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Abstract— The effects of proton irradiation on the
performance of key devices and mixed-signal circuits fabricated
in a SiGe BiCMOS IC design platform and intended for
emerging lunar missions are presented. High-voltage (HV)
transistors, SiGe bandgap reference (BGR) circuits, a general-
purpose high input impedance operational amplifier (op amp),
and a 12-bit digital-to-analog converter (DAC) are investigated.
The circuits were designed and implemented in a first-generation
SiGe BiCMOS technology and were irradiated with 63 MeV
protons. The degradation due to proton fluence in each device
and circuit was found to be minor, suggesting that SiGe HBT
BiCMOS technology could be a robust platform for building
electronic components intended for operation under extreme
environments.
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I. INTRODUCTION

lectronic circuits capable of operating reliably in extreme

environment conditions are highly desirable for space
applications, since they can greatly improve robotic system
architecture and reduce overall system power drain, weight
and complexity by eliminating the need for shielded “warm
boxes” for electronic systems and their consequent highly
centralized architectures. Examples of extreme environment
conditions include: operation down to very low temperatures
(e.g., down to 43 K); up to very high temperature (e.g., up to
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573 K); and operation in a radiation-rich environment. The
Moon is a prototypical example of an extreme environment.
The ambient temperature on the Moon ranges from +120 °C
(in the sunshine) to —230 °C (in the shadowed polar craters),
and the surface of the Moon is exposed to cosmic rays and
solar flares, as well as total ionizing dose (TID). Among all
available technology platforms, SiGe heterojunction bipolar
transistor (SiGe HBT) technology has recently emerged as a
viable candidate [1] for such envisioned applications. Due to
the bandgap-engineered nature of SiGe HBTs, both their dc
and ac performance improves with cooling [2]-[3]. SiGe
HBTs also have a desirable side benefit of possessing an
inherent hardness to ionizing radiation, and have also been
shown to be TID tolerant down to 77 K operating
temperatures [4]. In addition to offering high performance
transistors, SiGe technology platforms also maintain
fabrication compatibility with low-cost Si CMOS foundry
processes, making it an excellent choice for building low-cost,
highly integrated, mixed-signal circuits and systems. In order
to prove the feasibility of SiGe technology for the
implementation of electronic circuits required for the planned
NASA lunar missions, key mixed-signal circuits must be
implemented in this technology and thoroughly characterized
under extreme environment conditions.

This paper presents experimental results of the effects of 63
MeV proton irradiation on a number of key mixed-signal SiGe
BiCMOS circuit blocks, from voltage references to digital-to-
analog converters, and for the first time demonstrates that
these circuits can indeed operate reliably under lunar extreme
environment conditions (i.e., under radiation exposure and
across wide temperature ranges).

II. EXPERIMENT

The major goal of this work was to assess the impact of
radiation exposure on the performance of several key mixed-
signal SiGe circuits. Each circuit was mounted in 28 or 40 pin
ceramic packages, wire bonded, and characterized before
protons at 300 K at the Crocker Nuclear Laboratory at UC












ACKNOWLEDGMENT

The authors would like to thank M. Watson, D. Frazier, A.
Keys, D. Hope, K. LaBel, L. Cohn, A. Joseph, the NASA
SiGe ETDP team for their contributions and support of this
work. This work was supported by the NASA SiGe ETDP
program, the Defense Threat Reduction Agency under the
Radiation Hardened Microelectronics Program, NASA-GSFC
under the NASA Electronic Parts and Packaging (NEPP)
program, an AFOSR MURI program, and the Georgia
Electronic Design Center at Georgia Tech.

(1]
[2]

B3]

[4]

[5]

(6]

(7]

(8]

[9]

[10]

REFERENCES

J. D. Cressler and G. Niu, Silicon-Germanium Heterojunction
BipolarTransistors, 1st ed. Boston, MA: Artech House, 2003.

B. Banerjee, S. Venkataraman, Y. Lu, Q. Liang, C. Lee, S. Nuttinck, D.
Heo, Y. J. Chen, J. D. Cressler, J. Laskar, G. Freeman, and D. C.
Ahlgren, “Cryogenic operation of third-generation, 200-GHz peak-fT ,
silicon-germanium heterojunction bipolar transistors,” IEEE Trans.
Elec.Dev., vol. 52, pp. 585-593, Apr. 2005.

R. Krithivasan, Y. Lu, J. D. Cressler, J.-S. Rieh, M. H. Khater D.
Ahlgren, and G. Freeman, “Half-tetahertz operation of SiGe HBTSs,”
IEEE Elec. Dev. Lett., vol. 27, pp. 567-569, Jul. 2006.

A. P. G. Prakash, A. Sutton, R. Diestelhorst, G. Espinel, J. Andrews, B.
Jun, J. D. Cressler, and C. J. Marshall, “The effect of irradiation
temperature on the proton response of SiGe HBTs,” IEEE Trans. Nucl.
Sci., vol. 53, pp. 3175-3181, Dec. 2006.

P. W. Marshall, C. J. Dale, M. A. Carts, and K. A. LaBel,
“Particleinduced bit errors in high performance fiber optic data links for
satellite data management,” IEEE Trans. Nucl. Sci., vol. 41, pp. 1958-
1965, Dec. 1994.

J. M. Roldan, G. Niu, W. E. Ansley, J. D. Cressler, S. D. Clark, and D.
C. Ahlgren, “An investigation of the spatial location of proton-induced
traps in SiGe HBTs,” IEEE Trans. Nucl. Sci., vol. 45, pp. 2424-2429,
Dec. 1998.

J. D. Cressler, R. Krithivasan, G. Zhang, G. Niu, P. W. Marshall, H. s.
Kim, R. A. Reed, M. J. Palmer, and A. J. Joseph, “An investigation of
the origins of the variable proton tolerance in multiple SiGe HBT
BICMOS technology generations,” IEEE Trans. Nucl. Sci., vol. 49, pp.
3203-3207, Dec. 2002.

L. Najafizadeh, M. Bellini, A. P. G. Prakash, G. A. Espinel, J. D.
Cressler, P. W. Marshall, and C. J. Marshall, “Proton tolerance of SiGe
Precision Voltage References for Extreme Temperature Range
Electronics,” IEEE Trans. Nucl. Sci., vol. 53, pp. 3210-3216, Dec. 2006.
I. Lee, G. Kim, and W. Kim, “Exponential curvature-compensated
BiCMOS bandgap references,” IEEE J. of Solid-State Circuits, vol. 29,
pp. 1396-1403, Nov. 1994.

C. Ulaganathan, Design and Analysis of a General Purpose Operational
Amplifier for Extreme Temperature Operation. University of Tennessee:
M.S. Thesis, May 2007.



