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Abstract—We investigate the single-event transient (SET) re-
sponse of bandgap voltage references (BGRs) implemented in
SiGe BiCMOS technology through heavy ion microbeam experi-
ments. The SiGe BGR circuit is used to provide the input reference
voltage to a voltage regulator. SiGe HBTs in the BGR circuit are
struck with 36-MeV oxygen ions, and the subsequent transient
responses are captured at the output of the regulator. Sensitive
devices responsible for generating transients with large peak mag-
nitudes (more than 5% of the dc output voltage) are identified. To
determine the effectiveness of a transistor-layout-based radiation
hardened by design (RHBD) technique with respect to immunity
to SETs at the circuit level, the BGR circuit implemented with
HBTs surrounded by an alternate reverse-biased pn junction
(n-ring RHBD) is also bombarded with oxygen ions, and sub-
sequent SETs are captured. Experimental results indicate that
the number of events causing transients with peak magnitude
more than 5% above the dc level have been reduced in the RHBD
version; however, with the inclusion of the n-ring RHBD, new
locations for the occurrence of transients (albeit with smaller peak
magnitude) are created. Transients at the transistor-level are also
independently captured and are presented. It is demonstrated that
while the transients are short at the transistor level (ns duration),
relatively long transients are obtained at the circuit level (hun-
dreds of nanoseconds). In addition, the impact of the SET response
of the BGR on the performance of an ultra-high-speed 3-bit SiGe
analog-to-digital converter (ADC) is investigated through sim-
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ulation. It is shown that ion-induced transients in the reference
voltage could eventually lead to data corruption at the output of
the ADC.

Index Terms—Radiation hardening by design (RHBD), silicon-
germanium (SiGe), silicon-germanium heterojunction bipolar
transistor (SiGe HBT), single-event transient (SET), time-resolved
ion-beam induced charge collection (TRIBICC), voltage refer-
ences.

I. INTRODUCTION

INGLE-EVENT transients (SETs) can originate when
S high-energy particles interact with sensitive structures in a
circuit and deposit sufficient energy to generate electron-hole
pairs near critical electrical nodes of the device. During SETs,
the corresponding injected charge carriers can appear in the
form of either voltage or current spikes (or both), which are
then able to propagate from the device through the circuit to
the system, resulting in transient excursions, data corruption,
and possibly system failure. Since first reported in 1993 in op-
erational amplifiers (opamps) and voltage comparators [1], the
SET response of different types of circuits (mostly commercial,
off-the-shelf products) have been investigated through a variety
of beam experiments and device/circuit simulations [2]-[21].
When the SET response of a particular circuit is determined,
usually under specific operating conditions, one may not be
able to use this response to predict the SET response of a system
where the circuit is used as a subsystem. Therefore, SET effects
continue to be a growing concern for space electronics. This
is due to the fact that the amplitude and the duration of SETs
depend on several factors, including output load, dynamic
nodal impedances, operating conditions, and the nature of the
radiation environment [22].

Silicon-germanium heterojunction bipolar transistors (SiGe
HBTs,) with their known inherent multi-Mrad(SiO5) total
ionizing dose (TID) tolerance, enhanced performance at cryo-
genic temperatures, low cost, and performance comparable
with that of III-V materials, have become prime contenders for
a variety of space-borne circuit applications [23]. With regard
to single-event effects (SEEs), SiGe HBTs do, however, lack
immunity due to charge collection through the reversed-biased
lightly-doped substrate (p) to subcollector (n) junction [24],
[25]. Therefore, mitigation techniques, which can be accom-
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plished at the circuit level [26], at the device level [27], [28],
or both, need to be further incorporated in SiGe-based circuits
to reduce their vulnerability to SEEs. To date, most of the
research on SEE in SiGe has centered on single-event upset
(SEU) in high-speed digital circuits. Here, we focus on SET in
analog/mixed-signal circuits.

Bandgap voltage references (BGRs) are extensively used in
a variety of circuits required for space applications, including
regulators, and data converters. The TID tolerance of SiGe ref-
erence circuits due to proton irradiation was previously inves-
tigated [29], where it was shown that proton-induced changes
in the SiGe bandgap references are minor. However, no results
exist on their SET response, and importantly, how SETs in such
precision references can affect the performance of other circuits
that are critically dependent on BGRs for their operation. In this
paper, the SET response of a SiGe BGR circuit is investigated
experimentally for the first time. This BGR circuit is used to
provide the input reference voltage to a voltage regulator. SiGe
HBTs in the BGR were then struck via ion microbeam experi-
ments, and the subsequent transient responses at the output of
the regulator are reported. In addition, the effectiveness of em-
ploying transistor-layout RHBD techniques for mitigating SET's
in the BGR circuit are also investigated. Studies of this RHBD
approach have, to date, centered only on digital circuits [26].
The applied transistor-layout RHBD approach for mitigating
single-event effects provides a low-impedance secondary path
for the excess charge carriers (generated as a result of ion strike)
by including an additional reverse-biased pn junction [27]. This
is accomplished by surrounding the deep trench (DT) area of the
device by an n-type implant [n-ring (NR)] and by biasing it with
a positive dc voltage to shunt charge away from the collector.
This technique has been applied to HBTs in the BGR circuit,
and its heavy ion microbeam transient response has been evalu-
ated and compared with the transient response from the standard
version. It is shown that the applied RHBD technique provides
some degree of immunity to SETs at the circuit level.

II. CIRCUIT DESCRIPTION AND EXPERIMENT

The technology used to implement the voltage reference and
regulator circuits is the commercially available, first-genera-
tion IBM SiGe 5AM technology. This six-level metal process
technology features npn SiGe HBTs with an emitter width of
0.5 pm and a unity gain cutoff frequency and maximum fre-
quency of oscillation of 45 and 60 GHz at room temperature,
respectively. The DT surrounding the active area is estimated to
be 8 pm deep. All SiGe HBTs under investigation have single
emitter stripe (CEB configuration) with emitter area of 0.5 X
2.5 /J,Ill?. Proton tolerance, laser-induced current transients, and
single-event upset mechanisms of these transistors have been
reported in [19], [30], and [31]. The RHBD structure employs
an n-type implant (N Subcollector) layer that surrounds the
HBT’s DT area. Top-down and cross-section views of both de-
vices are shown in Fig. 1. Neither dc or ac performance of the
RHBD device is expected to be affected by the inclusion of the
n-ring [27]. In addition, since the location of emitter-base spacer
and shallow trench isolation remains intact, it is expected that
the RHBD transistor will maintain its TID hard capability.
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Fig. 1. Top-down and cross-section views of the (a) standard HBT and (b)
RHBD HBT.

Fig. 2 shows the schematic of the voltage regulator designed
for this study. An exponential, curvature-compensated BGR
[32] was used to provide the reference voltage (Vief) to the
positive input of an operational amplifier (opamp). The opamp
is a two-stage amplifier followed by an emitter-follower buffer,
and it is biased with an on-chip current source. The die photo
is shown in Fig. 3, indicating the location of each circuit on the
chip. The output voltage of the regulator is given by
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The SiGe BGR circuit is designed to generate an output voltage
of 1.17 V at room temperature, and an output voltage of 1.65 V
is expected from the regulator. During normal circuit operation,
the substrate is grounded, and a power supply of 3.3 V is used
to bias the circuit.

The SiGe regulator circuit, along with HBT test structures
(consisting of four parallel 0.5 x 2.5 zm? HBTs), were mounted
onto a high-speed board specifically designed for this experi-
ment. The board consist of Rogers material that provides the
electrical properties essential for high frequency applications.
Using 1-mil gold bond wires, each terminal of the device under
the test was wirebonded to an on-board transmission line with
impedance characteristic of approximately 50 €2. At the back of
the board, 18-GHz subminiature version A (SMA) connectors
were provided for each terminal to establish electrical connec-
tivity. These SMA launchers were connected to the terminals
of a Tektronix DPO72004 20-GHz (50 GS/s) real-time digital
oscilloscope via 40-GHz cables and through 40-GHz bias tees.
Fig. 4 illustrates the experimental setup used for testing the SiGe
regulator.

Time-resolved ion-beam induced charge collection
(TRIBICC) testing [33] was performed at Sandia National
Laboratory using 36-MeV 60 ions, with a peak LET of
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Fig. 2. Schematic of SiGe voltage regulator.

Fig. 3. Die photograph of SiGe voltage regulator.
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Fig. 4. Diagram of the experimental test setup.
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5.4 MeV.cm?/mg. During ion strikes, the regulator circuits
were maintained under normal operating conditions. In the
RHBD version of the regulator, the n-ring was shorted to
the supply rail (3.3 V). For standard HBT structures that
were irradiated, all terminals of the transistors were grounded
(Ve = Vg = Vg = 0 V) except for the substrate, which was
biased at —4 V (Vsyp = —4 V). Same biasing conditions
were applied to the collector, emitter, base and the substrate
terminals of RHBD HBT structures, with the N-ring terminal
biased at 2 V (Vygr = 2 V).

III. EXPERIMENTAL RESULTS

The SiGe HBT bank in the BGR circuit, (transistors Q1-Q5
shown in Fig. 2) was targeted for heavy ion strikes. Note that
transistors Q1 and Q3-Q5 each consist of four parallel 0.5 x
2.5 umZ HBTs, and transistor Q2 consists of 32 parallel 0.5 x
2.5 pm? SiGe HBTs. To achieve better matching between Q1
and Q2, a common centroid layout technique was employed. In
this section, we will present the microbeam experimental results
for both standard and RHBD regulators. Measured transients at
the transistor level for both standard and RHBD cases are also
presented.

A. Regulator With Standard SiGe HBTs

The heavy ion beam was scanned over the HBT block shown
in Fig. 5 and the corresponding transients at the output of the
regulator with peak magnitude larger than 12 mV were cap-
tured (limited by scope resolution). Fig. 6 illustrates the relative



3472

Fig. 5. Layout of the SiGe HBT bank in the BGR circuit.
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Fig. 6. Locations of the strikes generating transients at the output of the
regulator.

positions of the strikes on the HBT bank that have generated
such transients. Locations of the strikes causing transients with
peak magnitudes larger than 60, 80, and 100 mV have been also
marked. We observe that transient response strongly depends on
the location of the ion strike, as expected. Interestingly, transis-
tors Q1 and Q3 are shown to be insensitive with respect to SET
for this circuit. Emitter strikes on transistor Q4 create transients
with small peak magnitude, and the mirroring transistors, Q2
and Q5, are responsible for generating the transients with peak
magnitude larger than 5% of dc level. All the transients with
peak magnitude larger than 100 mV occur as a result of emitter
strike on the 32 HBTSs shaping transistor Q2.

A typical transient response waveform at the output of the
regulator for three strike locations (two over Q2 and one over
Q5) is plotted in Fig. 7 (corresponding locations over the HBT
bank are marked in Fig. 6). It is observed that the transient
responses exhibit double peak waveforms. The first peak has a
large magnitude and decays rapidly, while the second peak has
a smaller magnitude but larger decay duration. This figure also
indicates that strikes over the HBTs forming Q2 cause tran-
sients that not only have large magnitudes, but also long dura-
tions (up to 100 s of ns versus only a few ns for a transistor-only
transient). This demonstrates that strong circuit-level effects are
operative.
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Fig.7. Single-event transient response of the regulator for three different strike
locations.
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Fig. 8. Location of strikes generating transients at the output of the RHBD
regulator.

B. Regulator With RHBD SiGe HBTs

To examine the effectiveness of transistor layout-based
RHBD with respect to providing SET immunity at the circuit
level, the HBT bank in the regulator implemented with RHBD
transistors was also bombarded with heavy oxygen ions. The
location of the strikes on the RHBD HBT bank in the BGR
circuits causing transients is shown in Fig. 8. Comparing Figs. 6
and 8, one can conclude that the number of transient events
with large peak magnitude have been significantly reduced in
the RHBD version of the circuit, which is clearly good news.
The peak magnitude of transients as a result of striking QS,
except for three cases, remains below 80 mV, while in the stan-
dard version, the probability of getting transients larger than
80 mV from strikes on Q5 is much higher. An interesting (and
unexpected) observation that can be made by inspecting Fig. 8
is the fact that striking outside the active area of the four HBTs
shaping Q1 results in transients (with small peak magnitude)
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Fig. 10. Collector and base transient currents for strikes over and outside the
emitter area for standard HBTs.

at the output of the regulator, which was not observed in the
standard implementation.

C. Transistor-Level Response

To shed light on understanding the observed anomalies with
respect to striking Q1 in the RHBD version of the regulator,
test structures consisting of four parallel standard/RHBD HBTs
were implemented and bombarded with oxygen ions. Transient
currents were captured at the collector, base, emitter, and sub-
strate terminals. Fig. 9 shows the location of the strikes causing
transients at the collector terminal. This figure indicates that
transients with large peak magnitude occur when striking the
emitter area, which is expected. The transient collector and base
currents for strikes over and outside the emitter area are shown
in Fig. 10. Note that the duration of transient current is much less
than 1 ns. The positions of strikes for the RHBD case are shown
in Fig. 11. Similar to the standard case, emitter strikes generate
the largest peak magnitude transients, and the shape of the cur-
rent transient waveforms is similar to what is observed for the
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Fig. 11. Location of strikes generating transients in the RHBD HBT structure.
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Fig. 12. Collector, base, emitter, and substrate transient currents for two strikes
outside the active area in RHBD HBTs.

standard case. However, by moving away from the active tran-
sistor area, new transient events are observed. Plotted in Fig. 12,
are the captured transient currents at the substrate, base, emitter
and collector terminals of the RHBD device for two strikes that
are located outside the DT and over the n-ring area. Note that
the polarity of the collector current has been changed, indicating
that the type of carriers have been changed from electrons (for
strikes inside the active area) to holes at the collector node.

IV. DISCUSSION

Experimental measurements presented in the previous section
reveal four important results. First, transistors within the circuit
generate different SET responses at the output of the circuit. For
the BGR circuit under study, while strikes to transistor Q3 and
the diode connected transistor Q1 did not generate transients at
the output of the circuit, striking the mirroring transistors, Q2
and Q5, generated transients with large peak magnitudes (more
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than 5% of the dc level) in the regulator output. Further under-
standing of this observation could possibly lead to solutions for
developing circuit-level hardening techniques.

Second, significant differences between the transient duration
of an ion strike at the device level and at the circuit level were
observed. While the duration of current transients in SiGe HBT's
stays below 1 ns, it was observed that the corresponding tran-
sients at the circuit level could last hundreds of nanoseconds.
These results indicate that the circuit topology (e.g., feedback)
can play a very strong role in defining the analog transient du-
ration as it has also been observed in other circuit topologies
[17], [34]. Therefore, special attention must be paid in designing
mixed-signal circuits so that SET does not become a significant
threat to the overall system. The results also strongly suggests
that true mixed-mode TCAD simulations will be required for
accurate modeling of SET in mixed-signal SiGe circuits.

Third, it was demonstrated that employing layout-based
RHBD technique is to some degree effective with respect to
providing SET immunity in analog circuits. The magnitude of
the peak transients were significantly reduced in the RHBD
version compared to the standard version. However, new loca-
tions (around the n-ring area of certain transistors in the circuit)
for the occurrence of transients with smaller peak magnitudes
were observed. This problem may be resolvable by changing
the electric field across the isolation junction by varying the
n-ring bias voltage but requires further investigation.

Finally, new transient effects from strikes to the n-ring area in
RHBD transistors were captured. While the collector terminal
has been identified as the sink for electrons, the observed col-
lector transient currents for ion strikes over the n-ring area and
over the active area have opposite polarities. For transients over
the n-ring area, transient currents with negative polarity were
captured. While it was shown through ion-beam-induced charge
collection (IBICC) experiments that use of an external n-ring
provides up to 90% reduction in collector collected charge [27],
our results indicate that transient currents still exist. More inves-
tigation is required to understand the physics of such complex
transients in the presence of device-level RHBD.

V. IMPACT ON ADC

Precision voltage references are widely used in data con-
verters. To examine the impact of the SiGe BGR SET response
on the performance of SiGe ADCs, a measured SET wave-
form of the regulator with a peak magnitude of 83.2 mV was
incorporated into the voltage reference used to set reference
values for the 3-bit 20-GS/s SiGe ADC-DAC circuit. The block
diagram of the 3-bit ADC-DAC is shown in Fig. 13. The 3-bit
flash ADC consists of a resistor ladder subdividing the Vs
voltage into 23 — 1 equal segments, and 22 — 1 comparators.
The block diagram of the comparator is shown in Fig. 14. The
comparator consists of a preamplifier and two master/slave
stages. The second master/slave stage was added to reduce the
effective regeneration time constant [36]. The function of the
comparator is to compare the input signal with a reference level
and consequently generate a logic output of “one” or “zero”.
Each comparator compares the input signal with the fraction
of V¢ at its input and generates the corresponding logic level.
The ADC converts the input analog signal into a seven-level
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Fig. 13. Block diagram of the 3-bit high-speed ADC-DAC.
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Fig. 14. Block diagram of the high-speed comparator.

thermometer digital code. A seven-level thermometer code
DAC has been implemented on chip, both as a standalone
circuit, and also directly connected to the output of the ADC
to facilitate testing. The DAC follows the current-steering
topology [37], [38] and consists of seven HBT-differential pairs
designed in current-mode logic configuration and driven by
the thermometer codes that are generated at the output of the
ADC. The output currents of these current mode logic inverters
are summed at the on-chip 50 ) resistors to reconstruct the
input signal sent to the ADC. In an ideal case, eight levels of
quantization should appear at the output of DAC.

In our simulation deck, a 500-MHz sinusoidal signal was
applied to the input. The ADC’s clock frequency was set to
12.5 GHz. A measured transient response was included in the
voltage source setting the reference levels for the comparators
and transient simulations were run. Shown in Fig. 15 are the sim-
ulated output waveforms from the DAC prior to and during the
occurrence of SET in the SiGe voltage reference. Note that one
quantization step has been missed due to inclusion of SET in the
voltage reference, clearly a potential concern. This observation
is better explained in Fig. 16 for a 2-bit ADC. The input signal
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Fig. 16. Generation of thermometer codes at the output of a 2-bit ADC a) prior
to the ion strike and b) during an SET event in the V..¢.

is compared to three reference levels at the positive edge of the
clock and the corresponding thermometer codes are generated.
The SET occurrence in the BGR will result in a time-dependent
reference voltage at the input of each comparator. The duration
of the SET is assumed to be long enough to last six clock cycles.
The transient in the voltage reference shifts the reference points
to new voltage levels (lighter dashed-lines in Fig. 16(b)), and as
a result, the digital output codes are corrupted in the first, third,
fourth, and the sixth clock cycles. This issue becomes of greater
concern for high resolution ADCs, since the output code will
become extremely sensitive to changes in the reference levels.
SETs in the BGR reference could eventually lead to digital data
corruption in such circuits.
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VI. SUMMARY

Analog single-event transient response of SiGe bandgap
voltage references used in a regulator circuit were examined
through heavy ion microbeam experiments. The HBT banks in
the BGR circuit were struck with 36-MeV oxygen ions and the
transient responses were captured at the output of the regulator.
It was demonstrated that the shape of the transient waveform
depends on the location of the strike. Sensitive HBTs in the
BGR circuit were identified. Some transistors were shown to
be insensitive with respect to generating transients at the output
of the regulator, while others were responsible for creating
worst-case transients (long duration and large peak magnitude).
Further understanding of this observation could possibly lead
to solutions for developing circuit-level hardening techniques.
HBT structures were also bombarded with 36-MeV oxygen
ions, and their current transient waveforms at transistor’s
terminals were captured. Comparing the transient waveforms
at the device level to the waveforms at the circuit level, it was
observed that the duration of current transients at the device
level is less than 1 ns, while at the circuit level, transients as
along as 150 ns were captured (at least 150% larger). This
comparison demonstrates that unlike in the digital world, in
analog and mixed-signal domain, circuit topology plays a very
strong role in defining the transient shapes and duration. To
examine the effectiveness of transistor-layout-based RHBD
techniques with respect to immunity to SETs at the circuit level,
an RHBD version of the BGR circuit was also bombarded with
heavy ions. Experimental results indicated that the number of
events with large peak magnitudes have been reduced in the
RHBD version compared to the standard version; however,
with the inclusion of the RHBD n-ring, new locations for the
occurrence of transients (albeit with smaller peak magnitude)
were created. A measured transient voltage at the output of the
regulator was used to evaluate the impact of BGR’s SET on the
performance of a SiGe ADC. It was shown, through simulation,
that SET in reference voltage circuits can result in output code
corruption at the output of an ADC. This issue could become a
great concern for high resolution and high-speed ADCs.
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