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Abstract—This work draws on experimental and simulation re-
sults to derive a generalized SEU response model for bulk SiGe
HBTs. The model was validated using published heavy ion and new
proton data gathered from high-speed HBT digital logic integrated
circuits fabricated in the IBM 5AM SiGe BiCMOS process. Cali-
brating to heavy ion data was sufficient to reproduce the proton
data without further adjustment. The validated model is used to
calculate upset event rates for low-earth and geosynchronous or-
bits under typical conditions.

Index Terms—Deep trench isolation, Geant4, geosynchronous
orbit, low-earth orbit, rate prediction, silicon-germanium HBT,
single-event upset.

I. INTRODUCTION

A. Overview

SILICON-GERMANIUM heterojunction bipolar transistor
(SiGe HBT) technology, due to its inherent total ionizing

dose (TID) tolerance [1]–[3], high-speed capability [4]–[8], su-
perior low-temperature performance [6], [10], and seamless in-
tegration with deep sub-micrometer CMOS makes it a suitable
candidate for space-based applications.

However, despite these appealing characteristics, heavy ion
tests on GHz-speed current mode logic (CML) master–slave
D flip-flop (DFF) shift registers, fabricated in several genera-
tions of SiGe HBTs, showed single-event upset (SEU) thresh-
olds below linear energy transfers (LET) of 2 MeV cm mg
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and saturated cross sections above 200 m for single shift reg-
ister stages [4]–[9]. Significant SEU susceptibility has always
been an issue when considering SiGe HBT or SiGe BiCMOS
applications, but the issue can be managed if the likely SEU
event rates for planned mission environments are known. This
work describes the development of a generalized energy depo-
sition SEU response model for SiGe HBTs that can be used to
calculate event rates for various well-defined environments. The
response model was designed for use with our simulation frame-
work [10]–[14], which includes the Monte Carlo radiative en-
ergy deposition (MRED) tool [10]–[12], [15], [16].

The generalized model developed in this work was applied to
two different DFF shift register designs fabricated in the IBM
5AM SiGe BiCMOS (IBM 5AM) process: a baseline design and
a radiation hardened by design (RHBD) variant. This process
is characterized by a 0.5 m drawn emitter width, a unity-gain
cutoff frequency of 50 GHz, and a of 3.3 V [1], [17].

Of the two IBM 5AM designs considered here, one was a
baseline, nominal switching current, DFF shift register design
[7] and the other employed a RHBD dual-interleaving tech-
nique that included duplicated pass and storage cells, which
effectively decoupled the differential inputs and outputs in the
storage cell [7], [18]. This input/output decoupling increased the
critical charge of this design. For the sake of simplicity,
these designs are referred to as “baseline design” and “RHBD
design” throughout. Both shift register designs are 127-bits long
and were fabricated solely out of IBM 5AM SiGe HBTs; no
complementary metal–oxide–semiconductor (CMOS) transis-
tors were used.

B. Context and Motivation

It is important to understand the basic physical structure of a
typical bulk SiGe HBT since the single-event response is driven
mostly by structural processing geometry [19]. A technology
computer-aided design (TCAD) cross section of the IBM 5AM
process is shown in Fig. 1. Three features dominate single-event
charge collection: the deep trench isolation (DTI), the lightly
doped substrate, and the large area of the reverse-biased subcol-
lector junction that is a minimum of approximately 10 m .

Microbeam data sets [19]–[25] of several different bulk SiGe
HBT process generations have shown that individual devices
exhibit significant charge collection from lateral distances on
the order of 10 m and significant vertical collection to depths
of approximately 15 m under the active region of the device.
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Fig. 1. TCAD cross section of the IBM 5AM SiGe HBT. Single-event charge
collection is driven by the lightly doped substrate that allows for long minority
carrier lifetimes and the large area of the subcollector junction. For a minimum-
sized device, this junction is has an area of approximately 10 �m .

Fig. 2. Broadbeam heavy ion data for the baseline and RHBD 127-stage shift
register designs after [7]. The important feature is the cross section decrease with
increasing angle for the RHBD device with a higher critical charge. This roll-off
behavior violates RPP model assumptions, so all RPP cosine corrections have
been removed. The data are plotted with respect to angle and the cross section
was scaled by cos(�) to remove the effective fluence correction.

These lateral and vertical charge collection distances are gov-
erned by the lightly doped substrate and the 3–5 V dropped
across the subcollector space charge region (SCR). While the
microbeam data sets provide unique insight into charge collec-
tion mechanisms [5], [20]–[23], [25], it is difficult to obtain re-
liable angular microbeam data sets, so broadbeam experiments
must be used. A limited amount of small-angle microbeam data
was presented in [19].

The primary broadbeam heavy ion data set [7] upon which
this work is based is shown in Fig. 2. It is obvious that with
the low LET neon ion the cross section of the RHDB design
does not increase with increasing angle, but instead decreases

with increasing angle—i.e., decreasing cross section with in-
creasing effective LET. This behavior violates the assumptions
of the original rectangular parallelepiped (RPP) model, which
generally assumes increasing cross sections with increasing ef-
fective LET [26]–[28]. This lack of agreement between the RPP
model and data was discussed in detail in [19]. Since these data
are not described adequately by the default RPP model, they
have been re-plotted with the RPP cosine corrections removed.
The data are plotted as a function of angle instead of effective
LET and the cross section was scaled by to remove the
effective fluence correction. All subsequent data sets will be
plotted in this manner to avoid confusion. For the sake of ref-
erence, the normally-incident LETs for the ions in Fig. 2 are

Ne 2.8 MeV cm mg, Ar 8.3 MeV cm mg, and
Xe 53 MeV cm mg.
While the microbeam data provide adequate information to

develop an energy deposition response model for normally-inci-
dent particles, most of the particles in an isotropic environment,
like geosynchronous orbit, are incident at large angles. The solid
angle of a cone, shown below in (1)

(1)

can be used to approximate a plane of sensitive volumes. When
the apex, , is equal to 120 , , which is half the solid angle
subtended by the surface of a hemisphere. This means that half
of the particles in an isotropic environment will be incident at
angles below 60 and the other half at angles above 60 . Since
a large number of particles are incident at oblique angles, un-
derstanding the angular response of bulk SiGe HBTs is critical
to developing a representative rate prediction model.

It is interesting to note that some of the atypical angular re-
sponse observed in Fig. 2 for the RHBD design can be ac-
counted for by using RPP model geometry corrections proposed
by Sexton [29] and Petersen [27]. The trigonometric cross sec-
tion scaling factors work well for the decrease in the argon cross
section, but do not account for the approximate 10 decrease in
the neon cross section. However, though these model extensions
help to explain some of the data, they only apply to a single
ion in a limited case. The model sought here must be able to
handle any angle of incidence by any ion in the galactic and
low-earth spectrums The model must be unified in a way that
has not been attempted before in the context of SiGe BiCMOS
technologies. To understand why the traditional RPP model ex-
tensions fail to account for effects observed in these SiGe HBT
data, device-level modeling is required.

II. DEVICE MODELING

A. Ion-Device Interactions

The two types of ion-device interactions considered are nor-
mally-incident and large-angle heavy ion strikes with stopping
powers of 0.028 pC m, which is consistent with the 330 MeV

Ne used in [7], where the large cross section deviations oc-
curred. The large angle strike is at 60 relative to the surface
normal of the device in order to maintain consistency with the
broadbeam data set shown in Fig. 2.
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Fig. 3. These slices from 3-D TCAD simulations show the electrostatic equipo-
tential contour lines at the peak of the temporal-Gaussian ion strike, t = 10 ps,
which is centered at t = 10 ps and has a width of 2 ps. In both images, (a)
and (b), the substrate p-tap is located on the right side of the figure, where the
potential is pinned at �4 V. The normally incident strike through the emitter
produces potential warping, or push-out, into the substrate, down to a depth of
approximately 18 �m in (a). In contrast, the 60 strike shown in (b) exhibits
none of the potential warping seen in (a). The ion-DTI interaction essentially
cuts off any subcollector junction response that could affect the electrostatic po-
tential in the substrate.

Position-dependent, normally-incident heavy ion data for the
IBM 5AM process are available through the microbeam data
sets in Fig. 7 in [21], Fig. 2(c) in [20], and Fig. 3(a) in [19]. These
data show that 36 MeV O strikes within the region bounded by
the DTI result in a charge collection efficiency of approximately
80%, assuming that about 1 pC of charge is liberated during the
stopping range of the oxygen ion, which is approximately 25 m
in pure silicon.

Normally-incident 36 MeV O strikes outside the DTI have
a maximum charge collection efficiency of approximately 20%.
That efficiency falls off to a few percent at 8 m outside the
DTI. Though the IBM 5AM microbeam data sets referenced in
the previous paragraph only report a measurable charge collec-
tion signal up to 8 m outside the DTI, other microbeam data
sets with the same substrate resistivity and DTI geometry in
[20], most notably the bulk SiGe HBTs in Fig. 2(a) and 2(b)
therein, show measurable charge collection in excess of 15 m
outside the DTI.

Reliable position-dependent charge collection data gathered
at a specific angle, even small angles less than 20 , are difficult
to obtain with the microbeam due to spatial and mounting con-
straints within the beamline vacuum chamber. Therefore, an-
gular effects need to be inferred from broadbeam data and con-
firmed with 3-D TCAD simulations.

The two heavy ion broadbeam conditions of interest were
simulated in the IBM 5AM TCAD model described in [19]–[21]
using a particle track with pC m. The device
was biased in the CML off-state: 0 V and

4 V. The substrate voltage was taken from the test conditions
for the DFF shift registers in [7]. The off-state was previously
determined to be the most sensitive operating condition [9],
[18], [22]. The simulations were carried out using the Synopsys
TCAD tool suite and version X-2005.10 of Sentarus Device.
The results of the simulations are shown in Fig. 3(a) and (b).

Comparing Fig. 3(a) and (b) is a straightforward, visual ex-
planation of the cross section roll-off observed in the heavy ion
broadbeam data plotted in Fig. 2. For normally-incident strikes,
the potential dropped across the subcollector SCR will often

push-out into the substrate resulting in a large amount of col-
lected charge. This push-out is very similar to the mechanism
described by Hsieh [30]–[32] and Hu [33], published in the con-
text of alpha particles. This topic, in the context of SiGe HBTs,
has been discussed [19], [20]. At large angles though, the poten-
tial push-out into the substrate is mitigated by the ion passing
through the DTI. In this case, since a large portion of the charge
liberated by the ion appears outside of the DTI and far away
from the SCR of the subcollector junction, a sufficiently large
potential-compensating charge density cannot be maintained in
the SCR, resulting in no potential push-out.

This same mechanism occurs in both the baseline and RHBD
IBM 5AM designs; however, the difference in between
each design, , means that each
will have a different response. At normal incidence, each design
behaves in the conventional manner—larger amounts of charge
liberated in the substrate result in higher cross sections. How-
ever, at oblique angles, though approximately the same amount
of charge is liberated, the charge collection efficiency of that
charge is much lower since the device response is different, and
much less dramatic.

At low , as in the case of 330 MeV Ne, which is close
to the design SEU threshold, the angular response of the RHBD
design makes a large difference in the cross section trend since
the amount of charge collected drops with increasing angle, ap-
proaching the value of . The baseline design, though it ex-
periences the same angular response as the RHBD design, still
collects enough charge to sufficiently exceed , which main-
tains the normal-incidence cross section.

B. Energy Deposition Response Model

This work relied on the energy transport and calorimetry
capabilities of the MRED tool set, which are described in
[10]–[16]. Using this tool, it is possible to compute the energy
deposited in one or more sensitive (fiducial) volumes due
to impinging ions. Furthermore, these fiducial volumes can
have weights. The volumes and their weights function in an
ensemble to form a linear combination that approximates the
total collected charge. This idea was first reported in [13], and
subsequently in [14]. The approach is described by (2). The
total collected charge is the sum over all fiducial volumes of
the product of the weight and total charge liberated.

(2)

The total charge liberated is related to the total en-
ergy deposited through the relationship
1 pC 22.5 MeV . This linear combination of weighted

fiducial volumes is the construct that will be used to model the
energy deposition response of the SiGe HBTs considered in this
work. Once calibrated to data, usually heavy ion broadbeam
cross section data, this modeling method provides an accurate,
high-speed approximation to the initial conditions and ensuing
temporal evolution of charge transport and collection.

A 2-D projection of the basic energy deposition response
model is shown in Fig. 4. The fiducial volumes have been over-
laid on the TCAD cross section from Fig. 1. The top-down area
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Fig. 4. This is the basic weighted fiducial volume ensemble used to model the
radiation response of the IBM 5AM SiGe HBT process considered in this work.
The top-down area is estimated from the normal-incidence cross section of each
ion in the broadbeam heavy ion data set—three estimations in this case. The
weights (efficiencies) of each of the volumes were derived from microbeam data
and previous TCAD simulations [19], [20].

Fig. 5. Full 3-D solid geometry model of the baseline shift register design. The
interlevel dielectric and metal have been made transparent. This model, and the
one for the RHBD design, were used for the radiation transport simulations. The
models themselves are quite large—110 �m� 85 �m� 75 �m in the case of
the baseline design and 217 �m� 85 �m� 75 �m for the RHBD design.

of each volume is determined by the normal-incident cross sec-
tion of the broadbeam heavy ion data, which includes Ne,

Ar, and Xe. The weights and depths of each of the volumes
are calculated by correlating microbeam data to TCAD simula-
tions, both of which have been discussed previously [19]–[21].
This model was used in a fully reconstructed 3-D model of a
shift register stage for all subsequent simulations, including the
calibration steps described in Section III-A and the event rate
calculations in Section IV. An image of this 3-D model is shown
in Fig. 5. The response model shown in Fig. 4 is sufficient to
model one stage of the shift register chain in [7]. More volume
sets can be used for further variance reduction if necessary.

An important feature of the model shown in Fig. 4 is that it
is scalable within the limits evaluated here. The transistors in
the baseline and RHBD designs are different sizes. The RHBD
transistors are m , whereas the baseline transistors

are m . The difference in transistor size accounts
for some of the cross section difference between the baseline
and RHBD designs for the argon and xenon data. The model di-
mensions can be adjusted within reason to account for the size
difference without making drastic geometrical or phenomeno-
logical changes. The top-down areal cross section is dictated by
the data and does not require modification.

The volume depth and weight need to be modified for dif-
ferent transistor sizes because the geometry of the subcollector
junction changes with the emitter length. A larger junction
presents a larger solid angle to mobile minority carriers in the
substrate, which results in higher collection efficiency. A larger
junction also results in deeper potential push-out, though this
only occurs to a point, plateauing around 18–20 m below the
base-collector junction, which is located at the surface of the
shallow trench isolation.

C. Response Model Implications

Recalling the ion strikes highlighted in Fig. 3, the linear
combination of fiducial volumes shown in Fig. 4 approximates
both ion strike conditions. It is clear that the most collected
charge will result from normally incident strikes within the
region bounded by the DTI. Since the broadbeam data in Fig. 2
show nearly constant cross sections over angle, with the excep-
tion of the RHBD data for neon and argon, the larger fiducial
volumes have an aspect ratio close to unity.

It is important to note that using a model of weighted fidu-
cial volumes in a linear combination, as is done here, is not a
single-point solution. The combination of the fiducial volumes
does not have to be linear; it can be non-linear continuous like
a polynomial or even discontinuous if logic tests are added in
order to add more advanced correlation. The model employed
here is part of a much more generalized class of approximations
that can be applied to many different situations See the models in
[13] and [14] where a linear combination of fiducial volumes is
used to model heavy ion, proton, and neutron data in a 0.25 m
CMOS SRAM.

III. MODEL CALIBRATION

A. Heavy Ion Response

Before computing on-orbit event rates, the model was verified
against data sets that covered enough of the possible response-
parameter space to ensure predictable behavior in a more diverse
environment such as geosynchronous or low-earth orbit. The
model described in Section II-B was calibrated to the heavy ion
datasets for the baseline and RHBD designs shown in Fig. 2.

In each of the two cases, the calibration scheme is the same
and follows this general procedure.

1) Size top-down area of all three fiducial volumes corre-
sponding to their counterpart heavy ion cross section at
normal incidence—neon, argon, and xenon in this case.

a) This step excludes the volume contained entirely
within the DTI, labeled with a weight of 0.8 in Fig. 4.
The normally incident neon cross section is slightly
larger than the in-trench silicon area in both the
baseline and RHBD design data.
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Fig. 6. This figure shows simulated charge collection cross sections at normal-
incidence for the baseline shift register design. The Q is chosen so that
the extracted cross section most closely matches the dataset in question. Data
markers are sparse to aid viewing.

2) Infer the thickness and weight of each volume from mi-
crobeam or laser test data and TCAD simulations. The
numbers listed in Fig. 4 are appropriate starting values.

3) Simulate all ions in the dataset at normal incidence to check
that this simplest case returns the correct result.

a) At this point, a critical charge must be determined so
that the cross section can be evaluated with consis-
tency for all ion species and angles. An example cross
section collected charge curve is shown in Fig. 6.

4) Simulate each set of ion angles individually and make
minor adjustments to the thickness and weight of the
appropriate fiducial volumes.

5) Finally, in order to gain a self-consistent solution, all data
points must be simulated, the results evaluated using the
same critical charge value, and an accurate match to all data
achieved.

At this point, it is important to mention a feature of the simu-
lation results displayed in Fig. 6: the device sensitivity is dom-
inated by direct ionization from the primary incident particle.
This fact could also be derived from the low SEU threshold
in combination with the knowledge of large charge collection
volumes. Regardless of this fact, all simulations were carried
out with complete physics lists, including the Geant4 binary
intra-nuclear collision cascade [34] to determine the final state
for ion-ion nuclear reactions.

The calibrated heavy ion results for both the baseline and
RHBD circuit designs are shown in Fig. 7(a) and (b). The
for each of the calibrations is displayed on the individual figures.

B. Proton Calibration Results

The experimental data shown in Fig. 2 were gathered and
published in 2005 [7] and only included heavy ion cross sec-
tions. Proton data were collected during recent experiments on
the CREST chip [7] at the Crocker Nuclear Laboratory (CNL)
at the University of California at Davis using 63 MeV protons.

Fig. 7. Plots (a) and (b) show the calibrated results of the computer simulations
for the entire 127-stage shift register from [7]. In each case the open symbols
are the data from Fig. 2 and the closed symbols are the derived simulation re-
sults from output similar to that shown in Fig. 6. (a) Baseline design heavy ion
calibration; (b) RHBD heavy ion calibration.

As with other high-speed bit error rate tests, all the cross sec-
tions reported refer to the event cross section and not the error
(number of upset bits in an event) cross section. This also ap-
plies to the heavy ion data already presented.

These data were taken on the baseline and RHBD designs at
several different data rates at normal incidence and a grazing
angle. The full data set is plotted in Fig. 8(a). For reference,
the baseline design is the nominal switching architecture from
[7] and the RHBD design is the dual-interleaved architecture
from [7]. The test was conducted using the CREST on-board
data and clock generation, but the events were recorded using
an external Anritsu MP1764C error detector, which is part of
a bit error rate test (BERT) system. This data set is consistent
with other SiGe HBT high-speed proton tests [5], [9]. The cross
section is approximately constant across different data rates.
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Fig. 8. (a) 63 MeV proton data from CNL taken on the baseline and RHBD
CREST chip designs. In [7] these were referred to as the nominal switching
current (baseline) and dual-interleaved (RHBD) architectures. The error bars are
1� and represent the propagation of a 10% fluence error and a 1� statistical error
on the number of events recorded. (b) A comparison between the proton data
from (a) and simulation results based on the model described in Section II-B,
which was calibrated to heavy ion data. The strong agreement shown above
was obtained by simply changing the particle and energy in the simulation; no
further adjustments were made. The open symbols are data based on the average
across data rate from (a) and the solid symbols are simulation results using the
response model. Error bars, shown if they are bigger than the data marker, are
1� statistical errors.

This data set can now be used to check the proton response
of the model developed in the previous section. These modeling
results are shown in Fig. 8(b). The data shown in Fig. 8(b) are
the average cross section across data rate since the simulation
model cannot take data rate into account, something that is the
subject of current investigations.

As in previous modeling scenarios [14], the heavy ion model
was validated against proton data by only a change of particle
and energy in the simulation environment. The strong match
between simulation and data validates a larger portion of the
model’s acceptable parameter space, making it usable for en-
vironments with large proton fluxes. These simulation results

were obtained from the model calibrated with heavy ion data
only; no further adjustment was required.

IV. EVENT RATE CALCULATIONS

A. Geosynchronous and Low-Earth Orbit Event Rates

MRED, used for the modeling throughout this work, has the
ability to import and sample across pre-defined particle flux
spectra [11], [12]. CREME96 [35] was used to generate the par-
ticle flux spectra for the geosynchronous (GEO) and low-earth
orbit (LEO) environments, but CREME96 was not used to per-
form the rate calculations. Both of the environments were solar
minimum/quiet conditions, included available ion species from

, and assumed 100 mil of aluminum shielding. The
LEO spectra were for the space station orbit, which, according
to CREME96, is at an inclination of 51.6 and an orbital radius
of 500 km. The rate prediction methodology used to carry out
the computations is described in [11] and [12].

The environment computations for the baseline and RHBD
designs used the simulated energy deposition from approxi-
mately individual events with a hadronic cross section
bias factor of 75. The bias factor serves to reduce the variance
for very rare events by increasing their occurrence in a statis-
tically well-defined manner. In previous cases [11], the bias
factor was set to 200. However, if the bias factor is set too high,
too many primary particles are consumed in nuclear reactions,
artificially depleting the transmitted flux on the backside of
the target, which is non-physical. The target, shown in Fig. 5,
is large and quite thick, about m m m, so
backside flux depletion is an issue. All ions simulated were
incident on the target uniformly over steradians for both
GEO and LEO environments.

The event rates for both GEO and LEO environments are
plotted in Fig. 9(a) and (b). The rates shown for each ion in
the environmental spectrum have been reverse integrated, from
right-to-left, so that the total event rate for each design, at a par-
ticular critical charge, is that rate or less.

There is a 1.6 to 6.2 difference between the total rate for
the baseline and RHBD designs due to the higher critical charge
of the RHBD design. The dominant contribution to each of the
four rate curves shown comes from , which are the
elements manganese, iron, cobalt, copper, and zinc. This large
contribution is due to the fact that many of these impinging ions
have high stopping powers in conjunction with significant flux.
The contributions of these five ions approach the contributions
from the other 81 ions that were simulated; this is true for both
GCR and LEO event rates. However, in LEO orbits, the flux of
these key ions is much lower due to natural magnetic shielding,
leading to the lower event rate.

The baseline and RHBD curves shown in Fig. 9(a) and (b) ap-
pear in a counterintuitive way since the rate curve for the RHBD
device is above the baseline device. However, the RHBD device
has a larger subcollector junction area by a factor of approx-
imately 1.6 since it is a bigger device relative to the baseline
design. The rate curve of the RHBD design is higher since the
area of the subcollector junction plays a significant role in the
device’s response to charge liberated from ionizing radiation.
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Fig. 9. These figures show the simulated event rates for the two shift register designs. The LEO event rate is approximately one order of magnitude below the
GCR event rate due to sensitivity dominated by direct ionization and the reduced flux of many significant contributors. There is a 1.6� to 6.2� difference between
the event rates for the baseline and RHBD designs. The data markers have been thinned to aid viewing. The large markers show where the rate was evaluated based
on the critical charge derived from the fit shown in Fig. 7(a) and (b)—0.13 pC and 0.26 pC. (a) Geosynchronous orbit event rate; (b) low-earth orbit event rate.

The environment-based SEU rates presented are to be inter-
preted as event rates, not error rates. The energy deposition re-
sponse model developed in Section II-B makes no attempt to
derive temporal or event-composition information—i.e., zero-
to-one, one-to-zero, flatten-to-one, flatten-to-zero, mangle, etc.
[36]. The model neither calculates the number of upset bits in the
event nor yields any information regarding preferences for burst
error modes. However, the model makes the most accurate rep-
resentation to date by providing an energy deposition response
behavior consistent with device geometry and the charge collec-
tion mechanisms present in this type of process technology.

The present modeling approach is the first and necessary step
towards solving the more intricate, time-dependent problem,
which requires the energy deposition model to adapt its prop-
erties and volume-to-volume logic dynamically. Such a model
would also have to be tied to a circuit-level simulator with
compact models in order to produce burst error information
reliably. In addition to those non-trivial steps, there is a great
need for experimentally measured radiation-induced current
transients in SiGe HBT BiCMOS process technology. Current
commercial TCAD simulators have been successful at mod-
eling the total collected charge from radiation events [19]–[21],
[24], [37], but there are no experimental data with which to
compare the induced current transients. It is believed that
the present TCAD radiation-induced transients are inaccurate
in some regimes. Experiments and simulations are currently
underway to make these types of high-bandwidth transient
measurements and continue advancing the state-of-the-art in
energy deposition response modeling.

V. CONCLUSION

The shape and relationship between the fiducial volumes
represents a critical aspect of this study. The fiducial volumes
explain in a quantitative and qualitative way the once-anoma-
lous angular response of the technology, the low SEU threshold,
and the large saturated cross section observed for the most

highly ionizing particles. Putting this model together unifies
many years of experimental and theoretical work and provides
intuition to designers considering SiGe HBT projects. It also
opens the door for more complex types of modeling that will
begin to look at time-domain effects and other aspects of
extreme, high-speed digital technologies like this.
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