database on the suitability of their use in space, and disseminating the information to NASA mission planners and system designers. The combined effect of extreme temperature and radiation on selected test articles is also investigated. 

Many different devices and system-level circuits are being investigated for their low temperature reliability in NASA flight systems.  Stand-alone components include analog-to-digital and digital-to-analog converters, temperature transducers, resistors and capacitors, operational amplifiers, plastic-encapsulated microcircuits (PEM), and semiconductor switching devices.  On the circuit level, DC/DC converters, voltage regulators, oscillators, motor controllers, flexible laminate circuit boards, and data multiplexing integrated circuits are also being characterized.  The investigation covers the operational performance as well as packaging and interconnect reliability issues under exposure to extreme low temperatures and long-term thermal cycling. When available, radiation-hard devices are included to account for the synergistic effects experienced in some of the space missions.  Selection of test articles for characterization and reliability studies are usually done in coordination with the NEPP’s EPAR (Electronic Parts), EPAC (Electronic Packaging), and ERC (Electronic Radiation Characterization) groups, NASA Electronic Parts Assurance Group (NEPAG), as well as with space mission offices.

Activities
DC/DC Converters

Most of aerospace power management systems are dc-based, and they require DC/DC power converters that operate with different input and various outputs from 1.5 V to 15 V at various power levels. Recently, there has been tremendous progress in the design of high power density dc/dc converters.  Converters that operate at power densities of 50% or more great than the available standard conventional converter designs have been developed.  This increase in power density is achieved using new designs, advanced devices and components, and packaging techniques.  For example, the newly developed synchronous rectifier-based dc/dc converter modules with multi-layer thick film hybrid packaging provide more usable output power without the use of a heat sink than do the conventional, schottky diode based converters with a heat sink and thick-film single layer packaging.  However, all of the existing dc/dc converter systems are specified to operate at low temperatures between –40 oC and –55 (C.

NASA GRC has evaluated many commercial and mil-spec DC/DC converters from 25 °C down to -190 °C.  The output voltage of these units ranged from 3.3 to 12 Volts, input voltages ranged from 9 to 75 Volts, at power levels from 10 W to 150 W.  The converters were characterized in terms of their output voltage regulation, efficiency, input and output current ripples and dynamic behavior in response to environmental temperature.  While some units exhibited acceptable performance with decreasing temperature, others performed poorly starting at temperatures around -40 °C.  Most of the temperature-induced degradation included loss in output regulation, decrease in efficiency, or cease of operation.  The low temperature cut-off point differed from one converter to another, but none of the modules underwent any catastrophic failure.  Figure 1, for example, shows the output voltage and efficiency of a commercial DC/DC converter versus temperature for four conditions of input voltage and output load levels. These conditions included minimum input voltage under light and heavy loads, and maximum input voltage under light and heavy loads.  The converter showed relatively good output regulation down to ‑120 (C, as depicted in Figure 1.  Beyond that temperature, the output voltage seemed to increase slightly as the temperature was decreased further.  Its efficiency, however, exhibited a gradual decrease as temperature was decreased.  For a given temperature, the efficiency was higher at heavy load than that at light load conditions.  Under the same loading, the efficiency was higher as the input voltage was decreased.  Although this module ceased to operate for temperatures below ‑180 (C, it regained operation once its temperature rose above ‑180 (C
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Figure 1. Output voltage & efficiency of a DC/DC converter as a function of temperature.

While the preliminary results of this work indicated that the effects of low temperature exposure on the operational behavior of these investigated DC/DC converter modules were transitory in nature as all recovered upon removal of the thermal stress, the suitability of use of these and other converters at low temperatures must be determined via thorough characterization under long term exposure.  In addition, the combined effects of thermal cycling and radiation, and the issue of cold-restart capability need to be addressed so that operation and reliability under extreme temperatures are established for use in environment such as planetary exploration and deep space missions.

In addition to investigating commercial-off-the-shelf (COTS) converters, NASA GRC has designed, built, and tested a multitude of DC/DC converters for operation down to 
-190 °C.  Some of the topologies used included pulse-width-modulation (PWM) buck converter (175 W, 50 kHz, 97% efficiency at LN2), zero-voltage switching multi-resonant buck (55 W, 200 kHz, 94.8%), phase shifted PWM full bridge (120 W, 100 kHz, 81.8%), and high temperature superconductor PWM boost modules(150 W, 50 kHz, 95.7%).  Basic parameters that were used include: output regulation, efficiency, and output ripple characteristics as a function of temperature, input voltage, and output load currents.  All were able to start cold.  Most of these converters used COTS components that GRC had screened, as well as devices such as inductors and transformers that were fabricated in-house.  In addition, a flight prototype Cassini DC/DC converter (provided by JPL) was modified for operation down to -190 °C.  Modification of this 5 W, 40 kHz converter included replacement of semiconductor switches and passive devices [1].  Also a one kW DC/DC converter (500 V and 2 Amps) that operated down to -190 °C was designed by and evaluated at GRC.  This converter’s design was specific for use as a power supply for ion beam thrusters.  Figure 2 shows a modified design of this high-voltage, high-power DC/DC converter that was based on the NASA Solar Electric Propulsion Technology Application Readiness (NSTAR) topology and utilized selective components that deemed capable of operation to liquid nitrogen temperature (-196 °C).  Parts qualification was performed through extensive testing, screening, and thermal cycling under cryogenic conditions. 


[image: image1.wmf]
Figure 2.  High voltage, high power DC/DC converter designed for low temperature operation (NSTAR topology).

PWM Controllers

The functionality of numerous pulse-width-modulation (PWM) controller chips was evaluated under cryogenic conditions.  These PWM chips, which are used extensively in DC/DC converter circuits, included current and voltage mode control and they used switching frequencies between 200 kHz and 1 MHz.  The performance of one of those controller chips at room temperature and at -140 oC is shown in Figures 3a and 3b, respectively.  It can be clearly seen that the reference voltage remained relatively stable, but the output frequency and duty ratio changed considerably.  The dead time, however, did not exhibit much change with temperature.  This particular chip, which had two outputs, exhibited instability at temperatures lower than -140 oC.

[image: image2.wmf](2 V/div)

(5 V/div)

(5 us/div)

(a)

(5 V/div)

(2 V/div)

(5 V/div)

(5 us/div)

(b)

(5 V/div)

Reference

Reference

Output B

Output B

Output A

Output A


Figure3.  Performance of a PWM controller at room temperature (a) and at –140 (C (b).

Switching Devices

The performance of certain semiconductor devices improves with decreasing temperature down to liquid nitrogen temperature (-196 °C) [2].  At low temperatures, majority carrier devices demonstrate reduced leakage current and reduced latch-up susceptibility. In addition, these devices show higher speed resulting from increased carrier mobility and saturation velocity [3].  An example is the power MOSFET that has lower conduction losses at low temperature due to the reduction in the drain-to-source resistance RDS (on) resulting from increased carrier mobility [4].  Such devices are typically used for switching or control of electronic circuits and systems for use in deep space missions.

A radiation-hardened power switching device, International Rectifier’s IRHNA57260 power MOSFET (Metal-Oxide-Semiconductor Field Effect Transistor), which is being considered for low temperature use by NASA, is shown in Figure 4.  A batch of nine devices was evaluated at cryogenic temperatures and under thermal cycling.   Representative data of this effort, which was performed under the NEPP Program, are depicted in Figure 5.  It can be seen that at low temperatures higher gate voltages are required so that the device can switch the same drain current obtained at room temperature.


[image: image3.png]



Figure 4.  Radiation-hard IRHNA57260 power MOSFET device.
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Figure 5.  Output characteristics of a radiation-hardened power MOSFET device 

at selected test temperatures
NASA is presently developing Silicon-On-Insulator (SOI) devices for use in harsh environments including high levels of radiation and extreme temperature.  New SOI application-specific integrated circuits (ASIC) with high reliability constitute a key element in meeting NASA requirements.  Such circuits include static random access memory and arithmetic function chips.  SOI devices are typically designed for use in high temperature applications.  Little was known, however, about their performance at low temperature.  NASA GRC has investigated the effects of low temperature on these types of devices.  The results obtained on the characterization of a Honeywell SOI power FET device at 20 °C and -190 °C are shown in Figures 6 and 7, respectively.  In a manner similar to the MOSFET device described earlier, the SOI FET required higher gate voltages to drive a given current as temperature was decreased.
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Figure 6.  Output characteristics of an SOI power FET device at 20 (C
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Figure 7.  Output characteristics of an SOI power FET device at -190 (C.

Flexible & Printed Circuit Boards

Flexible-laminate printed circuit boards, designed and built by NASA LARC, and flip-chip technology printed circuit boards, provided by JPL, were subjected to thorough evaluation at cryogenic temperatures and under thermal cycling.  These efforts, which were coordinated between NASA GRC, LaRC, and JPL, aimed at determining the suitability and the reliability of these boards for use in extreme temperature environments.  Photographs of these boards are shown in Figures 8 and 9.  Thus far, the results of the short-term thermal cycling tests on these two boards have been very encouraging.

[image: image8.jpg]



Figure 8.  Photograph of NASA LaRC flexible-laminate printed circuit board.
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Figure 9.  Top view of the flip chip printed circuit board

A/D Converters

Several COTS A/D converters were evaluated down to -190 °C.  These included 8, 12, and 14 bit devices.  In general, the performance varied from good to excellent at the low temperature down to -190 °C depending on the device itself and on voltage reference source (internal vs. external to the device).  For example, a commercial off-the-shelf 12-bit serial CMOS analog-to-digital converter, which was rated for operation between –40 (C and +85 (C, was evaluated from room temperature to –190 (C in a liquid nitrogen cooled chamber.  Parameters investigated included voltage conversion and control signal timing at a switching frequency of 100 kHz.  Although the device had a built-in internal voltage reference, tests were also carried out using an external voltage reference.  In either case, the device was able to provide the voltage conversions throughout the entire test temperature range down to –190 (C.  The converted output obtained using an external voltage reference, however, was more accurate than those obtained with an internal voltage reference.  Results obtained at three different temperatures with an external reference are shown in Table III.

Table III.  Converted output voltage at various temperatures.

	Input

(V)
	Output (V)

@ 25 (C
	Output (V)

@ -100 (C
	Output (V)

@ -190 (C

	0
	0.007
	0.010
	0.010

	0.5
	0.505
	0.498
	0.508

	1
	1.004
	1.006
	1.004

	2
	2.000
	2.002
	1.993

	5
	4.994
	4.994
	5.001

	7.25
	7.241
	7.228
	7.226

	10
	9.983
	9.963
	9.963

	10.1
	10.000
	10.000
	10.000


Voltage References

Several voltage reference integrated circuit (IC) chips were characterized at low temperatures and under thermal cycling.  Both input voltages and load current were varied.  For example, one device showed excellent regulation down to -40 °C under all input voltage and load conditions.  The low temperature range of operation can be extended to -160 °C under certain input voltage and load levels, as depicted in Figure 10.  Another device maintained excellent regulation down to -140 °C, and to -180 °C if input voltage and load current are adjusted. Data pertaining to this device is shown in Figure 11.  Limited thermal cycling performed on these devices between +90 °C and -125 °C did not produce any significant effect on their performance.
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Figure 10. Deviation in the output voltage versus temperature at different test conditions.
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Figure 11. Deviation in the output voltage versus temperature at different test conditions.

Technology Readiness Level

Most of the devices investigated in these tasks are commercial-off-the-shelf (COTS) units.  Technology Readiness Levels range from 4 (for those devices recently developed in industry and also through NASA Small Business Innovative Research and other development programs) to 6 (for COTS devices).  The readiness of technology of these devices for infusion into flight systems is not as high as expected due to the past lack of information on the reliability of these devices and the levels of risk involved when used in extreme temperature space environments below typical temperature specifications.  In addition, no database exists about the synergistic effects of low temperature and radiation.

Producibility and Manufacturability

Thus far, there have been no issues pertaining to the producibility and manufacturability of these devices because the majority are COTS.  There exists a large number of vendors with production lines for the devices.

Applicability to NASA and Aerospace Missions

a. Low Earth Orbit:  Low temperature electronics will be used for superconducting sections of future communications satellites.  They are starting to be used by several aerospace manufacturers on space-based infrared systems.  In addition, the International Space Station and the Space Shuttle, for example, are reported to encounter temperatures as low as -120 °C and -160 °C, respectively, for applications external to the vehicle.  Besides the extreme temperature exposure, thermal cycling and ionizing radiation are also present in Low Earth Orbit, and, therefore, the combined effects must be investigated.

b. James Webb Space Telescope:  JWST, an infrared telescope, is being designed to have motor drives for nine filter wheels, and it is very possible that as many as 500 motor drives will be used for the telescope focusing system.  These drives will operate behind the sun shield at temperatures in the range of -233 °C.  It is important to point out that science instruments on other spacecraft require similar motor drives and circuits.

c. Mars Surface:  The Mars Science Laboratory will launch in 2009, and it will have surface rovers with externally-mounted cameras.  These cameras and associated electronics will encounter temperatures as low as -120 °C during nighttime.  Penetrating probes will have motor drives operating at severely low temperatures below the Martian surface.

d. Jovian System:  The Jupiter Icy Moon Orbiter (JIMO), which is planned to explore the moons in the Jovian System, will encounter ultra-low temperatures and high-intensity ionizing radiation.  While the temperature on the moon Europa approaches -162 °C, that of Io will be even lower, at -183 °C.  Jupiter’s enormous magnetosphere traps charged particles from the Sun and forms intense radiation belts, similar to Earth’s Van Allen Belts, with radiation levels a million times higher.  As a result, any synergistic effects between low temperature and intense radiation must be fully investigated for the development of reliable electronics and science instruments.

e. Outer Planetary and Other Missions:  This includes the Kuiper/Pluto Orbiter with a potential spacecraft temperature of -229 °C.  Other spacecraft will be those approaching, grappling, or crashing into asteroids or comets similar to Dawn, Stardust, and Deep Impact missions.

Qualification
The focus of this program is to address the reliability of mixed signal electronic devices for use in harsh temperature environments.  The findings of these efforts will be utilized in the qualification of devices that are geared to operate at low temperatures in near-term space missions.  The information, which will be generated as technology guidelines and specifications, will also assess the risk factors for use of such devices below their manufacturers’ typical specification temperatures.  Once documented, the acquired knowledge will establish a baseline of Technology Readiness Levels for devices that must operate at low temperatures.
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