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Dear editor,

Process or operation variations are important fac-
tors in the soft error rate (SER) of integrated cir-
cuits [1,2]. During manufacturing or other oper-
ations, inevitable process or operation variations
lead to changes in the electrical parameters of tran-
sistors, which can result in sizeable shifts in the
SER of integrated circuits [3]. Some studies have
reported that the hardness of test chips can vary
by more than 20% as a result of process or opera-
tion variations [4]. Therefore, it is vital to account
for process and operation variations when evaluat-
ing the circuit sensitivity and predicting the SER
in advanced CMOS technology.

In previous research, some models for evaluating
the circuit sensitivity caused by process or opera-
tion variations have been derived. For instance,
Mostafa et al. [5] proposed a critical charge model
to evaluate the single-event upset (SEU) sensi-
tivity of static random access memorys (SRAMs)
and flip-flops. Based on this model, the critical
charge was determined by the driving current of
the transistors. Process or operation variations
affected this driving current, leading to changes
in the calculated critical charge. Recently, Monte
Carlo simulation approach has been used to evalu-
ate the circuit sensitivity [6]. This approach shifts
the device parameters to model process or oper-
ation variations. A current source, which is rep-
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resented as the ion induced transient current, was
implemented in the circuit node. The circuit re-
sponse was simulated by circuit-level simulation
tools based on the variational device parameters.

Although these models or approaches have been
used to evaluate the circuit sensitivity caused by
process or operation variations, they still have
some limitations. For instance, the critical charge
model is strongly dependent on the circuit topol-
ogy. Different circuit topologies result in different
equations to calculate the critical charge. More-
over, some process parameters, such as mobility,
affect the driving current slightly. However, they
have a significant effect on the collected charge of
sensitive transistors. Although the calculated crit-
ical charge does not change, these process param-
eters also affect the circuit sensitivity and lead to
SER variations.

Therefore, we propose a circuit-level simula-
tion approach to evaluate process- or operation-
induced SER variations, as shown in Figure 1. Our
approach consists of three interacting components.
The first component uses a Monte Carlo simula-
tion to determine ion transportation and calcu-
late the ionized charge in the semiconductor. In
the second component, circuit-level charge collec-
tion models calculate transient currents after ion
strikes. In this component, a novel model is used
to determine the parameters affected by process or
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Figure 1 (Color online) Process to implement the proposed simulation approach.

operation variations. Based on the specific process
parameters, charge collection models are used to
calculate the collected charge and transient cur-
rent of each sensitive transistor. Finally, the third
component evaluates the sensitivity by simulating
the circuit response. This enables the circuit sen-
sitivity and SER to be determined.

Unlike conventional approaches, the proposed
approach does not use the driving current to
take into account process or operation variations.
Therefore, it is independent of the circuit topology
and can be used to evaluate the SER for many cir-
cuit types. Moreover, because the process param-
eter model consists of a series of look-up tables to
define the relationship between process or opera-
tion variations and the process parameter values,
many parameters can be investigated during SER
evaluations. Therefore, the proposed approach
overcomes the limitations of existing models or ap-
proaches. It is suitable for evaluating process- or
operation-induced SER variations.

Determining the process parameter model. In
our previous studies, the technology computer
aided design (TCAD) simulation tool was em-
ployed to investigate the physical mechanism of
transistors [7,8]. Therefore, we use the TCAD sim-
ulation tool to determine the process parameter
model. PMOS and NMOS transistors are repre-
sented as TCAD models. These models are first
calibrated to match the electrical characteristics of
standard compact models. If the electrical charac-
teristics match, the basic process parameters can
be determined. Then, TCAD simulations are per-
formed under varying process or operation condi-
tions. Based on the simulation results, the specific
parameter values can be obtained and the process
parameter model can be determined.

For instance, after calibrating the TCAD model,
the peak value of N-well doping is determined.
Then, we change the peak value of N-well dop-
ing from 80% to 120% and use the TCAD simula-
tion tool to obtain the process parameters. Based

on the simulation results, the relationship between
the carrier mobility /velocity and the N-well doping
variation can be determined in the process param-
eter model. Similar methods can be used to deter-
mine the relationship between the parameters and
other process or operation variations. Based on
these look-up tables, the process parameter model
can conveniently determine the specific parameters
with different process or operation conditions.

Simulating circuit responses with specific pro-
cess parameters. After determining the process pa-
rameter model, charge collection models are used
to calculate the collected charge and transient
current of each sensitive transistor. In our pro-
posed simulation approach, the diffusion collection
model [9] and the PABAM model [10] are used to
calculate the diffusion current and the parasitic
bipolar amplification current. However, unlike the
conventional diffusion collection model, process
parameters used in this model are not fixed. In-
stead, they are determined by the process param-
eter model and they have alterable values if pro-
cess or operation conditions change. Similarly, the
parameter values in the PABAM model are deter-
mined by the process parameter model. Therefore,
the charge collection models can calculate differ-
ent results according to process or operation vari-
ations. The circuit-level simulation is performed
in the last component. Based on the calculated
transient current, the circuit response is simulated
by the circuit-level tools. The single-event effect
(SEE) characteristics, cross section, and SER vari-
ation of the circuits are then quantified. Because
of the different transient currents, the circuit-level
simulation will obtain different SEE characteris-
tics. Therefore, the proposed simulation approach
can evaluate changes in the SER under process or
operation variations.

Confirming the capability of the proposed sim-
ulation approach. We use the proposed approach
and TCAD simulation tool to investigate the col-
lected charge of transistors. Variations in the
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well doping, gate oxide thickness, threshold volt-
age doping, transistor size, operation voltage, and
temperature are considered. We assume each
process or operation condition has approximately
+20% variation. Two simulation results are com-
pared to confirm the capability of the proposed
approach.

For instance, variations in the operation volt-
age significantly affect the collected charge in the
TCAD simulation. A higher voltage can increase
the collected change of the PMOS transistor by up
to 36% and that of the NMOS transitory by up to
32%. Similarly, the collected charge obtained by
the proposed simulation approach also varies with
the operation voltage. The PMOS and NMOS
transistors increase their collected charge by up
to 34% and 33%, respectively. Similar simulation
results are observed when the other process or op-
eration conditions change.

It is noteworthy that the variation trends ob-
tained by the proposed simulation approach are
consistent with the TCAD simulation. For in-
stance, a —20% variation in the gate oxide thick-
ness increases the collected charge of the transis-
tors, whereas the same variation in the operation
voltage acts to decrease the collected charge of
the transistors in both the TCAD simulation and
the proposed approach. The simulation results
confirm the capability of the proposed approach.
They indicate the proposed approach is able to de-
termine the collected charge variations caused by
process or operation variations.

Evaluating SER variations using the proposed
simulation approach. The proposed simulation
approach was used to evaluate SEU and single-
event transient (SET) characteristics caused by
process or operation variations. Two test chips
were designed and fabricated by the commercial
65 nm CMOS technology. These chips were ir-
radiated by heavy ions. The simulated SEU and
SET cross sections are compared with experimen-
tal results. They are consistent with experimental
results although the process and operation con-
ditions change. Detailed experimental and simu-
lation results are described in the supplementary
file. The experimental results also confirm the ca-
pability of the proposed simulation approach. The
proposed approach is suitable for evaluating the
SER of integrated circuits with different process
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and operation conditions.
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