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Abstract — The creation of soft errors due to the propagation of
single event transients (SETs) is a significant reliability challenge
in modern CMOS logic. SET concerns continue to be exacerbated
by Moore’s Law technology scaling. This paper presents a review
of digital single event transient research, including: a brief
historical overview of the emergence of SET phenomena, a review
of the present understanding of SET mechanisms, a review of the
state-of-the-art in SET testing and modelling, a discussion of
mitigation techniques, and a discussion of the impact of technology
scaling trends on future SET significance.
Index Terms — Single event transients

I. INTRODUCTION

The

first observation of single event transients (SETs)

appeared in the 80’s with the development and qualification of
microprocessors and integrated circuits (ICs) for space
applications [1, 2]. At that time, SET issues were identified and
sporadically addressed; however, they only became a
commonplace problem at the end of the 90’s with technology
scaling to deep submicron dimensions (< 250-nm), when the
speed and complexity of new generation circuits reached the
100-MHz and the million-gate-per-circuit era [3].
Technology scaling has propelled the severity and relevance
of SET effects. The occurrence of SETs and the propensity for
propagation is enhanced as geometric dimension and
capacitance scale down, while the probability of SET capture
grows with increasing circuit operational frequency.
Furthermore, growing logic complexity renders modeling and
predictions increasingly difficult. As a result, SET research has
grown considerably over the past two decades, in both the study
of the phenomenon through experimental and operational
observation, and the development of a variety of modelling and
simulation techniques across device, gate, and circuit regimes.
This paper presents a review of published work on single
event transients in digital circuits exposed to heavy ion
irradiation. The historical aspects are first summarized in part II;
In part III, the SET basic mechanisms, including generation and
propagation, are described. Part IV describes measurement
techniques used to characterize SETs in digital library gates. Part
V is dedicated to SET modeling in complex circuits and to
known mitigation techniques. Finally, Part VI discusses the
impact of technology scaling on SETs and expected future
trends.
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II. HISTORICAL OVERVIEW
A. The 80’s: first SET predictions and observations
The earliest paper from the radiation effects community on
digital single event transients (DSETs) was published in 1983
by Diehl et al. [4], one decade after the first paper reporting inflight observation of single event upsets (SEU) in memories [5,
6], and two decades after predictions that cosmic rays would
jeopardize the reliability of miniaturized electronic components
[7]. Oddly enough, this first SET paper was not motivated by
observation during radiation testing, nor by in-flight failure; it
was a simulation study on the Sandia National Laboratories
3 µm standard cell library. The minimum charge required to
initiate a spurious transient signal propagating through at least
four identical combinational logic gates was determined with
SPICE simulations. The study predicted that this could be the
dominant type of error in combinational and peripheral sections
of SEU-hardened circuits. It also specified three criteria for ion
hits in combinational logic to result in errors [4]: 1) generation
of a transient at a node, 2) transient propagation through the
logic, and 3) capture at a memory element (see Section V-B for
more details on this process).
Shortly after this first paper, two other studies (one simulation
[8] and one experimental [9]) introduced an ancillary criterion
for sequential logic with the concept of “critical time,” later
termed “window of vulnerability,” for transient capture.
However, the experimental study of Friedman et al. [9]
concluded that, even for the fastest logic technologies in the
1980’s, the voltage transients tended to diminish after
propagating through five gates. In addition, because of the
critical time criterion, the transients had a low probability of
being latched in a flip-flop. Thus, at that time, the SET issue
was more of a curiosity than a critical failure mode.
At the same time, a study published in 1984 by May et al. of
Intel [10] described a new experimental technique, named
“dynamic fault imaging,” that displayed the propagation of
voltage transients in a microprocessor under dynamic operation.
This study was developed as a method to solve problems in the
design and manufacturing of complex logic devices. Even if the
motivation was not directly linked to radiation effects, it was a
precursor of future single event transient studies.
A few years later, Koga and Kolasinski performed
experimental measurements under heavy ion irradiation and
Pascale Gouker is with Lincoln Laboratory, Advanced Imagers and Silicon
Technology Group, Lincoln Laboratory, Massachusetts Institute of Technology,
Lexington, MA 02420 USA (e-mail: pgouker@ll.mit.edu)

2
reported significant contributions of single event transients [11].
This phenomenon was observed for relatively low heavy-ion
deposited charge, i.e. low linear energy transfer (LET), between
6 and 15 MeV-cm2/mg. Single event transients were observed in
the data line of a memory circuit (IDT71681) and in the
combinational arithmetic logic unit of a microprocessor
(M6800). However, two other microprocessors and one memory
circuit were also tested and did not show sensitivity to single
event transients. This study mentioned that this particular
sensitivity to single event transients “is by no means typical”
and, as a result, did not appear as a major threat to component
reliability in space. During that time period, the gate dimensions
of technologies were still in the range of microns, and, except
for a few exceptions, not prone to transient propagation. The
[11] study however stated that “the presence of the pulses should
be taken as a silent warning … and may in some other devices
bring disturbing consequences.”
Near the end of the 80’s, a paper by Hass et al. [12] described
the design of a radiation-hardened microprocessor in a 2-µm
technology. Special care was given to improve the immunity to
upsets in combinational logic. In particular, the paper mentioned
that upsets could be induced by transients originating from the
data signal en route to a latch gate, and also from the clock
signal, “which is a more serious problem because the vulnerable
period is much greater than the latch setup and hold time.” “Any
spurious clock signals that occur when the data input to the latch
is not at the same logic value as the stored data in the latch can
cause spurious upset.” This work was a precursor to the study
published in 1991 by Leavy et al. [13], which reported
measurements of anomalous clock signals due to single event
transients in the clock path of a bulk CMOS microprocessor.
B. The 90’s: SETs in fast combinational logic ICs
During the 90’s, an increasing number of papers were
published on single event transients. In 1990, a study from
Newberry et al. [14] investigated transient signals at the output
of interconnection devices such as logic inverters, drivers and
receivers. The threshold LET, i.e. the minimum ion LET at
which SETs were observed, was determined to be
15 MeV-cm2/mg, which is significant for space applications.
The width of the measured transient increased to about 40 ns at
higher LETs, which made SETs capable of inducing errors at the
system level.
Note that the first mention of the acronym SET (single event
transient) is found in this Newberry work [14]. However, the
acronym “SET” (or “DSET” for digital SET) was not firmly
adopted until the 2000’s in papers by Mavis and Dodd [15, 16,
17]. Before that, papers used the terms “error propagation” [18],
or errors “at high data rate”, or “in combinational logic”.
In the 1990’s, the simulation of transient propagation in logic
design progressed at both device and circuit levels [19, 18]. The
issue at hand was the ability to achieve “first pass” fabrication
success for the development of ASICs for radiation-hardened
applications. Contrary to SEU, the SET sensitivity was found to
be difficult to simulate accurately because it required extensive
(and often unattainable) computer resources. As a result, the
1990’s saw the development of various experimental tools to

characterize SETs. For example, the focused pulsed laser was
successfully used to characterize the SET sensitivity of circuits
by Buchner et al. [20]. In these experiments, and for the first
time, a laser pulse was synchronized to the clock signal in order
to study the effect of the exact timing relative to the clock signal.
The Buchner study [20] introduced the concept of “window of
vulnerability”, which was defined as “the time interval prior to
the arrival of the clock signal during which the gate is sensitive
to upsets.” In the studied GaAs logic circuit, the window of
vulnerability approached several nanoseconds (up to 8 ns),
implying that the circuit nodes were sensitive for a significant
portion of the clock cycle (close to 50%) when operated at high
frequencies (e.g. 60 MHz). The window of vulnerability was
also observed to increase exponentially with laser pulse energy.
These findings resulted in the general rule that SET sensitivity
is expected to increase with circuit frequency and deposited
charge (e.g. laser pulse energy or ion LET).
A follow on laser study in 1997 [21] clearly differentiated
errors from sequential and combinational logic (see Fig. 1). At
low frequency, the major contributor to the observed error rate
was attributed to SEUs in the memory elements (latches) of
sequential logic, independent of frequency; whereas, at high
frequency, the majority of errors were attributed to SETs in
combinational logic with a linearly-increasing error rate with
frequency due to an increasing probability of capture.

Fig. 1: Error rate as a function of frequency for combinational and
sequential logic elements, from [21].

Many papers published in the 90’s addressed this issue of
dynamic versus static testing. Two papers [22, 23]
unambiguously revealed that the number of errors increased
with frequency. These tests were performed at very high
frequencies, up to 100 Mbps, with fast circuits based on III-V or
Si ECL technologies. These technologies were shown to be
relatively sensitive under both heavy ion and proton irradiation.
In 1997, Baze, et al. established the general conditions for the
dependence of transient propagation in a logic chain on its initial
width and magnitude [24]. They stated that “as a general rule,
pulses wider than the logic transition time of a gate will
propagate through the gate without attenuation, pulses less than
half the transition time will terminate, and pulses in the range
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between these will propagate with varying degrees of
attenuation.” In this study, heavy ion tests were performed on a
newly designed type of test structure based on a chain built with
a large number of identical cells. This same type of test structure
has found subsequent use in studies investigating newer
technologies and for generating libraries of SET
characterization.
Note that digital logic circuits are obviously not the only types
of circuits sensitive to SETs. SETs have been observed in analog
and mixed-signal integrated circuits in space, including
operational amplifiers and voltage comparators [25], and
optocouplers and transceivers [26 and references therein].
Ground tests have shown that SETs in some of these circuits can
be relatively long in duration (hundreds of picoseconds to
microseconds), increasing the probability of producing
erroneous signals in follow-on circuits attached to their outputs
[27]. The review paper from Turflinger and the references
therein [28], as well as the NSREC short-course from Buchner
and Baze [29], summarize the early studies on SET in analog
circuits. In the following, we will focus specifically on SETs in
digital circuits, also called digital SETs or DSETs.
C. The 2000’s: SETs become a major source of errors
During the following decade, several important modeling
papers appeared that addressed the simulation of DSET
propagation in complex circuits. Techniques to possibly
mitigate SETs also emerged. In a study by Massengill et al. [30],
SET propagation was calculated in a 2901 bit-slice processor.
The technique used was based on a probabilistic approach first
presented in 1998 [31] where the sensitive area and critical
charge at each gate, possible paths of SET propagation,
clocking, and state-machine op-code masking were taken into
account. The circuit cross-section was calculated as a function
of the deposited charge and operational code (op-code or
running software). This paper made the clear distinction
between a soft fault, which is an internal upset at one of the
latches in the circuit, and an error, which occurs if a soft fault
effectively propagates to one or more observable ports of the
circuit. In other words, the distinction between latent, masked,
and unmasked faults.
Another study by Mavis et al. [32, 33] established the effect
of technology downscaling on SET sensitivity (see Fig. 2). This
work showed, via circuit simulations, that “SETs in the
combinational logic of a circuit have become increasingly
important, as device feature sizes have shrunk below 0.25 µm.”
This analysis was confirmed by both mixed-mode simulations
[17] and SET measurements [34]. Mavis and Eaton also
proposed a new SET mitigation technique, the “temporal
sampling latch”, which later found use in radiation hardening as
well as a diagnostic tool for SET test vehicles [35]: by varying
the temporal delay, the number of SETs propagating in
combinational chains could be measured as a function of pulse
width.
In 2004, Dodd et al. published a study showing the DSET
scaling trends down to the 100-nm technology node using threedimensional mixed-mode simulations [17]. Significant
transients in deep submicron circuits were predicted for particle

strikes with linear energy transfer as low as 2 MeV-cm2/mg,
rendering them sensitive to the alpha particles from the
terrestrial telluric activity. Alpha particles were cited in this
paper as “one of the most abundant reaction products for both
proton and neutron interactions in silicon,” which “portend a
large increase in error rates due to DSETs at 100-nm for protonrich space environments and terrestrial neutron environments”
[17].
In addition to simulation studies, experimental
characterizations were also performed in the early 2000’s.
Several papers characterized the SET sensitivity of new
technologies using broad beams of heavy ions [36, 37, 38, 39,
40]. These papers confirmed that the newer CMOS technologies
(0.25 um and below) were quite sensitive to SETs. Depending
on the ion LET and strike location, large distributions of SET
widths, from 10’s of picoseconds to nanoseconds, were
observed in CMOS logic. These SETs were able to propagate
and disturb the circuit logic state, potentially resulting in faulty
operation. The experimental studies were all based on the same
basic type of test circuit and test conditions: long chains of
identical gates that were irradiated and the widths of SETs were
captured at the outputs of the chains. Transients of sufficient
width were expected to propagate un-attenuated in the chains,
such that the SET width measurements at the output of the
chains were expected to give a fairly accurate image of the SET
population.

Fig. 2: Critical transient width for un-attenuated propagation as a
function of technology scaling, from [33]. Mixed-mode simulations
from [17] and SET measurements from [34] are superimposed.

Unfortunately, in the late 2000’s, several papers showed that
parasitic effects often invalidate the utility of long-chain SET
measurements. In 2007, experiments by Ferlet-Cavrois et al.
demonstrated a newly-observed phenomenon, propagationinduced pulse broadening (PIPB), i.e. SETs that broaden as they
propagate along a logic chain en route to the detection circuitry
[41, 42, 43]. This effect was explained by variations of the
CMOS well (or body) potential inducing either SET broadening
or shrinking [42]. It was modeled in 2008 [44, 45, 46] as a
function of the technology, gate design and bias history. Other
studies [47] also showed a significant pulse quenching due to
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charge sharing between the struck node and the following gates.
In the late 2000’s, further SET studies showed combined effects,
such as TID [48, 49], temperature [50, 51], and technology [52].
Though the radiation effects community is mostly concerned
with the harsh space environment, single event effects also
represent a serious issue at ground level for the semiconductor
industry. The increase in soft error rate (SER) due to single event
effects has become a major concern in advanced CMOS
products, because, if uncorrected, it can induce a failure rate
higher than that due to other reliability mechanisms [53]. Since
the late 1970’s, alpha and neutron particles from the terrestrial
environment have been identified as a significant source of
errors in memories. However, it is only in the 2000’s era that
errors in combinational logic have been predicted to dominate
the SER over memory (or flip-flop) errors for 65-nm technology
generations and below [54, 53, 55]. Error detection and
correction (EDAC) techniques are relatively efficient in
protecting memories, but hardening techniques for
combinational logic require additional resources and high
performance penalties.
To conclude this historical review of single event transients
in digital ICs, the importance of SETs in circuits is reflected in
the fact that for the 2010 IEEE Nuclear and Space Radiation
Effects Conference, the technical program committee created a
separate session devoted to single event transients. The NSREC
“Single Event Effects: Transient Characterization” session now
brings together the increasing number of papers on SETs in both
logic and linear types of technologies and circuits.
III. SET BASIC MECHANISMS
A. SET generation and propagation
When a charged particle passes through a reverse-biased
junction it results in a transient current and thus charge
collection at the struck electric node. In a memory cell, if the
collected charge is sufficient, it may result in a cell upset, i.e. a
single event upset (SEU). However, if the particle strike occurs
in combinational logic, the collected charge may induce a
voltage transient (leading to a change of the logic state) at the
struck node, i.e. a single event transient (SET). This SET may
propagate and induce an error in a memory element (typically a
flip-flop) if the following four conditions are fulfilled [4, 8, 9]:
1) the SET is generated at a sensitive logic node, 2) it propagates
down an open logic path and arrives at a latch or other memory
element, 3) it arrives with sufficient amplitude and duration to
change the memory state, and 4) it arrives during the cell
“window of vulnerability”, i.e. when the clocking condition
enables the transient capture.
Many works have highlighted the transient and charge
collection mechanisms in reverse-biased junctions and isolated
CMOS transistors [56, 57, and references herein]. It has been
shown that the transient current consists of a fast drift and
“funnelling” component and a slower contribution from charge
diffusion in the silicon substrate. Bipolar amplification may also
further enhance the transient current, depending on the device
structure and the exact position of the particle strike. For
example, in a MOS transistor, the parasitic source-body-drain

bipolar structure can significantly amplify the charge deposited
in the well (or body) region [58, 59]. Specific hardening-bydesign rules, such as frequent well contacts, dummy junctions,
etc [60], can be used to reduce the parasitic bipolar amplification
and the resulting transient current. Silicon-on-insulator (SOI)
technologies may also be used in place of bulk technologies to
limit the amount of collected charge, provided that body contacts
are used to reduce parasitic bipolar amplification [56].
However, regardless of the technology and transistor design,
the shape of the transient current is fundamentally transformed
when the transistor is integrated in a chain of logic cells [61, 34].
Fig. 3 compares the transient current flowing in an off-state
NMOS transistor, both as a stand-alone element and integrated
in a chain of inverters. Because the drain voltage of the standalone transistor is held constant, the transient current consists of
the classical reverse-biased-junction signature: a fast drift
component and a slower decay. On the other hand, when the
NMOS transistor is embedded in an inverter, the drain voltage
of the struck NMOS transistor (i.e. the inverter output voltage)
is decoupled from the fixed voltage. It is perturbed by the single
event current, and temporarily biases the on-state load PMOS
transistor in a condition for drain current to flow. After a shortduration current peak corresponding to the output capacitance
support of the drain voltage at its pre-strike value, the drain
voltage collapses and the NMOS single event current is
governed by the depressed drain voltage and the compensating
PMOS transistor drive current. The result of this dynamic
interaction of the node voltage and the SEE/PMOS currents is a
characteristic SET current equilibrium or “plateau”, as shown in
Fig. 3. The magnitude of this current plateau is related to the
PMOS drive, and the duration of the plateau is synchronous with
the depressed drain voltage. As soon as most of the deposited
charge flows out of the struck transistor, the current flow cannot
be maintained, the equilibrium conditions relax, the drain
voltage recovers, and the current pulse again decreases toward
zero. Eventually the output voltage of the struck inverter fully
recovers to its original value and the voltage transient pulse
propagates to the downstream inverters.
Note that the on-state transistor in the struck logic gate largely
contributes to “dissipating” the ion deposited charge prior to
voltage recovery. The larger the on-state transistor current, the
narrower is the generated SET. As a result, one possible SET
mitigation technique consists of using large-width transistors,
which have a high on-state drive current that can quickly
dissipate the deposited charge.
Furthermore, cells built with large transistors have a high
capacitance, which tends to filter the SET voltage pulses. In
contrast, logic gates with small dimension transistors are
particularly sensitive to SETs. This is illustrated in Fig. 4 [42],
which shows the SET sensitivity of four inverter chains designed
with various transistor widths. As expected, the threshold LET
increases with the transistor dimensions, meaning that chains
designed with large transistors are less sensitive than those with
small transistors. However, large transistor chains also have a
larger sensitive area. The SET cross-section at high LETs thus
tends to increase with the transistor dimensions. This partly
counterbalances the mitigation effectiveness. Mitigation with
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large transistors should then be carefully assessed in terms of
SET rate by considering the space environment constraint.

polarity). This voltage excursion places “one of the
transmission-gate transistors into a conducting state, which
allows the SET to appear at the next stage and be latched by the
rising clock pulse” [61]. Multiple upsets in flip-flop chains, i.e.
upsets in several consecutive stages, have been observed when
working at high frequencies and small dimension technologies
if the deposited charge is large enough. This indicates that SETs
may propagate through any logic gate if the deposited charge,
i.e. the ion LET, is large enough.

Fig. 3: Simulation of an off-state NMOS transistor, either as a standalone transistor, or embedded in an inverter chain. From [34].

Fig. 5: (a) Circuit diagram of a flip-flop with a transmission gate. (b)
SET propagation from the master to slave stage. From [61].

Fig. 4: Sensitive cross-section of four inverter chains processed in 130nm SOI technology under heavy ion irradiation. The NMOS width is
indicated, 0.3 µm for the first chain, etc., up to 2.7 µm for the fourth
chain. In all cases, the PMOS width is twice the NMOS and all
transistors have the same gate length (130-nm) and are designed with
body contacts. From [42].

It should also be noted that SETs can be transmitted through
nominally-off transmission gates [61]. For example, in the
master-slave flip-flop of Fig. 5, the master and slave stages are
generally considered to be isolated from one another when the
coupling transmission gate is off. However, when the ion
induced collected charge at the master or slave side is much
larger than the charge stored in the logic node, the excursion of
the SET voltage may exceed (by one threshold-voltage value
below or above) the power supply rail (depending on the SET

B. Broadening
In most test structures, it is assumed that the SET width is
preserved when traversing a chain of identical cells, or, at worst,
partly absorbed when the node capacitance is relatively large.
This assumption has driven the design of test structures towards
long chains of inverters to increase the SET capture crosssection. However, in some cases, a “propagation-induced pulse
broadening” (PIPB) effect has been observed [41, 42, 43, 44].
For example, in [41], narrow transients less than 200 ps at the
struck node were progressively broadened up to the nanosecond
range when propagating in long chains of cells. This was
experimentally demonstrated using a focused pulsed laser to
deposit charge in well-defined locations within the inverter
chain (Fig. 6) [41]. When the SET traverses only a few inverters
(position 4 in Fig. 6), the voltage transient measured at the
output of the chain was narrow. However, the measured SET
width increased as it traversed a larger number of inverters
(positions 3, 2, 1).
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mitigated.
Fig. 7 illustrates this impact of the operating frequency on
PIPB. The worst case for PIPB is at low frequency, when the
body potential of transistors reaches a quasi-static bias state
before the SET propagation. These dynamic floating body
effects are further detailed in the modeling section below
(Section V) [44].
Other parameters, such as the supply voltage (VDD) and the
body (or well) doping, have a significant impact on PIPB. For
example PIPB typically increases when the supply voltage is
reduced [42, 65, 66]. The doping of the body (or well) region is
also important since it determines the transistor threshold
voltage It has been shown that high doping levels, i.e. high Vth,
result in large PIPB [67]. This study suggested that the ratio
Vth/VDD can be used as a figure of merit when considering
propagation of SET, with high values of Vth/VDD resulting in
high PIPB.

Fig. 6: (a) Schematics the irradiated chains indicating four laser strike
positions. (b) Voltage transients measured at the output of the chain as
a function of the laser strike position. From [41].

The PIPB effect, or “pulse stretching” is well known in SOI
[62]. It can also exist in bulk technologies [42, 63]. Technologies
and designs prone to floating body effects are particularly
sensitive to PIPB. Measured PIPBs range from a
few picoseconds per gate to 55 ps/gate [62, 64]. PIPB is caused
by a hysteretic effect induced by charging or discharging of the
internal floating body node as a result of the transistor’s recent
bias history [42]. The time constants of these chargingdischarging phenomena are relatively slow compared to the
transistor switching time because they depend on carrier impact
ionization and thermal generation and recombination. This
slowly-evolving bias history induces small gate-to-gate
variations of the transistor threshold voltage, Vth, and associated
switching point when the transistors have been held in a quasistatic state for a period of time. In this case, the SET propagation
is modulated, i.e. it tends to broaden or attenuate. In contrast, if
the chain is operated at high frequency, the Vth modulation is
reduced because the clock period is smaller than the typical
charging-discharging time constants of the transistor body
potential. Thus, the threshold voltage stabilizes at an
intermediate value across all devices, and broadening is

Fig. 7: Measured pulse “stretching” (PIPB) as a function of supply
voltage and input pulse frequency. From [62].

Fig. 8 displays an example of measured cross-section and
PIPB rate under heavy ion irradiation (Xe, 60 MeV-cm2/mg) in
combinational chains built with various logic gates. The crosssection and PIPB are plotted versus the gate propagation time,
which is proportional to the gate output capacitance [44]. Three
types of gates, inverter (Inv), inverter with output capacitor
(Inv+Capa) and NOR, behave similarly. When the node
capacitance (i.e. the propagation time) increases, the measured
cross-section decreases. The reason is that the output
capacitance tends to filter the generated SET at the struck node.
However, once the SET is formed, the SET propagation in the
three types of gates (Inv, Inv+Capa, NOR) undergo a similar
broadening of about 3 ps/gate, a not insignificant amount. The
NAND gates behave differently. They have a lower crosssection than the inverter chain, implying that, as expected, the
node capacitance in a NAND gate is larger than for an inverter.
However, the PIPB is significantly larger than for all other gates.
This comes from the on-state NMOS transistor connecting the
NAND gate to ground. It behaves like a resistor and contributes
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to the decrease of the effective supply voltage applied to the
NAND gate when propagating the SET. The NAND gate PIPB
rate is then enhanced. This example illustrates the effect of the
gate design on the SET and PIPB sensitivity.

Fig. 8: SET cross-section and PIPB rate in several types of gates as a
function of the gate propagation time, measured under heavy ion
irradiation (Xe, 60MeV-cm2/mg). Unpublished results; the tested gate
chains were processed with the 130-nm SOI technology described in
[41, 42]. All gate chains are designed with 130-nm gate length
transistors with body contacts. The NMOS width is 0.3 µm and the
PMOS width is twice the NMOS.

C. Charge Sharing and Pulse Quenching
In the 1980’s it was recognized that a single ionizing event
could influence circuit regions larger than a single node through
charge diffusion – the “multibit upset” phenomenon [68].
However, because of the relatively long time constants
associated with bulk charge diffusion, these early observations
were limited to densely-packed, charge-integrating (dynamic)
circuits such as DRAMs [69], CCDs [70], and resistive-load
SRAMs [71]. It was not until technologies scaled below the
250-nm node that the nearly-simultaneous multi-node influence
of single particle strikes was observed in regenerative (static)
circuits. Single event charge sharing, as this mechanism was
called, appeared in commercial 250-nm CMOS SRAMs as
described by Olson et al. [72] and 130-nm CMOS latches as
described by Amusan et al. [73, 74].
Charge sharing is an important mechanism for single event
transients – it modulates the charge available to any one node,
directly impacting the transient waveform. Amusan et al.

showed that this effect impacted SET pulse widths, a key
parameter in SET circuit upset [75], and this mechanism has
been heavily exploited for SET mitigation (see Section V-C).
Charge sharing has also been associated with double-pulse SETs
[76], a phenomenon of primary pulse generation at a struck node
via direct charge collection and the generation of a second pulse
within the same data path due to delayed charge collection at a
non-adjacent gate.
A secondary SET mechanism that is a direct result of single
event charge sharing is pulse quenching, discovered in 2009 at
the 130-nm technology node. Pulse quenching is the name given
to the phenomenon of single event pulse width reduction due to
delayed charge collection (via charge sharing) as the pulse is en
route through the data path [77]. Pulse quenching appears only
when the signal propagation along an electrical path occurs on
the same time scale as charge sharing among adjacent devices (a
condition that was not observed prior to the 130-nm technology
node).
Fig. 9 shows a comparison of conventional DSET creation
(top) and the relevant steps involved in a pulse quenching event
(bottom). The mechanism involves a race condition – here the
PMOS gate control signal transient and the diffusion of holes to
device P2. If the SET gate signal arrives prior to the diffusive
charge collection, P2 is turned off, the drain voltage changes
state (H to L) due to the expected inverter response, and the P2
drain is receptive to charge collection. Upon the delayed arrival
of the diffusive charge, the drain of P2 collects charge and the
voltage state is perturbed once again (L to H) – back to the initial
state. Thus, the single event initiates a double state change at
the drain of P2 and an abbreviated (or quenched) voltage pulse
width is observed at the output of the inverter.
Analysis by Ahlbin et al. [78] experimentally verified pulse
quenching in 65-nm CMOS inverter chains. In this experiment,
identical inverter chains were custom designed in two substrate
configurations: (1) all gates in a common n-well – intended to
enhance charge sharing and thus quenching and (2) each gate in
a separate n-well – intended to mitigate charge sharing and
quenching. The SET pulse width distributions are shown in
Fig. 10 for the IC exposed to broadbeam heavy ion irradiation.
A reduction in SET count and mean pulse width was observed
for the chain in a common well relative to the chain with a
segmented well, clearly indicating the presence of pulse
quenching due to charge sharing in the common well.
Pulse quenching is important because it directly affects
electrical and temporal masking (pulse width is the key failure
parameter) and impacts resilient design choices (see Section VC). Pulse quenching has also explained a counter-intuitive weak
dependence of DSET pulse widths on incident particle energy in
sub-100-nm CMOS technologies [79] and it has been associated
with an observed saturation of DSET rates with dimensional
scaling [63].
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shown in Fig. 6. Because the chain input was in the same state
during TID irradiation and during laser testing, an off-state
NMOS transistor was the most sensitive transistor for TID
degradation and for SET generation. Experimental results
showed that TID caused the SET pulse to get wider at the output
node than its width where it was initially generated. The
explanation of this observation was presented as follows.
In this 180-nm FDSOI process, the 2.5-nm gate oxide is too
thin to trap charge, but radiation-induced positive charge is
trapped in the buried oxide layer below the SOI. This charge
induces a negative shift of the NMOS and PMOS threshold
voltages. Most importantly here, it reduces the drive current of
the PMOS transistor, which is responsible for restoring the
transistor struck by the laser light to its original state. Fig. 11
shows that the SET pulse widens with increased TID while the
PIPB effects remain unchanged.
1200
Median SET width (ps)

Fig. 9: Depiction of SET pulse quenching. Normal SET generation and
propagation through a 2-inverter chain (top). Pulse quenching due to
charge sharing among P1 and P2 coincident with the electrical
propagation of the SET waveform from P1 to P2 (bottom) [77].
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Fig. 10: Experimental evidence of pulse quenching in a customdesigned chain of inverters fabricated in a 65-nm CMOS bulk
technology [78].

D. Combined TID and SET Effects
For circuits operating in space radiation environments, Total
Ionizing Dose (TID) effects are a critical consideration. Ionizing
radiation is known to degrade the electrical characteristics of
NMOS and PMOS transistors because of the radiation-induced
charge trapped in oxide films and at oxide-silicon interfaces
[80]. Ionizing radiation has been shown to degrade the single
event upset hardness of memory cells exposed to protons and
heavy ions [81, 82, 83]. It is also expected to impact the
generation and propagation of SETs in digital CMOS circuits.
Papers have been published on these combined effects for both
FDSOI and bulk Si technologies.
The first insights into the effects of TID on digital SETs were
reported for an inverter chain fabricated in a 180-nm fullydepleted SOI (FDSOI) process [48]. The SET width was
characterized with an on-chip measurement circuit before and
after irradiation with a Cobalt-60 gamma source. Pulsed-laserinduced charge was generated in an off-state NMOS transistor
in different locations within an inverter chain similar to the one

Fig. 11: Median SET pulse width versus the SET propagation distance
in unit of inverters before and after Cobalt-60 irradiation. SETs were
generated with a pulsed-laser in an off-state PMOS transistor. From
[48].

Mixed mode 3D TCAD simulations confirmed that the
increase in SET pulse-width with increased TID was correlated
to the decrease in drive strength of the PMOS transistor. Fig. 12
shows the simulated SET pulse width obtained for a negative
threshold shift of the PMOS transistor.
TID effects were also reproduced without using any radiation
at all, simply by applying a positive voltage to the wafer. In
FDSOI, the body of the transistor is fully depleted, therefore the
front-gate of the NMOS and PMOS transistors is fully coupled
to the back-gate (i.e., the substrate). Applying a positive bias
voltage to the substrate causes a negative shift of the NMOS and
PMOS threshold voltages similarly to what is measured when
transistors are exposed to TID. Gouker et al. showed that laserinduced SETs were wider when biasing the substrate of the
FDSOI inverter chain to +6 V consistent with TID test results.
These results were also reproduced when the FDSOI inverter
chains were exposed to heavy ion testing (Xe, LET=68.8 MeVcm2/mg). Note that in this technology, the PIPB effects were also
attributed to “floating body hysteresis effects” for inverter
chains with standard transistor layout. Transistor layout with
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body contacts were shown to have very low PIPB effects [43]
and lower heavy ions SET cross-sections [50].
Similar work was carried out in a 180-nm bulk Si process
[49]. Laser testing experiments revealed that, after exposure to
gamma radiation, SETs would contract or broaden depending on
whether the inverter chain input was kept in the same or opposite
state during SET testing as during irradiation. Fig. 13 shows the
number of transients captured before exposure to TID, and after
irradiation for these two input states.
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Fig. 12: Simulated SET pulse width for nominal NMOS and PMOS
transistors (i.e., no threshold voltage shift, ∆VTH0 = 0); for ∆VTH0= –
0.25 V and for ∆VTH0= –0.5 V only for PMOS transistors; ∆VTH0=0 for
all NMOS transistors. From [48].

Fig. 13: Number of SETs at five different locations along the inverter
chain after irradiation up to 400 krad(Si) compared with the data prior
to irradiation (0 krad). From [49].

In this 180-nm bulk technology, the gate oxide thickness is on
the order of 2.5-nm, which is too thin for radiation-induced
charge to build-up; but the Shallow Trench Isolation (STI) that
surrounds each transistor is very sensitive to charge build-up. It
gives rise to a parasitic conduction path in the NMOS transistor,
which increases the transistor leakage current [84]. After TID, it
is harder to turn off this NMOS transistor. Because the input of
the chain was high during TID irradiation, all odd inverters in

the chain (i.e. inverters with on-state biased NMOS transistors
during TID irradiation) exhibited radiation-induced degradation
primarily in the NMOS transistor. Meanwhile all the even
inverters in the chain (i.e. inverters with on-state biased NMOS
transistors during TID irradiation) exhibited minimum
degradation during TID. The broadening and contraction of the
SETs as a function of the inverter input state was attributed to
the asymmetric degradation of the NMOS transistors in the odd
and even inverters in the chain. The SET width contraction
observed during laser testing was consistent with heavy ions test
results.
The work in [43] and [49] shows that the impact of TID on
SET generation and propagation is dependent on the inverter
fabrication technology because the build-up of radiationinduced charge occurs in different oxide films in SOI and in bulk
technologies. SETs are also strongly dependent on the testing
conditions during TID exposure and during SET
characterization.
E. Temperature effects
The combined effects of temperature and SETs are also
strongly dependent on the technology (bulk or SOI) used to
fabricate the circuits, and the SET testing conditions.
Experimental measurements and TCAD simulations for an
inverter chain fabricated in a 130-nm bulk CMOS technology
showed that an increase in temperature leads to an increase in
the average SET widths, as shown in Fig. 14 [50]. This effect
was primarily attributed to an increase in the bipolar
amplification effect with increased temperatures [85]. The same
trend (increase of SET sensitivity with temperature) was shown
in another work with a 180-nm bulk technology [51].

Fig. 14: Average SET pulse width for the elevated temperature testing
of the 130-nm test circuits. From [50].

In contrast, Gadlage et al. [50] showed that there was barely
any change in SET widths with increased temperatures for
inverter chains fabricated in the 180-nm FDSOI technology as
shown in Fig. 15. This was explained by the fact that FDSOI
NMOS and PMOS transistors exhibit little change in their
electrical characteristics (leakage current, threshold voltage) up
to 300oC thanks to a small drain junction area and the full
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depletion of the transistor body [86], device properties that
enable the fabrication of digital and analog SOI CMOS circuits
for operation at high temperature with minimum performance
degradation. The Gadlage results showed that FDSOI logic
circuits could be tolerant to SETs in a high temperature
environment where soft errors are of concern.

Fig. 15: Laser-induced SET pulse width in a 180-nm FDSOI process as
a function of temperature. From [50].

F. SETs in 3DIC
New technologies exploiting the three-dimensional stacking
of integrated circuits have been actively explored in both R&D
laboratories and industry as a way to increase circuit density and
improve system performance.
Gouker et al. were the first to characterize single event
transients induced by heavy ions in 3DIC logic gate circuits
fabricated in a novel 3D technology [52]. Fig. 16 shows the
scanning electron micrograph of the 3DIC cross-section where
three CMOS circuit tiers were vertically integrated within 20µm-thick layer [87]; the tier-to-tier interconnection was
achieved with 1.25-µm-diameter 3D vias. Three independent
logic test circuits were stacked on the three tiers. Transients
were collected in an inverter chain and measured using an onchip circuit [43].

Fig. 16: Scanning Electron Micrographs of a 3DIC wafer with three
FDSOI CMOS tiers, eleven metal interconnect layers, and 3D vias
interconnecting tiers 1, 2 and 3. From [52].

The SET distribution (Fig. 17) induced at normal incidence
by Kr ions was comparable on the two upper tiers, but different
on the bottom tier where the median transient width was
narrower and the SET cross-section was larger than the upper
tiers. Two possible explanations were proposed. First, after 3D
integration, circuits on tier 2 and 3 are flipped compared to those
on tier 1, and there are overall more vias and contacts above tier
1 than above the other two tiers. MRED simulations showed
that the circuit on the bottom tier may be more sensitive to SETs
due to the nuclear reaction of the Kr ions with the tungsten (high
Z) vias and contacts located above the sensitive device areas.
Second the difference in SET distribution could simply be due
to differences in the NMOS and PMOS electrical characteristics
because this 3D process integrates wafers from different
fabrication lots. As discussed in the paper, it would have
affected the initial SET width and the PIPB effect on tier1.
Gouker also showed that the back metal layer available for
circuits on tiers 2 and 3 could be used to tune independently the
drive current of NMOS and PMOS transistors, thereby changing
the SET pulse width and cross-section. This can be a useful
design feature to tune out SETs from a recombinant clock tree
for example, or to evaluate how different logic circuit branches
contribute to the total circuit SET cross-section. Overall, the
3DIC technology offers several unique design features to allow
designers to experimentally isolate SET contributions and to
build SEE tolerant circuits.

Fig. 17: Distribution of the SET pulse widths in units of latch delay
measured at normal incidence in air with a 25 MeV-cm2/mg ion. Data
shown for each tier of the 3D stack, tier 1 (bottom), tier 2 (middle) and
tier 3 (top) for a ion fluence of 1x108 /cm2. Upset cross-section is
1.22x10-6, 7.74x10-7 and 7.31x10-7 cm2 for the circuits on tier 1, 2 and
3, respectively. Error bars are +/- one standard deviation. From [52].
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IV. MEASUREMENT TECHNIQUES
The ability to measure SET pulse width is of primary
importance for SET understanding and modeling. Combining
knowledge of SET waveform signatures with modeling and
simulation is the key to developing and evaluating potential
techniques for mitigating SETs in complex circuits. The
measurement of SETs is commonly based on two structural
elements: the “target” part, which usually consists of one or
more chains of a large number of gates where SETs are
generated under irradiation, and the “pulse capture” or
“counting” part, which counts SETs and, in some cases,
determines the shape or the temporal width of the generated
SETs.
A. Counting SETs versus Frequency
The most fundamental SET measurement technique consists
of simply counting the number of SETs. Benedetto et al. [38]
used chains of combinational cells connected in series between
hardened shift registers (normally SEE-hardened dualinterlocked DICE cells [88]) to create test structures as shown in
Fig. 18. All SETs able to propagate the combinational chains
were captured by the SEE hardened latches as a function of the
scanning frequency [36, 37, 38, 65].

Fig. 18: Example of DSET test structure from [36, 38].

In the technique of Ahlbin et al. [89], the combinational logic
elements are removed from the direct propagation path between
storage cells (see Fig. 19). The purpose of this topology is to
maintain a large number of target combinational elements (for
measurability) with minimal impact on the natural clocking
frequency of the technology (for at-speed measurements). The
combinational elements feed the latch chain through a XOR gate
transmitting the generated SETs. This test structure was
integrated into the built-in self-test circuit CREST (circuit for
radiation effects self-test) of Marshall et al. [90].
Note another SET counting technique of Gill et al. [91]
implemented in 32 nm technology. The SET target was built
with several short chains of combinational elements, placed in
parallel and feeding a single counting flip-flop gate. In this case,
because the counting flip-flop was not part of a chain (as in the
previous technique), the test structure was able to reach very
high operation frequencies, up to 2 GHz.

Fig. 19: SET evaluation approach implemented as C-CREST
(combinational circuit for radiation effects self-test) from [89, 90].

These counting circuits [38, 89, 91] are able to provide SET
cross-section measurements for various combinational gates as
a function of frequency. The results are representative of the
sensitivity of real circuits combining combinational and
sequential elements. However, the SET width cannot be
determined unless the experimental results are combined with
SPICE simulations [36].
B. On-chip SET width measurement
The first published SET width measurements used on-chip
techniques [92, 35, 93, 94]. In [93], the pulse capture circuit was
placed at the output of the target chain. It consisted of a
combination of inverters and flip-flops, triggered by the SET
itself (see Fig. 20). The SET pulse was encoded in terms of
binary values of the digital word presented by the latch register,
with the width determined by the number of adjacent “1” values.
For this technique, the temporal resolution of the measurement
corresponded to an inverter delay, intrinsically linked to the
technology characteristic frequency at minimum inverter
dimensions (determined by ring oscillator measurements). This
technique [93] has been successfully used in a number of studies
to characterize the SET sensitivity of several CMOS technology
nodes and several designs [43, 48, 98, 63].
In 2012, Loveless et al. [95] significantly enhanced this
technique with a “built-in-self-test circuit for the extraction and
compensation of measurement-induced uncertainty”, a more
accurate time-to-digital converter rather than a static latch
register, and an SET target built with multiple short chains and
a balanced NOR network to avoid SET broadening.
Another technique [94] is quite similar, except that it used a
SET pulse extender, consisting of a chain of buffers placed
between the target and the self-triggering capture circuit. The
purpose of this pulse extender was to improve the accuracy of
the SET width measurement. [94] also integrated an in-situ
calibration with an internal pulse generator. This technique [94]
has also been used in a number of other papers [96, 97].
Other on-chip techniques [92, 35] based on the same
principle, i.e. a chain of gates and flip-flop latches in parallel,
have emerged. However, in these techniques the pulse capture
circuit itself is part of the target chain. Thus the load at each gate
includes both the next gate and the measurement latch, which
may affect the measured SET widths. Another difference is that
these techniques are not self-triggering, i.e. the pulse capture
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circuit is not triggered by the SET itself. In the case of [92], the
logic value of the pulse capture circuit was regularly scanned by
a clock signal. The [92] technique was typically used for neutron
irradiation, where the expected SET rate was relatively low.
In the case of [35] (see Fig. 21), the pulse capture circuit was
a chain of adjustable temporal delay latches built with current
starved inverters. The target area was the multiplexer (MUX)
and the majority (MAJ) gates of each of the temporal latches.
For SET measurements, at each given LET, the temporal delay
was adjusted until the temporal latch became immune to all soft
errors. This rejection point corresponded to the maximum
possible SET width for each given LET. An alternative
measurement approach was to count the number of SETs for a
given delay, which provided the cross-section of SETs with a
width larger than the programmed delay [39, 40, 98].
A similar on-chip technique was proposed in [99], except that
the SET is captured by on-chip sense amplifiers (Fig. 22) instead
of flip-flop latches. The sense amplifiers were designed to
minimize SET distortion. They feed a high bandwidth
oscilloscope used to register the SET signal. In [99], the inverter
chain is irradiated with a micro-beam, which synchronously
triggers the oscilloscope at each ion strike.

signal was designed larger than for the stop signal. The two
signals would race until the stop signal overtook the start signal.
The D-type latch would change state at this point and the pulse
width would be translated in terms of the latch register logic
code. The fine determination of the delay difference between the
start and stop buffer chains was calibrated with an on-chip pulse
generator [102].

Fig. 22: On-chip sense amplifiers capturing SETs generated by a
microbeam. From [99].

Fig. 20: Self-triggering pulse capture circuit placed at the output of a
target chain, from [93].

Fig. 21: Schematic representation of one variable temporal latch from
[35].

Fig. 23: Vernier delay line (VDL) pulse capture circuit. The SET pulse
is first converted in two step signals (Start and Stop) (a), which feed the
pulse-to-time converter (b). From [100].

Finally, another on-chip pulse capture technique, the Vernier
Delay Line (VDL) circuit detailed in [100], successfully
demonstrated sub-inverter-delay resolution, down to 3 ps [101].
In the VDL measurement circuit, the pulse formed in the target
chain was first converted into two step waveforms (start and
stop) whose time difference was equal to the original pulsewidth (Fig. 23a). These two signals were then given to the pulseto-time converter composed of two buffer chains and a D-type
latch chain in parallel (Fig. 23b). The buffer delay for the start

C. External SET width measurement
Instead of on-chip pulse capture, a distinctly different
measurement philosophy has been investigated through the
measuring of SETs with external equipment using a fast
oscilloscope. One approach that was investigated was based on
target chains terminating with a balanced buffer [41] (Fig. 24a).
The buffer response was calibrated as a separate structure with
a pulse generator. The output SET pulses were read by the
single-shot oscilloscope with a high-impedance voltage probe.
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The advantage of the output buffer technique is that it
provides a direct measurement of the rail-to-rail voltage
transient. It is however limited by the bandwidth of the output
buffer and the high-impedance voltage probe. Typically, the best
time resolution of present-generation equipment is 40 ps.
Other techniques [103, 104] have been suggested to overcome
limitations in the voltage probe bandwidth. These techniques
proposed measuring currents instead of voltages with a bias-T
and the standard 50-Ω input of the oscilloscope. The output
buffer was replaced either by monitoring-transistors (MT) [103]
or by a detection inverter [104] (Fig. 24b-c). In the MT
technique, the current was measured in both output NMOS and
PMOS transistors and the voltage was reconstructed from the
transistor DC characteristics. In the case of the detection
inverter, the current was read on the inverter supply pad, which
provided a differential image of the SET pulse. Both techniques
are non-intrusive and do not induce any SET distortion since the
transistors used for SET monitoring or detection have exactly
the same dimensions as those in the chain inverters.
In addition to high performance oscilloscopes, any external
SET width measurement techniques (output buffer, monitoring
transistors, or detection inverter) rely on optimized packaging
and cabling to avoid signal distortion, thus they require
relatively expensive test equipment. Nevertheless, the cost of
test equipment often can be justified when compared to the
engineering cost for the design and fabrication of a custom
integrated circuit with on-chip SET characterization test
structures.
a) Output buffer
Oscilloscope
Buffer

High-Z
probe

b) Monitoring Transistor

Oscilloscope

50Ω
50Ω

c) Detection inverter

Oscilloscope

50Ω

Fig. 24: Schematic diagram of the three external SET width
measurement techniques, (a) output buffer, (b) monitoring transistors
(c) detection inverter. From [41, 103, 104].

V. SETS IN COMPLEX DIGITAL CIRCUITS
To this point, we have reviewed the literature regarding single
event transient pulse formation in semiconductor circuits, the

propagation of transients through regular chains of circuit
structures, and the measurement of these transients via
specialized circuitry and on-chip pulse capture logic. This body
of work has been extremely beneficial in elucidating the
characteristics and traits, both generation and propagation, of
transient pulses due to single event strikes.
However, the impact of any SET pulse is, of course,
dependent on the response of a functioning circuit into which it
is introduced. SETs that, for whatever reason, do not influence
the operation of the surrounding circuitry are of no consequence.
SETs that cause transient glitches or latent data corruption are
of concern. SETs that cause catastrophic circuit failure due to
lock-ups, illegal state transitions, or distributed signal corruption
are unacceptable. The ultimate outcome from an SET is
determined by not only the characteristics of the SET pulse, but
also the concomitant reaction of the system to the pulse.
Considerable work has been performed in the community to
understand and model this complex interdependency, in both
digital and analog circuits.
A. Single Event Transients in Digital ICs - DSETs
The manifestation of a single event transient in a digital logic
circuit is a propagating signal pulse capable of upsetting the
proper state space of a finite state machine. The error
mechanism due to single event transients in CMOS logic was
first described by Diehl et al. [4] through computer simulations
and observed in laboratory experiments throughout the 1980’s
and 1990’s [9, 11, 12, 105]. Though refined through the
decades, the fundamental understanding of the digital (or logic)
SET error mechanism has changed little since these first
investigations: (1) the single event must generate a sustainable
voltage transient that propagates out of the affected gate and into
a logic signal path – this propagating transient signal became
known as a digital single event transient or DSET (the
complement of this occurrence is electrical masking – the timedomain filtering of propagating transients) [106, 107], (2) the
transient signal must find an open propagation path through
active combinational logic paths to a latch or register (the
complement of this occurrence is logical masking – the
termination of a DSET because of a blocked Boolean path due
to the transient system state) [108], (3) the transient must arrive
at a latch element and meet the setup and hold characteristics (or
the SET window of vulnerability [109]) of the latch (the
complement of this occurrence is temporal masking – the failure
of the asynchronous DSET pulse to trigger the latch) [110], and
(4) once latched, the fault must impact the operation of the
digital state machine in some way (i.e. not be overwritten by a
subsequent state change or be ignored by a branch operation,
called operational masking) [111].
Because of the temporal, logical, and spatial separation of the
originating SET and the digital response of a complex state
machine, direct mapping of DSETs to the effect in complex
digital systems is often elusive – modeling plays a key role in
this area of study.
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B. DSET Modeling
The phenomenon of DSETs, as described in the previous
section, can be segmented into three fundamental operations: (1)
local generation or origination of the pulse, (2) propagation of
the pulse, and (3) capture of the pulse at a storage element. As
such, the models for DSETs can be broadly categorized along
these same lines of classification.
1) Pulse generation:
The earliest models of single event pulse generation in CMOS
grew out of the work of Messenger [112] describing single event
charge collection at a node as a superposition of two
semiconductor physical mechanisms: drift in the vicinity of
depletion regions and diffusion elsewhere.
From this
understanding came the classic “double exponential” analytical
representation of a single event induced nodal current, as shown
in the stand-alone transistor of Fig. 3. The integration of this
current at a capacitive node maps the current to a voltage
transient, and an eventual SET pulse. This model for single event
transient current became the workhorse representation for most
modeling, both analytical and circuit simulation, for decades.
Currently, the double exponential model is falling out of favour,
for reasons described elsewhere in this paper; but this simple
analytical model has been a ubiquitous part of SET modeling.
DSET voltage pulse formation is a two-step process: (1) the
leading edge of the pulse resulting from the direct charge
collection process at the node, as might be modeled as the
“double exponential” current explained above and (2) the
trailing edge is a result of circuit relaxation, normally due to
charge resupply through a load path. In the digital technologies
of the 1980’s and 90’s these two events occurred with distinct
time constants. As technologies moved into the deep submicron
regime with sub-nanosecond internal response times, it was
recognized that these two events – charge collection and charge
resupply – could occur with similar time constants, or even
simultaneously [56].
Models necessarily became more
sophisticated to address these complexities.
Highly-accurate physics-based modeling of single event pulse
generation at the CMOS device level was introduced early in the
1980’s through the use of finite-element numerical solutions of
Maxwell’s equations and Boltzmann’s transport equations for
semiconductors. Two-dimensional finite-element modeling at
Sandia National Laboratories and elsewhere [e.g. 113, 114] was
instrumental in uncovering the microstructure of the single event
charge collection pulse. However, it was not until the mid1990’s that computational power was sufficiently robust to
allow the widespread application of 3-d finite-element modeling
to the simulation of single event current transients. The
emergence of Technology Computer Aided Design (TCAD) as
an accepted surrogate for actual device fundamentals [115]
quickly found application in the simulation of SET charge
collection and pulse formation.
However, single-device simulations of SETs exhibited very
limited applicability as technology nodes scaled to deep
submicron dimensions because the charge collection response
was found to be concurrently modulated by the restoring circuit
response, as shown in Fig. 3. In the 2000’s, mixed-mode

modeling became an indispensable tool for the analysis of SET
generation [116, 117, 118], as shown in Fig. 25. This modeling
approach combines the physical accuracy of finite-element
Boltzmann transport solutions of charge movement within a
device (i.e. TCAD) with the efficiency of compact device
models and nodal admittance matrix solutions of the currents
and voltages in the surrounding circuitry (i.e. SPICE-like
ECAD/EDA simulation engines).

Fig. 25: Mixed-mode representation of DSET originating at a node via
finite-element modeling and propagating via compact models [117].

In particular, physical mixed-mode modeling has revealed the
important “plateau” effect in DSET charge collection [116], as
shown in Fig. 26. This phenomenon has been attributed to the
collapse of potential at the struck junction and a subsequent
balance of charge collection current and resupply current from
the restoring device. This effect has been shown to be critically
important to the DSET pulse widths in sub-100-nm technologies
[119].

Fig. 26: SET current plateau effect common in sub-100-nm
technologies [118].

Full 3-dimensional physical models, nor mixed-mode models,
are conducive to the incorporation of DSET analyses into
ECAD/EDA circuit design flows. Integrated circuit designers
work at the circuit topology level (or higher) and usually desire
behavioural abstractions at the device terminals in lieu of
detailed physical simulations of carrier motion or field
perturbations. Therefore, as DSET effects moved into the
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mainstream during the 2000’s, so too did the need for efficient
compact models capable of simulating the effect at the
ECAD/EDA level. At the time, and based on a wealth of
research on the attributes of DSETs, it was clear that the simple
double-exponential current source was woefully inadequate for
comprehensive DSET analysis at the circuit level.
In 2007, Mavis and Eaton presented a DSET compact model
that accounted for field collapse during the charge collection
process and the resultant delay of the node voltage recovery
[119]. This model reproduced the SET charge collection
“plateau” effect described above, and was used by the authors to
explain very broad DSET pulses experimentally observed in
scaled technologies [35]. The model was implemented in
standard SPICE dependent-source primitives, which were
parameterized, calibrated, and programmed for each technology.
A DSET compact model based on Verilog-AMS behavioural
modeling of the charge collection physics was introduced by
Kauppila et al. in 2009 [118]. This model was incorporated into
the BSIM4 MOS model common to EDA design flows and
utilized a single calibration parameter related to the lifetime of
carriers in the target technology.
2) Pulse propagation:
The second DSET operation is propagation through a data
path. Propagating DSETs has been modeled in a variety of
ways, from analytical to mixed-mode to compact circuit
simulations with sophisticated ECAD tools.
Analytical models for pulse propagation based on simple
representations of “nodes” and data “pipes” were presented by
Diehl et al. in 1984 [8]. This foundational work developed the
distribution of vulnerability thresholds derived from knowledge
of the attributes of common circuit primitives across a complex
system. As such, the error sensitivity of the comprehensive
system could be calculated. It is also likely that this work was
the first formal discussion of logical masking, although the name
did not appear until many years later. Subsequent analysis by
Kaul et al. [19] demonstrated that estimates of SET propagation
and resultant pulse waveforms could be modeled by independent
gate-by-gate closed form solutions of the first-order MOS
constitutive equations combined to form a simulated data path.
In the mid-2000’s, several analytical models for SET pulse
propagation through a data path were developed. In 2005, Wirth
et al. [120] presented a method to estimate digital pulse (rail-torail) propagation from gate to gate similar to common digital
timing analysis. A direct closed-form model for SET pulse
propagation that could account for loading along the data path
(i.e. fan-out) as well as waveform modulation (amplification and
attenuation) was presented in 2005 [121]. This method utilized
the double exponential model for charge collection (e.g. the
leading pulse edge) but simplified the circuit restoring current
(e.g. the trailing pulse edge) using the method of logical effort
via a linear RC time constant for each gate/load. The resulting
partial differential equation describing the propagating SET
waveform was linear and shown to be solvable in closed form.
In 2008, Massengill and Tuinenga analytically derived the
conditions for SET pulse propagation, attenuation (electrical
masking), and broadening in inverter cascades [44]. This model

was based on the design-independent intrinsic time constant of
an inverter in a particular technology, τ, given by:
CI
τ=
KVDD
where K is the driving (either pull-up or pull-down) MOS
transconductance, VDD is the supply voltage, and CI represents
the internal inverter capacitive loading.
From this analysis, the conditions for unhindered rail-to-rail
DSET propagation (the complement to attenuation or electrical
masking) were given as:
1) the slowest of the rise or fall time constants of the originating
SET voltage transient is faster than the corresponding
characteristic rise (τR) or fall (τF) time of the inverter, and
2) the pulse width of the originating SET voltage pulse,
measured at the unity transfer voltage (VI) is greater than τR+τF,
where τR and τF are related to the design-independent intrinsic
inverter time constant (τ), through characteristic curves derived
from the known overdrive of the pull-up and pull-down paths
and data path capacitive loading, as described in [44]. Fig. 27
shows an example of a DSET pulse that does not meet the
Massengill criteria and suffers electrical masking (top) and a
DSET pulse that does meet the criteria and propagates
unhindered (bottom).

Fig. 27: Examples of a DSET pulses that (a) do not meet pulse width
criteria of [44] and are electrically masked and (b) do meet criteria.

The authors noted a revealing by-product of the theory: for a
regular data path, such as a cascade of like gates, the propensity
for a DSET to propagate, or to be electrically masked, is known
a priori at the point of origination, based solely on the criteria
listed above. Extensive point-to-point simulations are not
required to evaluate electrical masking for regular cascades, and
approximate electrical masking derating factors can be
determined for realistic data paths if average loading and drive
is considered.
Another case of DSET pulse propagation presented in the
Massengill/Tuinenga work was a DSET pulse with a slower
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rise/fall time than the characteristic time constant of the
downstream inverter. Under these conditions, the inverter
output time constant is modulated by the input time constant,
and the output edge has a delay characteristic dependent on the
input edge and given in the reference. Under certain conditions
of drive/loading asymmetry, this delay of the output edge
relative to the input edge can lead to an output pulse that is wider
(or "broader") than the input. This work provided an analytical
explanation to the ‘single event pulse broadening’ phenomenon
experimentally observed in scaled CMOS and described in
Section III-B
With the advent of desktop multi-core high-performance
computing, detailed nonlinear analysis of the propagation of
SET pulses in realistic data paths became possible. Mixed mode
simulations allowed the effects of electrical masking to be
studied in great detail. In 2007, Turowski et al. studied pulse
propagation in 180-nm CMOS using a detailed 3-dimensional
device model for the struck device coupled with a compactmodel inverter string to simulate the propagating data path
[117], as shown in Fig. 25. This study demonstrated a
modulation of the propagating pulse by the surrounding circuitry
and a decoupling of the charge collection waveform shape at the
struck node from the observed DSET waveform in the logic (an
effect predicted by the analytical models described above). In
that same year, Narasimhan et al. used a similar mixed-mode
simulation arrangement for 130-nm and 90-nm CMOS
technologies to address scaling trends, as well as the effect of
structural geometries (e.g. placement of layout features) on
DSET pulse characteristics [79].
Due to Moore’s Law geometrical scaling of CMOS
technologies, several groups discovered that even single-device
mixed-mode simulation was not adequate to describe the
structural coupling seen in sub-100-nm technologies. Full 3dimensional finite element simulation of several proximal
devices became necessary to capture the important mechanisms
impacting DSET pulse propagation. Amusan et al. presented
single event charge sharing in 2006 using 3-d modeling of 130nm devices [122]. This important charge collection effect was
later shown to have significant impact on DSET pulse formation
and propagation for highly-scaled topologies. For example,
charge sharing is the underlying mechanism for pulse quenching
(Section III-C), and it can be exploited to enhance electrical
masking as a mitigation scheme (Section V-B).
Compact modeling has been effectively used to analyse
DSET propagation in isolated critical data paths. However, the
method is not scalable to complex digital ASICs containing
millions of gates and possible paths, complicated by logical
masking. Fig. 28 shows an example of logical masking in a
simple combinational logic circuit. SPICE-like simulations of
all possible masking combinations is not feasible.

Fig. 28: Example of DSET logical masking.

Switch-level and/or logic-level simulation techniques
adequately span this realm. The use of high-level functional
simulations to assess DSET activity and vulnerabilities, in
particular the effects of logic depth on electrical masking and
logic topology on logical masking, found favour in the 2000’s.
Massengill et al. [30, 31] presented a simulation technique for
DSET errors based on the multi-step process first described by
𝑆𝑆𝑆𝑆
that the single event hit
Diehl et al. [4]. The probability 𝑃𝑃𝐶𝐶,𝑁𝑁
occurs at node N and causes a soft fault in the circuit in the clock
cycle C, is given by [31]:
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝑆𝑆𝑆𝑆
𝑃𝑃𝐶𝐶,𝑁𝑁
= 𝑃𝑃𝑁𝑁𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 ∙ 𝐷𝐷𝐶𝐶,𝑁𝑁,𝐿𝐿 ∙ 𝑃𝑃𝑁𝑁,𝐿𝐿∗

where

𝑃𝑃𝑁𝑁𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 is the probability given a single event strike
depositing Qcoll at a random location, that node N will generate
an output perturbation above the logic noise margin and thus
produce an erroneous logic signal (not electrically masked),
Prop

DC,N,L is a deterministic measure that, given an erroneous
signal originating at node N during clock cycle C, the signal will
propagate to a latch L (not logically masked), and
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆

𝑃𝑃𝑁𝑁,𝐿𝐿
is the probability that a randomly arriving logic
signal along an active path from N to L will corrupt the latch L
(not temporally masked) and L* is the latch for which
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
𝑃𝑃𝑁𝑁,𝐿𝐿
is a maximum among multiple active paths from N to
multiple latches.

In this work [31], a probabilistic model was implemented for
the SET origination based on known characteristics of each gate
primitive, vulnerable node ranking was performed based on
internal drive/capacitance and gate loading, and the logical
masking was modeled deterministically using a VHDL
description of the functional logic and a representative state
vector code set. Finally, a probabilistic model was used for the
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downstream DSET capture at a latch. This method was
conducive to a Monte Carlo exercise for very large systems and
code sets.
In 2005, Gill et al. [123] introduced a variant on timing
simulation that utilized lookup tables for the SET sensitivity of
each gate to quantify electrical masking and an automated test
pattern generation technique to quantify logical masking.
More recently, many papers have begun appearing that
implement various logical simulation techniques for DSETs in
combinational logic (see, for example, [124, 125, 126]).
3) Pulse Capture:
From the earliest studies of SET effects in combinational
logic, it was recognized that the ultimate consequence, or lack
thereof, of an SET is the capture at a latch of the erroneous data
[8, 9, 105, 108]. Otherwise, the propagating pulse is merely a
curiosity for academic study. Pulse capture at a latch depends
on two interrelated parameters: the pulse width of the arriving
DSET pulse and the dynamic setup/hold latching requirements
of the latch - the so-called latching window [108]. This
combination of dynamic conditions leads to the SET window of
vulnerability [109], as shown in Fig. 29 [33].
Seifert explained in [109] the dependence of combinational
logic DSET rates on clocking frequency as a decrease in the
window of vulnerability. Further, in 2002 Seifert et al. modeled
the temporal characteristics of latch vulnerabilities using circuit
simulations and observed a non-uniform sensitivity to the DSET
pulse relative to the latch clock edge, as shown in Fig. 30 [127].
This result initiated the concept of a dynamic window of
vulnerability, which complicates DSET modeling that is based
on pulse width only. These, and subsequent, modeling efforts
on dynamic latch capture characteristics have helped explain
contradictory measured results on the relationship of DSET
pulse width and clocking frequency to observed error rates with
technology scaling.

Fig. 29: DSET latching window of vulnerability [33].

Fig. 30: Simulated critical charge of latch designs relative to the clock
edges (dynamic window of vulnerability) in the dynamic pass-gate
(21164) latch and static edge-triggered (21264) latch in DEC Alpha
microprocessor core logic [127].

C. Mitigation
SET mitigation has been a challenging endeavour for the
reliability community because of the inherently asynchronous
and often analog nature of a DSET pulse. However, these two
characteristics also represent attributes to be exploited for
mitigation. As is the case in static SEU/SER mitigation, most of
the SET hardening approaches directly counter desirable
attributes such as high speed, low power, and minimal layout
area.
Over the years, DSET hardening has developed in two
functional areas: temporal mitigation and spatial mitigation.
Further, these operations have been applied at all of the regimes
discussed above: SET origination at a struck node, propagation
along a data path, and capture at a latch.
1) At the point of SET origin:
The most direct approach to minimizing an SET at the point
of origin is to limit the fundamental charge collection process.
This can be thought of as reducing the rising edge of the nodal
current waveform described in Section V-B, and thus the
magnitude of the SET voltage pulse.
Modification of the technology process, or RadiationHardening By Process (RHBP), involves material and/or
structural changes in the front-end-of-line flow in an effort to
limit single event charge collection. Epitaxial active layers,
triple-well fabrication, heavily-doped blocking layers, siliconon-insulator, and other process features that confine or limit
charge collection, such as the Mavis/Eaton design shown in
Fig. 31 [119], have been shown to be effective SET mitigators.
Limited charge collection through process hardening directly
translates to SET pulses with reduced voltage amplitude
(enhanced electrical masking) and reduced pulse widths (more
effective temporal masking) over unhardened counterparts.
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compensating for the falling edge tail of the nodal current
waveform described in Section V-B, and thus reducing the pulse
width of the SET voltage pulse.
Large device sizes have a large on-state drive current that
efficiently dissipates deposited charge. As explained earlier for
example in Fig. 4, such designs are inherently less sensitive to
SET effects. In addition, large device sizes possess large nodal
capacitances providing inherent waveform filtering. As a result,
device sizing for current drive (i.e. switching speed
performance) is an obvious SET mitigation technique.
However, there exists a trade-off – as circuits become faster with
performance scaling, shorter SET transients become relevant to
potential failure, as discussed in Section V-D.

Fig. 31: Charge diversion during a single event strike using process
modification [119].

Fig. 32: Use of high-density well contacts (HDWC) and guard bands
(HDWC + guard band) to limit charge collection and DSET pulse
widths in a 130-nm CMOS technology (top). Simulated DSET voltage
pulse width reduction for each case (bottom). [79].

Layout hardening has been applied specifically to DSET
mitigation. The use of high-density well contacts [75] and
biased guard bands [79] to sink excess charge away from critical
nodes has been shown to significantly affect SET properties, as
shown in Fig. 32. A recent layout hardening technique presented
by Atkinson et al. [128] exploits the natural pulse quenching
phenomenon to limit pulse origination at the source gate.
Another method of point-of-origin mitigation is to increase
device sizing in order to decrease the circuit relaxation time after
the single event, i.e. increase the charge resupply current to
hasten recovery to equilibrium. This can be thought of as

2) Along the data path:
Enhancement of electrical masking (i.e. en-route filtering of
DSET pulses) as a hardening strategy runs so extremely counter
to speed requirements that there has not been widespread
acceptance of this strategy for DSETs control. Yet one such
method was proposed in 2008 by Zhou et al. [129] for the
selective and targeted insertion of transient filtering elements
into critical data paths.
However, several local filtering (electrical masking at the
originating node) techniques have appeared. In 2004, Zhou et
al. [130] presented a method of targeted hardening of critical
nodes in terms of capacitance and/or drive to limit the SET
response. Through selective choice of nodes with the greatest
impact on overall system DSET error rates, the authors verified
reduced errors with minimal impact to overhead in 180nm and
130-nm technologies. Likewise, Srinivasan et al. [131] used the
critical node ranking procedures of [30] to selectively harden,
through nodal filtering, the most critical nodes in combinational
data paths to achieve overall system hardness improvements.
The most common DSET data path hardening strategy has
been redundancy – either physical or logical. Exploitation of the
asymmetry of logical masking allows selective redundancy to be
implemented.
In 2003, Mohanram et al. [132] proposed
techniques to target gate redundancy to the combinational logic
nodes with the highest error susceptibility. Likewise, Nieuwland
et al. [133], Almukhaizim et al. [134], and Pagliarini et al. [135]
all implemented methodologies to install targeted redundancy
(either physical or logical) in the most critical combinational
logic data paths affecting a system.
3) At the latch:
The most prolific DSET hardening strategy has been
implemented at the capturing latch; the philosophy being that an
SET pulse that is not captured is irrelevant, regardless of the
characteristics of the pulse.
Mavis and Eaton presented temporal sampling as a DSET
hardening technique in 2002 [33]. This popular technique
exploits the disparity between the temporal characteristics of the
DSET pulse (in particular the voltage pulse width) and the
temporal characteristics of legitimate data signals in order to
filter or block the former without adversely affecting the latter.
Fig. 33 shows the basic topology of temporal sampling. Only
legitimate signals of sufficient pulse length appear
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simultaneously at all three DFFs and are voted through the
temporal latch. Any signal (DSET) that has a pulse width
shorter than the tuneable delay will excite only one of the DFFs
and be corrected by the majority.
In 2003, Mongkolkachit et al. [136] proposed a method of
combined temporal filtering (after Mavis) with spatial
redundancy to block DSETs of duration shorter than the
expected synchronous digital signals. Further refinements in
2005 by Balasubramanian et al. [137] of this technique, as
shown in Fig. 34, led to the name “SET guard gates.” Similar
temporal/spatial redundancy techniques have been implemented
by Nicolaidis [138]. Guard gating DSET hardening techniques
have been integrated into static SEU-hardened latch designs,
such as the DF-DICE design of Naseer et al. [139]. Full spatial
redundancy has also been implemented for DSET mitigation.
For example, self-voting dual-modular-redundancy techniques
for DSET mitigation were introduced in 2008 by Teifel [140].

Fig. 33: The temporal sampling latch for DSET mitigation [33].

Fig. 34: Guard-gate latch for DSET mitigation [137].

VI. SCALING AND FUTURE TRENDS
From the earliest publications in the 1980’s on single event
transient effects in CMOS logic, the effect of technology scaling
on the severity of DSETs in functional circuitry has been
vigorously debated. Some authors argued that DSET severity
would diminish with dimensional scaling, as cross-sectional
areas of combinational logic nodes vulnerable to the single event
radiation decreased. Others argued that the scaled voltages,
capacitances, and drive associated with technology scaling

would increase the role of DSETs in overall soft error reliability.
Still others predicted that increased clocking frequencies would
cause DSETs to dramatically overtake all other soft error
mechanisms in advanced digital systems.
Early data on DSETs showed a linear correlation with
clocking frequency as presented by Buchner et al. [21] and
shown in Fig. 35. The cause of this observed increase in DSETs,
at that technology node, was simply the increase in the rate of
clock edges afforded the random DSET distribution. Since the
window of vulnerability for the edge-triggered latches was
confined to the temporal vicinity of the leading clock edge, more
frequent clock edges mapped directly to a higher DSET rate,
leading to the iconic sequential to combinational error rate
transition figure shown in Fig. 1.

Fig. 35: Experimental error rate in a circa 1997 0.7um CMOS test
structure consisting of a chain of single inverters. Also shown is a linear
fit, as predicted by a simple rate increase of clock edges. [21].

Also observed in early DSET data was a significant increase
in DSET pulse widths with technology scaling [40]. This was
attributed to the reduction in nominal operating voltage.
However, Dodd et al. observed inconclusive scaling trends for
bulk CMOS in the 250-nm to 100-nm technology span and a
clear scaling trend toward shorter DSET pulses in SOI CMOS
over the same range, attributed to geometrical scaling of
collection volumes [17].
The combination of the two scaling effects just mentioned –
higher clocking frequencies and larger DSET pulse widths
would seem to imply a super-linear increase in DSET errors
relative to static SEU/SER errors with technology scaling.
However, in 2002, Shivakumar et al. [141] predicted the effect
of technology scaling on the soft error rates in SRAMs, latches,
and combinational logic of various pipelined depths using
SPICE modeling as shown in Fig. 36. Shivakumar predicted
that errors due to combination logic DSETs would increase with
scaling, but the trend was sublinear with indications of a
saturation effect tied to the nodal critical charge.
More recently, experimental data on a 40-nm bulk CMOS
technology showed a steady rise in SET-induced errors with
operational frequency, as shown in Fig. 37 [142]. This work
clearly demonstrated that clock frequency is not the only
determining factor for DSET scaling – in this case, the logical
masking significantly impacted the slope of the logic frequency
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response and the projected transition frequency from flip-flop
(sequential) to logic (combinational) dominance of the DSET
error rate. Further work by Nakamura et al. [143], shown in
Fig. 38, has indicated a decrease in error rates due to DSETs in
40-nm relative to 90-nm CMOS.

logic. Thus, Moore’s law scaling reduces electrical masking –
as circuits become faster, a higher percentage of single event
generated transients meet the requirements for infinite
propagation. Natural electrical masking cannot be assumed for
modern Si CMOS designs [145].

Fig. 38: SET rates for 90-nm and 40-nm inverter chain test structures
of Nakamura [143].
Fig. 36: Simulated scaling of SRAM, latch, and combinational logic
circuits of various pipeline depths as a function of technology
generation. [141].

Fig. 37: Flip-flop and logic DSET cross-sections for test chains in a 40nm bulk CMOS technology. [142].

Fig. 39: ITRS scaling of core voltage (VDD) and effective NMOS gate
capacitance normalized to device width at year of introduction for high
performance ASIC technologies. The derived single-transition NMOS
switching energy normalized to gate width is shown in the bottom
curve. [145].

It is clear that DSET scaling is more complex than simply a
faster clock. Technology scaling imposes reductions in core
voltage, capacitance, noise margins, and, in turn, the switching
energy associated with the circuit logic functions. Scaling also
limits the spatial charge collection volumes associated with each
node with a concomitant reduction in DSETs, as observed by
Seifert et al. in 22-nm tri-gate devices [144].
In terms of electrical masking, SETs with very narrow pulse
widths (i.e., short transients) relative to the characteristic time
constant of the logic tend to be filtered (attenuated) along the
data path by the finite response time of subsequent logic gates,
while long pulses can propagate unattenuated deep into the

In terms of logical masking, the effects of technology scaling
are minimal. There are more potential combinational logic paths
in scaled platforms with scaling, and as such more chances for
DSET propagation. But the results of logical masking are so
intimately entwined with the function of the circuit, the
particular dynamic operation at the time of exposure and the
stochastic nature of the state machine, that it is difficult to draw
direct parallels between logical masking trends and the
technology platform.
In terms of temporal masking, the CMOS technology node
clearly has a direct and demonstrable impact. Switching energy
scaling, as shown in Fig. 39, allows increased clock frequencies
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with each technology node. Scaled clock frequencies implies
increasing clock transitions per unit time, and since SET
latching is tied to the window of vulnerability associated with
each edge trigger, increasing edge frequency has the potential to
increase SET latching (to first order), as previously described.
However, the relationship of switching energy scaling with
SET latching also includes effects on the window of
vulnerability itself (as opposed to simply the ratio of a fixed
window of vulnerability to a shrinking clock period) and pulse
shaping effects (as opposed to a fixed SET pulse width). Energy
scaled circuits tend to possess more responsive latch front-ends,
with reduced setup and hold times over older counterparts – a
counter influence on DSET fault scaling with frequency scaling.
The literature has also shown that energy scaling enhances the
propensity for circuits to successfully propagate DSET pulses to
latch elements – a compounding influence on DSET fault
scaling with frequency scaling. The resultant impact of CMOS
technology scaling on DSET temporal masking is not
straightforward, with the literature demonstrating non-linear
relationships between technology node, clock frequency, and
DSET combinational logic faults [145].
It is clear that energy scaling has exacerbated digital SET
effects. Single event transients propagate freely in modern
CMOS digital circuits and, in many cases, are indistinguishable
from legitimate signals. Mitigation techniques based on
discrimination, such as temporal filtering and guard gating lose
effectiveness under these conditions. However, dimensional
scaling has limited the severity of DSET mechanisms through
charge collection control and enhanced some DSET hardening
techniques, such as quenching and redundancy. Conflicting
influences on single event transients with scaling has created
dynamic sensitivities that are difficult to generalize. At the time
of this publication, the only definitive finding in the literature on
SET dominance is that DSETs have not yet overtaken static
SEU/SER failure rates [145].
VII. CONCLUSION
This review on digital single event transients (DSETs) in logic
circuits has discussed the particular place of this radiation
phenomenon among the family of radiation effects. DSETs have
been predicted and diagnosed in circuits since the 1980’s. Early
literature considered SETs as exotic events compared to the
more common single event upsets (SEUs) in memories. It was
not until the mid-90’s, with the emergence of fast circuits based
on III-V technologies, and later in the 2000’s with sub-0.25µm
CMOS silicon technologies, that DSETs became a pressing
issue for designers and manufacturers of complex circuits.
In this paper, we have reviewed the basic mechanisms of SET
generation and propagation, broadening, and quenching, with
the influence of total ionizing dose, temperature, and device
structure. SETs are heavily modulated by the circuitry into
which they are introduced, both at the point of origination and
as they propagate through downstream logic. The literature
shows that the mechanisms contributing to SETs are a complex
blend of charge transport physics, three-dimensional device
structure, circuit relaxation, and design topology.

We also reviewed the SET measurement techniques
commonly employed in the community to characterize the
attributes of SET waveforms in CMOS. Various measurement
techniques have been employed in the community for SETs,
both on- and off-chip. Measurements have primarily addressed
the SET voltage pulse width. Experimental characterization of
the microstructure of SET pulses is currently an on-going area
of investigation.
We reviewed the phenomenon, modeling, and mitigation of
SETs in complex digital circuits. The difficulty in empirically
assessing the temporal structure of SETs and the sensitivity of
complex digital circuitry to SETs has justified intricate
modeling analysis efforts with both mixed-mode functional and
full three-dimensional finite element techniques.
Finally, we discussed the effects of Moore’s Law integrated
circuit scaling on the emergence of digital SETs as an important
reliability consideration at modern technology nodes. The
literature shows that SETs are bolstered by switching energy
downscaling. However, even though a trend toward the
increased propensity of DSET origination and propagation in
complex ICs has been observed with downscaling, the
extrapolation to impact on future technologies has proved
difficult for the community due to many divergent trends
contributing to DSET sensitivity.
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