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Automatic ASET sensitivity evaluation of a
custom-designed 180nm CMOS technology
Operational Amplifier

Andrés Fontana, Sebastidn M. Pazos, Student Member, IEEE, Fernando L. Aguirre, Student Member, IEEE, Félix

Palumbo,

Abstract—This work presents a SPICE-based automatic SET
sensitivity evaluation of a 180nm CMOS full-custom Operational
Amplifier. The set-up uses the well known double exponential
current law to inject SET into every sensitive node in the
circuit hierarchy. The pulse parameters are obtained according
to a previously generated population of particles with randomly
assigned energies and species, the node bias condition at the
instant of the strike and an empirical model obtained through
TCAD simulations. The circuit is evaluated transistor-wise for
each ion of the generated database and the output waveforms are
processed in time and frequency domain to obtain figures of merit
of the hardness of the proposed design on a given radioactive
environment. Results allow to identify the most sensitive devices
and the expected error rate for the projected application, allowing
to conduct hardening techniques during early design stages.

Index Terms—ASET, Analog CMOS, SPICE, Heavy Ions

I. INTRODUCTION

ADIATION effects in Integrated Circuits (ICs) have been
studied since the early years of integration technology.
Initially, Total Ionizing Dose (TID) was the main concern
due to its negative effects on device parameters, specially in
the case of CMOS technologies. As the feature sizes scaled
down, Complementary Metal-Oxide-Semiconductor (CMOS)
devices started showing a higher resilience to TID effects and
the concerns of the scientific community migrated to another,
early predicted phenomenon: the Single Events (SE).
Produced by the impact of a neutron or a high energy
charged particle, SE are the result of the interaction between
these particles and the constructive materials of ICs. In a
general manner, these particles loose a significant amount of
energy by ionization, generating free carriers in the semi-
conductor, alongside with secondary emission of X-Rays, sec-
ondary ions, delta electrons, etc [1]. Although its existence was
known on the early 60s [2], [3], SE did not represent a crucial
reliability concern back then, simply because the sizes of the
circuit devices were big enough to make the charge deposition
negligible from the point of view of the device operation.
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Nevertheless, scaling contributed to make these effects more
important as a reliability hazard in ICs. The transient behaviors
resulting from charge deposition on semiconductors, namely
Single Event Transients (SET), started to be considerable for
the normal operation of circuits, but its influence is strongly
dependent not only on the nature of the particle that impacts
a device (energy and species), but with the design topology
[4], constructive technology and technological parameters [5],
speed of the circuit and biasing, layout topology, etc. This
conglomerate of variables has driven many research groups to
model SET on different abstraction levels in order to account
for them on early design stages of ICs.

To the date, several tools for the simulation of SET on ICs
can be found described in the literature [6]. Many of these
tools make use of finite element method simulations imple-
mented in Technology Computer Assisted Design (TCAD)
software. Though very accepted in the academia, TCAD simu-
lations are quite time and resource consuming, considering that
precise simulation of SE Effects (SEE) require refined meshes
and complex 3D structures for the solvers to yield exact and
valid results. It should be added that the main focus of these
tools are Single Event Upsets (SEU) in memory devices,
which are physically regular structures where the metric of
interest is perfectly identified to be the Cross Section of a
specific technology process. Regarding SPICE simulations,
these models usually converge into a widely accepted double
exponential law for collection current simulation [7] that has
been used in the past by several authors for case studies
and modeling [8]-[11], but the parameters for the double
exponential current are usually selected among typical values
referred from the literature or are fixed ad-hoc within certain
limits.

In this framework, implementing TCAD and complex phys-
ical model approaches to assess Analog Single Event Tran-
sients (ASET) sensitivity in an analog circuit, where different
transistor sizes, bias conditions and circuit topologies can be
found on a single circuit under test (CUT), would increase
considerably the time and computational costs in a design
stage, when the sensitivity of the circuit is not yet precisely
known. In this work, the ASET sensitivity of a full-custom
180nm CMOS operational amplifier is assessed by means of a
SPICE based approach but using a tool flow that considers the
technological implementation of the circuit and the interaction
of a given population of ions with the material stack of the
IC. Sensitivity results are obtained through a probabilistic
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Figure 1: Tool flow used for the sensitivity analysis.

approach and a frequency domain analysis of the induced error
pulses at the output of the circuit under test [12]-[14]. The
following sections will briefly describe the tool flow and the
sensitivity evaluation criteria, followed by the results of the
study on the circuit under test.

II. TOOL FLOW

Despite some authors implement a square pulse current
source to simulate the current collection due to an ion strike,
this approach may have some inaccuracies depending on
the frequency response of the stage where the analysis is
performed [12]. Therefore, the shape of the current pulse is
an important issue to be taken into account in analog circuits.
The double exponential model for the collection current [15]
is a widely accepted approach for simulating the effects of
ASET at the SPICE level. The model basically proposes that
the general aspect of the current waveform resulting from the
charge collection of an incident particle can be reduced to
equation (1), where Q.. is the total collected charge, or the
area contained under the current pulse, and 77 and 7, are
the characteristic rise and fall times of the two exponential
components.

Qcoll (6:7;

— e"_'ir) with Qcoll = nQdE’p (1)
Tf — Tr
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The total collected charge by a sensitive node Q.. can
be modeled as a fraction of the total deposited charge (Qgep)
through the collection efficiency parameter 17 or CCE, where
the total deposited charge depends on the linear energy transfer
(LET) of the incident particle in the substrate, given by (2).
n has a strong dependence on the applied voltage, when
considering charge collection on a p-n junction, as well as

on the charge deposition profile of the particle along the track
[16]. This dependence is mainly linked to the width of the
depletion region and to its electric field, among other variables.

PSsi
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q
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In (3), LET (z) represents the linear energy transfer along
the ion track, SR is the stopping range of the incident ion
into the substrate, wep,g, is the energy required to ionize
an electron-hole pair in Silicon, i.e. 3.6eV per pair, g is the
electron charge and pg; is the density of Silicon.

Fig. 1 shows a general flow graph of the sensitivity analysis.
Three main branches can be identified in this chart. The right
branch represents the TCAD simulations of the work flow.
Based on the fabrication technology of the CUT, Front-End-
Of-Line (FEOL) data is used to create a single transistor
structure in Sentaurus TCAD environment. Afterwards, this
structure is used to simulate the current transients induced by
a test ion by sweeping the Stopping Range (SR) of the ion
and the applied drain voltage of the transistor, according to the
maximum allowable voltage for the technology. These data is
used to fit an empirical model that links the ion’s stopping
range and the applied voltage on a transistor drain with the
parameters of the double exponential current model, i.e. ¢, 7,
and Q.. (results not shown). The latter is obtained by fitting
the collection efficency parameter n calculated from the TCAD
current pulse as Qco1/Qgep- As for the time constants, these
where obtained by solving the equation system of IMAX-
TMAX according to [15], so that the model pulses hold true
the conditions for identical total collected charge, current peak
and peak time.

The left branch of the flow graph represents the ion gener-
ation for the sensitivity assessment of the CUT. A MATLAB
script generates a Monte Carlo population of ions with user-
specified energy and species, according to a previously de-
fined statistic distribution, and launches the simulation of the
interaction of each generated ion with the CUT material stack
using the program TRIM. In this case, the target is a typical
BEOL stack of the technology under study, i.e. 180nm bulk
CMOS, with its silicon substrate. TRIM launches a series of
simulations and generates energy deposition results along the
stack, among other results that are not used at the moment
by our tool. The MATLAB application extracts the results for
the energy deposition in the area of interest, i.e. the substrate.
Fig. 2 shows a typical energy loss profile along the stack for
an alpha particle at 7.5MeV. With this profile, SR and Qgcp
are calculated and exported into a CSV database with the ion
information, and this database is forwarded to the SPICE tool.

The SPICE tool, implemented in Synopsys Custom
Compiler®, receives both the double exponential parameter
models obtained in TCAD and the TRIM ion simulation
results. With this information, the tool proceeds to identify
every sensitive node in the hierarchy of a complex circuit, i.e.
transistor drains. Afterwards, node DC bias point is extracted
to determine the applied voltage (V) at the drain junction,
alongside with the transistor type (P or N channel). Then,
for every generated ion in the database, the tool creates a
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Figure 2: Energy deposition of a 7.5MeV alpha particle along the
BEOL/FEOL stack of a 180nm CMOS bulk technology.

double exponential current source (implemented as two current
sources in parallel with opposing polarities) and connects it to
the node under test. The current shape is determined through
the empirical model parameters using the ion SR and the node
Vapp- The output of the circuit is monitored in a transient
analysis and characteristic data of the pulses is saved into an
output database along with the input ion data. This process is
repeated for every sensitive node and every generated ion of
the input database. Collected information allows to correlate
the signal response of the CUT to the physical input of the
system, i.e. the ion information and the impacted transistor,
for a given DC bias condition.

III. FAULT DETECTION CRITERION

Currently, there is no general agreement in the scientific
community on how to determine the occurrence of a fault in
an analog integrated circuit if an ASET takes place, mainly
because of the many variables involved on such analysis (im-
pact location, fabrication characteristics, circuit gain, biasing
and bandwidth, etc.). A commonly used approach would be
to establish an arbitrary threshold voltage for the amplitude
of the transient response at the output node. Therefore, a
fault will exist if the output voltage at that node exceeds the
previously defined threshold voltage. Despite such criterion is
useful when trying to asset the influence of a single device on
the output variation, it is not enough to address the possible
faults the ASET may induce on the system. Since ASET circuit
response is closely related to the surrounding system, this
becomes an important issue when analyzing the reliability of
mixed-signal circuits. The propagation of the ASET to the
digital circuitry (becoming a SEU) is jointly determined by
pulse’s width and duration [17]. Aiming to develop a criterion
that takes this effect into account it has been proposed to create
a classification evaluating both, the pulse amplitude and width
at half minimum, allowing to identify vulnerabilities in the
circuit for future hardening [12]. However, this classification
has two main inconvenients: on one hand, it provides reduced
useful information on large amounts of data, and on the other
hand, pulse width for complex signals are quite difficult to
consistently determine.

Another very attractive method results by implementing the
signal processing theory to the radiation analysis [13]. This
approach allows to understand the general variations of ASET
waveforms and how pulse propagation mechanisms work, by
linking the pulse spectrum with the circuit frequency transfer
[12] (i.e. the bandwidth of the target device will attenuate
the high frequency components of the pulse spectrum for
the downstream system). Besides, based on the pulse energy,
this method provides a figure of merit useful to carry out
comparisons of vulnerabilities between similar circuits.

The ASET analysis is performed using a simulation data set
that hits every transistor of the circuit. The voltage transient
of the output of the CUT is measured for the i, different
impacting ion on the drain of the j;;, MOS transistor, converted
to the frequency domain by calculating the Fast Fourier
Transform (X ;(f)), and bandlimited to the lowest bandwidth
of the system [14]. The resulting signals has the potential to
propagate to other circuits. The energy spectral density may be
used, for each impact, to reveal the frequency components of
an ASET that contributes the most error energy, by squaring
the magnitudes of the discrete frequency samples. With the
purpose of providing an overview of the vulnerability of the
circuit, it is possible to obtain an average energy spectral
density by using (3) and calculate the total energy contained
using (4). This energy brings a measure of the average energy
contribution by single events transients in a device, and can
be used as a figure of merit. This metric is useful to quantify
the radiation sensitivity of the CUT, and to compare it against
other possible implementations.
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During the design stage, it might be useful to consider
the marginal contribution of each transistor, i.e. the energy
of the output pulse for the 7;, different impacting ion for
each different MOSFET’s drains against the total energy (5).
Consequently the transistors prone to cause a significant ASET
can be taken into account to reduce its influence on the total
response. Similarly, the most hazardous ions can be identified
considering the marginal contribution of each ion.

L X)) Pdf
S o i X ()[Pdf
At system level, the ion strikes produce voltage fluctuations

on the device that can be understood as random noise. Usually,

all the systems are designed to tolerate some amount of input
and internal noise. Therefore, this specification can be used
as a signal bound that allows to determine when an error is
produced by comparing it to the frequency spectrum of the
pulse. The portion of the SET spectral content that is outside
of the system signal bound spectrum is called the SET error
energy, and is used as an indicator of the impact of an ASET
to the system. This criterion uses for computation, an error
measure known as the integral square error (ISE), and the
operation is made for every impact simulated on the circuit.

E;% 100 (5)
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Figure 3: Circuit schematic of the evaluated OpAmp: (a) shows
the compensated two stage Miller OTA, (b) the output buffer
and (c) the current reference.

If the error energy for a given pulse is higher than zero,
then an error occurs. Therefore, probability density functions
(PDF) can be obtained, by normalizing histograms of error
counts versus error energies or LET. This information enables
a system designer to compare multiple similar circuits using
the probability of the occurrence of a single event induced
error. In addition, this method allows to estimate the error
rate of the system for use in a given radiation environment,
by calculating the error cross-sections and determining the flux
of particles. The error cross-section of a circuit is the total
sensitive area that generates an error for particles at each LET
of interest. The flux of particles can be obtained from CREME
2009 [18], a very powerful tool that models the radiation
environment at near Earth orbits.

IV. OPAMP ASET SENSITIVITY ASSESSMENT

The proposed tool flow and sensitivity characterization
procedure described in the previous sections was implemented
to asses the ASET sensitivity of a fully custom designed,
buffered Miller operational amplifier. The schematic of the
circuit under test is shown in Figure 3. Because the selected
analysis environment for this device was the geosynchronous
orbit, a database of 357 ions was created by taking into account
the interaction between the particles in this environment and
the technology of the device. The energies and species present
in geosynchronous orbit, were randomly assigned between
0 and 500MeV for energy, and Z from 1 to 26 (H to Fe)
considering the “iron threshold” [19]. This database was used
to generate current pulses at each drain of every transistor
in the circuit, implementing a double exponential law that
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Figure 4: Total observations of events as a function of the ion
expected LET (a) and the subset of events that are actually considered
as errors with the signal bound criteria (b).

contemplates the collection efficiency. Figure 4 shows an
histogram of the expected LET of each particle in 4a and the
subset of ions that generated an error in the circuit, according
to the signal bound criteria, in 4b. It is possible to observe
that although a great amount of ions show low LET values,
very few of them finally generate an error in the circuit, and
error counts are randomly distributed around the higher LET
values.

A wide spread of stopping ranges was found for the particle
sample under study for a wide distribution of energies and
LET (results not shown). Nevertheless, not only the higher
energy particles are responsible for errors. Those particles with
stopping ranges very close to the drain junction depth, yielding
high efficiency values, can be responsible for a large amount
of errors. Therefore, it is not mandatory for a particle to have
a high energy or high LET value to create an error, as if a
large portion of the particle energy is deposited close to the
surface, charge collection will be highly efficient and have
good probabilities to induce an error.

Among the results, device sensitivity in the circuit is of
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Figure 5: Relative Error energy of each tansistor in the circuit for

three different closed loop gains. Only those transistor with error
energies above 1% are shown.
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Figure 6: Normalized Error Energy vs. frequency of the averaged
error pulses for non-inverting gain configurations of 1, 2.5 and 10.

utmost importance to introduce hardening strategies for the
circuit. Figure 5 shows the error energy proportion linked
to each transistor of the circuit. For the sake of clarity,
only those transistors showing error energies above 1% are
displayed in the histogram. Results are shown for 3 different
non-inverting gain configurations. This plot shows that most
sensitive transistor in the circuit for each gain is the differential
input transistor P2. It is interesting to observe that the gain
configuration tends to desensitize certain devices in the circuit
and increase the sensitivity of others. Transistors N25 and N3
are good examples of this behavior. Table I depicts the overall
average energy of each closed loop configuration, used as a
figure of merit of the radiation sensitivity of the circuit.

The average ESD for the three gain configurations are
shown in Figure 6. It can be seen that for higher gains the
error energy tend to focus in the lower frequencies. This is
a logical result as the bandwidth of the amplifier is reduced
for higher gains, ergo limiting the harmonic content of the
resulting output error pulses.

At system level, Figure 7 highlights the resulting error out-
put transient pulses for the three most hazardous ions identified
on the most sensitive transistor of the circuit P2 in buffer
configuration (unit gain). The energy distribution of the pulses
in the frequency domain are compared against the signal bound
of the system in Figure 8. The noise tolerance specifications
for the selected system was a composite of the maximum
input noise signal tolerated (a rectangular pulse of 200mV and
50ns) and an internal RMS noise floor of 3-2. Considering
the total amount of observed errors and the izntegral of the
energy that results in each one of them, the probability of each

Table I: Figures of merit for different gain configurations.

measured level of error energy that produces an actual error
can be plotted as shown in figure 9. Higher probabilities can
be found for lower error energies, suggesting that most of the
observed errors are produced by low total energy pulses. This
result evidences that a small reduction of circuit sensitivity (i.e.
a larger signal bound), when possible, can strongly lower the
error probability, requiring very high energy pulses to produce
an actual detectable error.

V. CONCLUSION

In this work, a SPICE based ASET sensitivity assessment
of a full custom 180nm CMOS OpAmp is presented. The
proposed evaluation flow proposes the automation of the
several tools that involve the solution of the particle-matter
interaction for a given technology, the generation of double
exponential current pulses according to the ion energy deposi-
tion profile and the biasing conditions of the sensitive device,
the automatic injection of SET into every sensitive node of the
circuit and the summary of figures of merit for the circuit under
test by considering a frequency domain, error energy approach
for a given system specification, like the one proposed in [13].
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Figure 7: Output error transient examples for three different ions
impacting on the same transistor.
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1072

Probability
T
Lol

1073

L

10-7

10~10 107? 1078
Normalized Error Energy [VZ/HZ]

1011

Figure 9: Probability of error as a function of normalized error
energy. Lower energy pulses are responsible for most of the errors.

Overall results are consistent with previously reported data
on simulations of bipolar technology operational amplifiers
[12]-[14]. Nevertheless, these works consider a parametric
approach to consider different LET values and consider much
different overall values ascribed to higher signal bounds of
the circuit under study. Our approach adds information to the
sensitivity analysis by selecting a given radiation environment,
considering an actual population of ions and its effects on
a given technology, in an attempt to obtain a more accurate
analysis of the circuit and the system involved.

Simulation results allow not only to identify the most
sensitive devices but also gives a general characterization
of the circuit sensitivity and particles involved in the most
observed errors. The definition of a tolerance bound for the
system can be critical for the final error probability of a circuit
placed in a given radioactively aggressive environment. For the
circuit under test, sensitive transistors were identified to be
P2, P12, N3 and N55 but the amplifier feedback configuration
must be taken into account as some transistors may become
more sensitive according to the closed-loop configuration.

It is important to consider that not only high energy or high
LET value particles will always induce an error. The influence
of the charge deposition profile should be taken into account,
mainly for analog circuits. Simulation results can be further
normalized to environment conditions by considering a given
particle flux, and make estimations of error rate of the system
for the given environment.

In order to validate the simulation tool, several experimental
tests will be performed on the Microbeam of the TANDAR
Laboratory in CNEA. This heavy-ion accelerator has a wide
range of ion species and energies available, and allows the
characterization of SET by the irradiation of every transistor
of the device shown in this work. Finally, simulations of
the particles and energies used will be checked against the
experimental results.
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