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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 com ponents intended for operation under extreme
environments.

Index Terms-About four key words or phrases in
alphabetical order, separated by commas.

I. INTRODUCTION

Electronic 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 DC
(in the sunshine) to -230 DC (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 de
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 DC



Fig. 2. Cross-section of the high voltage (HV) transistor.
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Fig. I. (a) Forward-mode and (b) inverse-mode Gummel character istics
for a SAM SiGe HBT, irradiated and measured at 17K.

Davis. The dosim etry measurements used a five-foil
secondary
emission monitor calibrated against a Faraday cup, and Ta
scattering foils located several meters upstream of the target
establish a beam spatial uniformity of 15% over a 2.0 em
radius circular area. The dosimetry system has been
previously descr ibed [5], and is accurate to about 10%.
Estimates of mission-life total dose levels on the lunar surface
(behind 100 mil of standard AI shielding) are in the range of
100 krad(Si) , and hence total dose ionization levels in the
range of 200-600 krad(Si) were used here to emulate worst
case conditions. Irradiated circuits were subsequently
measured across temperature.

III. PROCESS T ECHNOLOGY

The technology chosen for this project is a commercially
available, first-generation SiGe (IBM's SiGe 5AM)
technology. This SiGe technology is a four-level metal
process and features SiGe HBTs with an emitter width of 0.5
urn and a unity gain cut-off frequency and maximum
frequency of oscillation of 45 GHz and 60 GHz at 300 K,
respectively , offering plenty of performance for the intended
lunar applications (the required frequency of operation for
such applications is typically in the range of 100-200 MHz
(maximum)). The technology also offers conventional nMOS
and pMOS transistors with a nominal Lerrof 0.35 urn, as well
as polysilicon and diffused resistors , and various capacitors.
The response of first-generation SiGe HBTs to proton
irradiation at both 300 K and 77 K has been previously
reported [4], [6]. Fig. I shows the forward-mode and inverse-
mode Gummel characteristics of a 0.5x2.5 f.lm2 5AM SiGe
HBT, irradiated and measured at 77 K. The measured
equivalent total gamma doses were 600 krad(Si) (a proton
influence of 4.3x10 12 p/cm/) and 1.0 Mrad(Si) (a proton
fluence of 7.2xlO 13 p/crrr'), All pins were ground ed during
irradiation. As expected, with the increase in the total dose,
the forward-mode base current leakage increases at low
injection. This is due to the increase in the recombination

Fig. 3. I-V characteristics of a HV nMOS transistor before and after
irradiation.

current in the EB space-charge region as the radiation-induced
generation-recombination traps near the EB spaced oxide
increase with total dose [7]. The degradation in the base
current of the inverse-mode characteristics verifies the
existence of the radiation-induced traps in the CB junction.
The collector current remains unchanged after irradiation.

IV. MIXED-SIGNAL BUILDING BLOCKS

In this section we present the design, implementation, and
radiation respons e of a numb er of key SiGe mixed-signal
building block circuits intended for lunar applications.
Detailed circuit analysis and the circuit techniqu es developed
for robust operation over extreme temperatures are included in
the full paper.

A. High Voltage Transistors
To demonstrate a high- voltage (HV) capability for motor

actuation and control systems in a first-generation 3.3V SiGe
BiCMOS technology, HV transistors were implemented using
special layout techniques. A cross-section of the HV transistor
is shown in Fig. 2. This device is based upon a conventional
n-chann el MOSFET, but the drain area is surrounded by an n-



Fig. 4. Schematic of (a) uncompensated (b) compensated BGR circuits.

Temperature (0C)

across resistor R2• Fig. 4-b shows the schematic of a BGR in
which the temperature dependence of the current gain is used
for output curvature compensation [9]. In both circuits, several
pads have been inserted to monitor the voltages at internal
nodes. Both circuits were irradiated while under operational
bias. The measured equivalent total gamma dose was 600
krad(Si). Fig. 5 shows the percent change in the output
voltage of both circuits after irradiation, as a function of
temperature. As can be seen, the change in the output voltage
of both BGRs is less than 1%, even at cryogenic temperatures.
To identify the radiation sensitive parts of the circuit, the
voltages of the internal nodes were also measured before and
after irradiation. Deviation from linearity of the base-emitter
voltage before and after irradiation for the two internal
transistors Ql and Q3 was measured and it was found out that
the proton irradiation has minimal effect on the temperature
dependence of the base emitter voltage. The percentage
change in the base-emitter voltage difference of transistors (Ql
and Q2) in both BGR circuits was also measured. This voltage
is the basis for the PTAT voltage generated inside the BGRs.
The measured percentage change in this voltage for both
circuits was larger than the change in the base-emitter
temperature dependency, and as a result the minor changes in
the output voltage of both BGRs can be attributed to the
change in the PTAT voltage , consistent with results in [8]. As
mentioned above, the overall change in the performance of the
BGR after irradiation is negligible even down to cryogenic
ternperatures.

C.General-Purpose High-Z Input Operational Amplifier
General-purpose operational amplifiers (op amps) are

fundamental building blocks for many mixed-signal integrated
circuits. The schematic of the general-purpose op amp
implemented in SiGe 5AM technology is shown in Fig. 6 [10].
The circuit is a two-stage op-amp, which provides high gain
by utilizing a p-type differential input stage and a single-
ended class-AB output stage. Ground-sensing capability is
facilitated by using p-type input devices and a biasing scheme
based on the common-mode feedback loop within the input
stage, implemented by transistors Mp.-Mp, and MnrMn4.
The internal frequency compensation uses pole-zero
cancellation with two Miller capacitors and their
corresponding zero nulling MOS (active) resistors. The circuit
provides a gain bandwidth product of about 2 MHz. The
circuit was irradiated with all pins grounded to a measured
equivalent total gamma doses of 30, 100 and 300 krad(Si).
The open loop gain of the general-purpose op amp before and
after irradiation was measured and is plotted in Fig. 7. As can
be seen, the change in the open-loop gain due to proton
irradiation is minimal. Table I summarizes the measurement
results before and after irradiation and shows that the circuit
performance has changed negligibly after proton irradiation.

D.l2-bit Digital-to-Analog Converter
Digital-to-analog converters (DAC) are essential building

blocks for modem mixed-signal systems. The block diagram
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well and is used to define an additional "drift" region.
Increase in the drain-to-source voltage will result in an
increase to this drift channel , improving the breakdown
voltage . A HV transistor with W=40.45 urn and L=2 urn was
irradiated with all pins grounded. The measured equivalent
total gamma dose was 200 krad(Si) . The output characteristics
of the HV transistor before and after irradiation are shown in
Fig. 3. A blocking voltage of 57 V was achieved. For VGS of I
V, the output curve shows negligible change after irradiation.
As the gate-source voltage increases, differences are observed
between pre-rad and post-rad output curves. More data is
required to investigate the reasons.

B. SiGe Voltage References
Precise voltage references are a key building block for

virtually all electronic circuits and systems, including analog-
to digital and digital-to-analog converters. The proton
response of SiGe bandgap voltage references (BGR) has been
previously investigated [8]. Fig. 4 shows schematics of two
BGR circuits designed and implemented in IBM SiGe 5AM
technology. Fig. 4-a shows the uncompensated BGR circuit.
The output voltage of this circuit is simply defined by the
summation of the base emitter voltage of transistor Q3 and the
proportional to the absolute temperature (PTAT) voltage

63 MeV Irradiation at 300K
Total 00se=600 krad(Si)

Fig. 5. Percentage change in the output voltage of 5AM BGRs after 600
krad(Si) irradiation .
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Fig. 6. Schemat ic of general purpose high-Z input op amp.
Fig. 8. Block diagram of segmented current steering DAC.
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Fig. 7. Open loop gain as a function offrequency for pre-irradiation and after
proton exposure.

of the 12 bit DAC implemented in SiGe SAM technology is
shown in Fig. 8. The DAC was designed based upon a 6
MSB+ 4NSB+ 2LSB segmented current steering architecture ,
and includes thermometer decoder, current switch logic array,
segmented current source array, clock driver, BGR and
biasing circuits. Special circuit design techniques were also
employed
for ultra-wide temperature range operation. The circuit was
irradiated with all pins grounded to total dose level of 300
krad(S i). Fig. 9 shows the measured 121 kHz output
waveforms of the DAC operating at - 180 °C before and after
irradiation. Measurement results indicate that the DAC shows
robust radiation tolerance even down at cryogeni c

100 1000 10000

Frequency (Hz)

100000
temperatures.

V.SUMMARY
We have presented the experimental results on the effects

of 63 MeV proton irradiation on key mixed-signal devices and
circuits implemented in a SiGe BiCMOS technology platform.
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) were designed in first-generation SiGe technology and
were irradiated with 63 MeV protons at the dose rate of 1
krad(Si) /s. The degradation associated with proton fluence in
each device and circuit was found to be minor, even at
cryogenic temperatures, suggesting that SiGe HBT BiCMOS
technology is an ideal candidate for building electronic
components intended for lunar missions
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