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Abstract—For robust systems, it is important to mitigate radia-
tion effect in early stages to reduce the design cost. Traditionally,
a double-exponential current source is widely used to model the
transient fault for analyzing the radiation effects. However, in
light of complicating effects in the advanced technologies, such
approach is no longer sufficient to estimate transient faults and
may lead to inaccurate results. Therefore, we propose a fast-
yet-accurate approach to model the radiation-induced transient
fault, meanwhile considering the interaction between its transient
current and transient voltage. Experimental results show that
the proposed method can achieve 10°X speedup with an average
accuracy loss of only 2.6% compared to the 3D mixed-mode
TCAD simulation. Moreover, variation sources also become big
issues with the progressing technology nodes and thus the
proposed method is then extended to incorporate these variations
during transient-fault analysis. As a result, sensitivity analysis
that covers voltage, gate-length and device-width variations can
be performed fast and accurately in our method.

I. INTRODUCTION

The continued scaling of technology has produced more
benefits for integrated circuit (IC) designs but has also de-
graded circuit reliability. The decrease in reliability can lead to
system failures, and also creates more challenges when design-
ing a robust system. Especially for safety applications (e.g.,
automotive, cloud, biomedical, military and etc.), achieving
high reliability is always the first priority while performance
is the second or after. Recently, soft errors have been emerged
to be the dominant factor in the reliability degradation. A soft
error is a transient fault induced by a radiation particle striking
a device and later latched by a state-holding element. This type
of errors will change the state of the design and may cause
system failures.

There have been many research efforts investigating
radiation-induced soft errors. In [1], the authors explored the
charge collection mechanism and studied the impact of an
angled ion strike using 3D technology computer aided design
(TCAD) simulations. The authors in [2] measured the transient
current in an nMOS/SOI transistor induced by heavy ions. The
radiation effects for more advanced technological processes,
such as FiInFET and FDSOI, were presented in [3] and [4],
respectively. However, all of the works mentioned above used
TCAD simulation at the device level to meticulously analyze
the radiation effect, resulting in prohibitively long computation
time.

To design a robust system, it is important to mitigate soft
errors in the early stages of the design flow to reduce cost.
Therefore, an alternative fast soft-error-rate (SER) estimation
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Fig. 1. (a) An example of the collected current and output voltage after a
particle strikes the nMOS of the inverter. (b) Drain voltage impact on the
collected current.

solution is desired, not an exhaustive TCAD simulation.
Hence, an approximate exponential current source was first
used in [5] to model the radiation-induced transient fault at the
circuit level to improve efficiency of the SER analysis. This
current source is injected into each cell of the design and then a
SPICE simulation is performed to generate a transient voltage
pulse. However, such approach is still time-consuming because
it requires a large number of SPICE simulations for large
circuit designs. Several approaches, later, were proposed to
avoid the SPICE simulations by constructing look-up tables [6]
or deriving analytic equations [7] based on the current source
model. However, it is has yet to be determined whether this
model is sufficient for accurately estimating radiation-induced
transient faults in the era of more advanced technologies.
For example, consider the diagram in Fig. 1 (a). An inverter
from the 45-nm technology node was implemented in a 3D
mixed-mode simulation in which the nMOS (struck by a
radiation particle) was modeled in the 3D device domain
and the pMOS was modeled using a SPICE model. The
results show that the collected current does not the exponential
current waveform at all, which may result in an inaccurate
estimation in advanced technologies. The same phenomenon
is also noted in [8]. Another issue is that the current source
model is a static model that is independent of the voltage of
the sensitive node. However, different voltages in the sensitive
node (i.e., the drain for the nMOS) produce electric fields
with different strengths in the p-n junction and thus result
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in different collected currents, as is shown in Fig. 1 (b).
As a result, the collected current when the drain voltage is
0 v is entirely different from the current that is collected
when the drain voltage is 1 v. In other words, the voltage
of the sensitive node should be considered dynamically to
ensure that the transient current estimation is accurate. In
summary, the double-exponential current source may not be
sufficient enough to describe radiation-induced transient faults
in advanced technologies.

After understanding that the traditional double-exponential
current model is no longer sufficient for advanced technolo-
gies, this work proposes a new fast-yet-accurate transient fault
modelling method that can be used in the early stages of
the design flow to reduce cost for the SER analysis. This
modelling method, considering the interaction between the
transient current and transient voltage, is done by a numerical
method and a pre-built model that is assembled from a
small number of device and circuit simulations to improve
the accuracy of estimation. Note that the device and the
circuit simulations are not required after the model is built.
In recent years, the sources of variation, including process,
voltage and temperature (PVT), have become a concerning
issue with the advancing of the technology nodes. Hence, the
proposed method also incorporates these sources to consider
the variation effect and sensitivity of the transient-current
estimation.

The remainder of this paper is organized as follows: Section
II introduces the background of the radiation effect and the
double-exponential current source model. The proposed fast-
yet-accurate transient fault modelling method is elaborated in
Section III. Experimental results on the model accuracy and
variation analysis are presented in Section IV. Finally, Section
V concludes this paper.

II. BACKGROUND, REVIEW AND MOTIVATION
A. Generation of Radiation-Induced Transient Faults

The physical mechanisms for the generation of a radiation-
induced transient fault can be described in two steps: charge
deposition and charge collection [9] [10]. Charge deposition
is the phenomenon in which a particle releases a charge by
direct or indirect ionization when it strikes a semiconductor
device. In direct ionization, the particle generates electron-
hole pairs along its trajectory and deposits the charge itself.
Indirect ionization is when the incident particle does not
directly release the charge itself. Instead, the incident particle
interacts with the device, resulting in a nuclear reaction that
produces secondary particles that deposit the charge. Heavy
ions and alpha particles primarily deposit charge by direct
ionization, and protons and neutrons tend to deposit their
charge by indirect ionization.

After the charge is deposited, the deposited charge is
collected by charge-collection mechanisms [9]-[11]. Consider
the nMOS transistor as an example. In this transistor, the
drain-bulk junction is a reverse-biased p/n junction with a
strong electric field in the depletion region. When a particle
enters the device, it collapses the original deletion region and
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Fig. 2. Current source model of a particle strike at a circuit node.

distorts it along its trajectory, which has been referred to
as a “funnelling effect” [11]. The deposited charge can be
efficiently collected using the extending junction electric field
and the drift process. Once the depletion region has recovered
to its original width, the charge diffuses to the depletion region
through the diffusion process. This collection mechanism is
called the drifi-diffusion collection mechanism. Both the drift
process and the diffusion process exist in the heavily doped
substrate, but there is only the drift process in the lightly doped
substrate [12]. Note that there are also two other collection
mechanisms—bipolar effect and alpha-particle source-drain
penetration (ALPEN)—for collecting the deposited charge.
More details about these two collection mechanisms can be
found in [9], [10].

B. Current Source Model

Traditionally, the radiation-induced transient fault is mod-
eled as a double-exponential current source at the circuit level
[5], [13]. This current source is injected into the output node
of a cell in the design and is then simulated in SPICE to
determine the radiation effect as shown in Fig. 2. The double-
exponential current source can be described as follows:
Qe x (e 7 — e‘%)

Ta — T8

(1)

where (). is the total amount of collected charge and 7,
and 7g are both process-related factors that correspond to
the collection time constant and the ion track establishment
constant, respectively.

Generally, the double-exponential pulse can describe tran-
sient faults accurately in older technologies (e.g., lightly doped
substrate). However, the technology scaling has created several
drawbacks to the model:

1) The collected current is not an exact exponential pulse
as shown in Fig. 1 (a). As described in Sec. II-A,
both drift and diffusion processes exist in heavily doped
substrates (for advanced technologies), which results in
the collection of more charge.

2) It is difficult to determine the global process-related
factors, 7, and 75. The collected charge and 7, and
73 will change based on different conditions such as
the particle’s energy, position, etc. Determining global
values for 7, and 73 for accurately estimating the
transient faults under different conditions is not easy to
achieve.
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3) The exponential model is a static model that is inde-
pendent of the voltage of the sensitive node (i.e., the
drain node of the nMOS). As described in Sec. II-A, the
electric field of the p/n junction affects the efficiency of
the charge collection procedure. For example, a higher
drain voltage (i.e., stronger electric field) results in more
collected charge as shown in Fig. 1 (b).

In summary, the double-exponential pulse is not sufficient to
describe a radiation-induced transient fault. Another modelling
method is necessary to ensure the accuracy and efficiency of
the transient current analysis.

III. PROPOSED TRANSIENT FAULT MODELLING METHOD
A. Proposed Method

As described in Sec. II, the transient voltage influences
the collected currents according to the electric field of this
transient voltage. This collected currents then charge/discharge
the output loading and thus affect the transient voltage. Hence,
for estimating the transient fault accurately, the interaction
between transient current and transient voltage should be con-
sidered. The basic idea of proposed method is demonstrated
in Fig 3. In this circuit, the cell is a simple inverter in which
the input voltage is set to 0 v and the particle strikes in the
drain of the nMOS. According to Kirchhoff’s Current Law
(KCL), the sum of all of the currents entering and exiting a
node must equal zero. Hence, equations describing the current
at node out of this inverter can be expressed as

L+ I.4+1,=0 ©)

)

where I, represents the drain current of the pMOS and I,
is the total drain current of the nMOS, including the drain
current of the nMOS I,, and the radiation-induced transient
current [, 4. I. indicates the load capacitance charge current
which is given by

]s - In + ITad

d‘/out
I =C—= “4)
where C' is the output loading of the inverter and V.,
represents the voltage at node out.
Combining Eq. 2, Eq. 3 and Eq. 4, we have
dVout
7 &)
We then apply the finite difference method to solve the
differential equation (Eq. 5):

Ip+In+Irad+C :O

i+l s
Ip + In + Irad + CH =0 (6)

where ¢ —¢? is a sufficiently small time step. I,, and I, are
both a function of V¢, and I,,4 is dependent on both V,;
and time. Because the built-in potential of a silicon diode is
approximately 0.7 V, the maximum and minimum values of
Vout are VDD 4 0.7v and GND — 0.7v , respectively. Thus,
we have

pitl g

ViJrl = Vl (I;D( ()iut)+In(V()i1Lt)+I?”ad( oluﬁti))

out out C
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Fig. 3. The basic concept of radiation-induced transient fault modelling
method. An example of inverter cell where nMOS is affected by the radiation
particle.
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Fig. 4. (a) An example inverter used to precharacterize the current models, I,
and I, under various drain voltages. (b) The constructed I-V curve models.
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where the initial V,2,, is set to V. DD. The models for currents
Iy, I, and I,,q, will be described in next section. The process
iterates until the output voltages are determined at each time

point.

B. Pre-Characterization of the Current Models

To model the operating current and the transient current
of the affected cell, an approach is proposed to extract the
precharacterized models. The objective of these models is to
estimate the currents at each time point and voltage conditions
as described in Eq. 7. The models for radiation-independent
currents [;, and I, can be obtained from the SPICE simulation
to avoid an exhaustive TCAD simulation. However, in order
to consider the voltage and time dependencies of the transient
current as described in Sec. II, a small number of meticulous
TCAD simulation is performed to derive the model of the
radiation-induced transient current (/,4q).

Figure 4 contains a diagram of an example inverter that is
used to precharacterize the current models for I, and I,, via
SPICE simulation. Because the particle strikes the nMOS of
the inverter, a 1 — 0 transient fault occurs and thus the input
of the inverter should be set to 0 to activate the fault. Hence,
both of the gates of nMOS and pMOS are connected to GN D
to characterize the models for I,, and I),. Multiple DC analyses
with different drain voltages are then repeated to compute the
operating currents, as shown in Fig. 4. Fig. 4 (b) shows the re-
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Fig. 5. (a) An example nMOS used to precharacterize the current models,
1.4, under various drain voltages. (b) Comparison of linear interpolation and
pchip interpolation methods for estimating the transient current.

sulting -V curve models, where the drain voltage ranges from
GND—-0.7to VDD+0.7. For a given voltage V, an efficient
grid-based linear interpolation can be applied to estimate the
current based on the constructed models. Note that, in this
case, it is sufficient to only construct a one-dimension model to
estimate the operating currents. However, the models may be
extended to multiple dimensions to consider more complicated
cases (i.e., variation-aware models).

The radiation-induced transient current model, /.4, 1S also
precharacterized in order to estimate the collected current once
the particle strikes the sensitive region of device. The prechar-
acterization for this current differs from the method used to
construct the I, and I,, models: the transient currents are mea-
sured using 3D TCAD simulations with various constant drain
voltages as shown in Fig. 5 (a). Although the transient currents
can be accurately calculated by 3D TCAD simulations, it
requires a lengthy computation time to reflect the radiation
effect. For example, it took over 5 hours to run a single case
on our machine. For a given voltage V,; and time point ¢, the
current can be interpolated from the precharacterized model.
To avoid unnecessary simulations when characterizing the I,.,4
model, the piecewise cubic Hermite interpolating polynomial
(pchip) interpolation method [14] is used instead of a linear
interpolation method. As illustrated in Fig. 5 (b), if we apply
the linear interpolation method to compute the current, the
currents of the black points at time ¢3 and ¢4 cannot be
accurately estimated and thus more data should be simulated
to improve the accuracy. However, if we apply the pchip
interpolation method, the currents can be computed correctly
at any of the time points without additional data points.

C. Variation Source and Internal Node Consideration

Radiation particles can not only affect output nodes but also
internal nodes in a cell. An internal node strike is illustrated
in Fig. 6, in which the particle strikes node n of a NAND cell
and results in a transient fault. Similar to the concept described
in Sec. III-A, the equation can be expressed as

dVout

=0
dt

Ip1+12+l +C (8)
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Fig. 6. An example of nand cell in which the internal node n is struck by a
radiation particle.

This can be approximated as

i i tr = i i i i
Vm—;ﬁl V:)ut T (Ipl (Vout)+ (‘/out) (Vout’ vV, ))
Ls(Vous Vi) = In(Vy) + Lraa (Vi ) ©)

where V,, is the voltage of node n and can be computed by a
root-finding algorithm.

With the continuous scaling of the technology, the PVT
significantly influences not only the performance of the design
but also the radiation effect estimation. As a result, the effects
of variations are incorporated into the proposed modelling
method to analyze the impact of variation and sensitivity on
the transient current estimation. To consider the PVT effect,
Egs. 7 and 9 can be rewritten as

Vitl — e H( ( S)
out out C out?
+ L (Vs S) + Iraa (Vi ', 5))
i+1 _ yri tr =
Vouf — Yout — T( pl( 0711‘75) +Ip2( outas)

I,(VP,8) + Laa(Vi, 1, 5)  (10)

where § is the set of desired variation sources. Current models
that account for the variation sources can be constructed by
the same method described in Sec. III-B. Note that some vari-
ations will not affect the collected current, and it is therefore
unnecessary to characterize I,,4 under those variations.

IV. EXPERIMENTAL RESULTS

This section compares the accuracy between the proposed
method and 3D TCAD simulations under different output
loading conditions. A sensitivity analysis on the impact of the
variations on the radiation effect estimation is then performed.
The proposed framework was implemented in C++ and run on
a Linux machine with a 16-core processor (2.4GHz) and 64GB
of RAM. The technology used was the 45nm Nangate Open
Cell Libraries [15].

A. Accuracy of proposed method

In this section, the accuracy of the proposed method is
demonstrated. For simplicity, the particle only strikes the
nMOS transistor to verify the accuracy of the proposed
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Fig. 7. (a) The output voltage of an inverter with output loadings of 6.4{fF
and 10fF. (b) The output voltage of a NAND cell after a particle strikes the
internal node with output loadings are 6.4fF and 10fF.

method, and the linear energy transfer (LET) of the particle
was prescribed as 10 MeV — em?/mg. Only 10 data points
(one data point took ~5 hrs to simulate) were needed to
precharacterize the I,.,4 models when the pchip interpolation
method was used to estimate the current.

Fig. 7 compares the output voltage from the proposed
method and from the 3D mixed-mode TCAD simulation for an
inverter and a NAND cell with two different output loadings,
6.4fF and 10fF. The black lines denote the results from the
proposed method and the red dashed lines indicate the results
obtained from the 3D mixed-mode TCAD simulation. The re-
sults show that the output voltage computed from the proposed
method is very similar to the output voltage obtained from the
3D mixed-mode TCAD simulation, regardless of whether the
particle strikes an output node (Fig. 7 (a)) or an internal node
(Fig. 7 (b)). Table I summarizes the average errors between the
proposed method and the TCAD simulation. The differences
between the two methods for the inverter and the NAND cell
are 2.5% and 2.7%, respectively. These results prove that the
proposed method can accurately estimate a radiation-induced
transient fault with an average error rate of only 2.6%.

Table I also lists the runtime of the proposed method and
TCAD simulations. The runtimes of the 3D TCAD simulations
for the inverter and the NAND cell were over 20 hrs. However,
the runtimes for the proposed method for the inverter and the
NAND cell were less 0.1s and 0.5s, respectively. Compared
to the TCAD simulation, the proposed method significantly
increased the speed of computation by about 10° on average.
Moreover, the proposed method is also faster than the double-
exponential current source approach. It is because that a
SPICE simulation should be performed to transfer the double-
exponential current source to transient fault voltage. Note that
there are only two cells are performed in this study due to
time limits. The radiation effects on the other cells can be
analyzed based on the proposed method. In summary, the
results demonstrate the accuracy and efficiency of the proposed
method for the estimation of a radiation-induced transient
fault. Thus, the method can be used for radiation hardening
and variation sensitivity analyses.
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TABLE I
ACCURACY AND EFFICIENCY OF PROPOSED METHOD AND 3D
MIXED-MODE TCAD SIMULATION FOR SIMULATING A
RADIATION-INDUCED TRANSIENT FAULT

run time
Cell Error  Proposed method  TCAD simulation Speedup
INV 2.5% <0.1s ~27 hrs >972000X
NAND  2.7% <0.5s ~20 hrs >144000X
average  2.6% <0.3s ~23.5 hrs >558000X

B. Variation sensitivity analysis

This section contains the sensitivity analysis for the process
and voltage variations, where the process is varied by perturb-
ing the gate width (W) and channel length (L) of the affected
nMOS transistor. The pulse width of the radiation-induced
transient voltage (50%-50% vdd), is used to measure the
sensitivity of each variations, a common metric. Fig. 8 contains
the sensitivity analysis for 5% voltage variations in a box-and-
whisker plot for an inverter with two different energies, LET1
and LET10 and five different output loadings. The analysis
yields the following two findings. (1) The voltage variation
increases when the output loading increases under both energy
conditions. Hence, one of the radiation hardening methods [16]
that adds capacitive loads to mitigate the transient fault should
be used carefully because the voltage variation may result in
a larger variation of pulse width for the transient fault. (2)
With the lower energy condition (LET1), the pulse width of
the transient fault decreases as the output loading increases.
This is due to the fact that the transient fault induced by a
particle with low energy is weak (similar to Fig. 7 (b)), and
it is therefore easy to be masked under large loading (most
of the transient fault is masked since the output loading is
41F). However, the pulse width increases because the output
loading increases when the striking particle has a high energy
(LET10). As shown in Fig. 7 (a), when a high-energy particle
strikes, the drift process is very fast and a large amount of
charge is left in the substrate that is then only collected by the
diffusion process (very slow). It will take a longer time period
for the pMOS to recover because a larger output loading of
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Fig. 9. Radiation-induced transient (a) voltages and (b) currents with three
different gate lengths: 35 nm, 45 nm and 55 nm. (c) Radiation-induced
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the inverter. This result supports the earlier conclusion that
the designer should be careful to apply the added capacitance
hardening method when a high energy particle strikes.

We next analyze the effect of variation in the gate length on
the transient fault estimation. Fig. 9 (a) contains the radiation-
induced transient voltages for a particle striking at nMOS of
an inverter. In the example, the output loading is 1.6 fF, the
energy of particle is LET10 and there are three different gate
lengths: 35 nm, 45 nm, and 55 nm. It can be observed that a
change in gate length does not result in a significant difference
of the pulse width, as the pulse width variation is only 2% for
a 10% gate length variation. This is due to the fact that the gate
length fluctuation has only a small influence on the collected
current (shown in Fig. 9 (b)). Additionally, because the nMOS
is in the ’cut-off” state, the only change with the gate length
perturbations is the leakage current.

Fig. 9 (c) illustrates the transient voltages induced by a
particle striking an inverter, where the output loading is set
to 10 fF and the energy of the particle is LET10. In this
experiment, we fix the size of the pMOS (0.135 um) of the
inverter but change the nMOS size to 0.09 um and 0.18 um,
which produces transient voltage pulse widths of 168.11 ps
and 174.41 ps, respectively. It can be observed that the larger
device shows larger pulse widths, which is caused by the same
phenomenon discussed above. Specifically, when the nMOS
is in the ’cut-off’ state, the increasing width only changes
the leakage current, which is significantly smaller than the
collected current. When a high-energy particle strikes, a larger-
width device with a larger capacitance will have a longer
recovery time. Note that the larger device width will result
in a contradictory result when a low-energy particle strikes.

V. CONCLUSION

With the continued scaling of technology, reliability (es-
pecially, soft errors) is now a critical issue to modern VLSI
designs. To reduce cost in the early stages of the design flow,
it is necessary to develop a method that can accurately and
efficiently estimate transient faults. The traditional approach
ignores effects in the advanced technologies and may no
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longer provide sufficient accuracy for SER estimation. This
study proposed a variation-aware transient current estimation
method that considers the dynamic voltage based on pre-
characterized current models and a numerical method. The
benefits of the proposed method to estimate transient faults
can be summarized as follows:

1) Any type of cells (sized cells and output loading) and
any affected node of any cell (output and internal node)
can be processed.

2) The proposed method is more efficient (10°X speedup)
than 3D mixed-mode TCAD simulation with an average
loss of only 2.6%.

3) The variation and sensitivity analysis of the transient-
fault estimation can be performed in an efficient manner.
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