3D Simulation and Analysis of the Radiation Tolerance of
Voltage Scaled Digital Circuits

Abstract— In recent times, dynamic supply voltage scaling (DVS) has been
extensively employed to minimize the power and energy of VLSI systems.
Also, sub-threshold circuits are becoming more popular. At the same time,
the reliability of VLSI systems has become a major concern under Single
Event Upsets (SEUs). SEUs are very problematic even for circuits operating
at nominal voltages. With the increasing demand for low power reliable
systems, it is therefore necessary to harden DVS and sub-threshold circuits
efficiently. In this paper, we perform 3D simulations of radiation particle
strikes in an inverter implemented using DVS and sub-threshold design.
We analyze the sensitivity of the inverter to radiation particle strikes
by varying the inverter size, the inverter load, the supply voltage (VDD)
and the energy of the radiation particles. From these 3D simulations, we
make several non-intuitive observations which are important to consider
during radiation hardening of DVS and sub-threshold circuits. Based on
these observations, we propose several guidelines for radiation hardening
of DVS and sub-threshold circuit designs. These guidelines suggest that the
traditional radiation hardening approaches need to be revisited for DVS and
sub-threshold designs. We also propose a charge collection model for DVS
circuits. Our model can accurately estimate (with an average error of 6.3%)
the charge collected at the output of a gate for different supply voltages
and different gate sizes for medium and high energy particle strikes. The
parameters of our charge collection model can be included in SPICE model
cards of transistors, to improve the accuracy of SPICE based radiation
simulations for DVS circuits.

I. INTRODUCTION

Single event upsets (SEUs) have become increasingly problematic for
both combinational and sequential VLSI circuits in the deep sub-micron
(DSM) era [1], [2], [3], [4]. This is due to continuously decreasing
feature sizes, lower supply voltages and higher operating frequencies,
which cause a reduction in the noise margins of VLSI designs. At the
same time, power has become a major issue in computing [5]. Low
energy solutions are desired for many applications such as Systems-on-
chip (SoC), microprocessors, wireless communication circuits, etc. Both
the dynamic and the leakage components of the power consumption
of a CMOS circuit depend upon the supply voltage; both decrease at
least quadratically with decreasing supply voltages. Therefore, in recent
times, it is common to decrease the supply voltage value in the non-
critical parts of VLSI systems, in order to reduce the power and energy
consumption.

Modern VLSI systems extensively employ dynamic voltage scaling
(DVS) to meet the variable speed/power requirements at different
times during their operation [6], [7], [8]. DVS helps in reducing the
circuit power consumption especially when high speed circuit operation
is not desired. Today, VLSI circuits are also operated in the sub-
threshold region of operation for a widening class of applications which
demand extreme low power consumption and can tolerate larger circuit
delays [9], [10], [11]. Sub-threshold circuits operate with a supply
voltage less than or equal to the device threshold voltages. Since
both DVS and sub-threshold circuits are extensively used to reduce
power consumption, their susceptibility to radiation particle strikes can
significantly impact the reliability of such VLSI systems. Hence, it is
important to analyze the effects of radiation particle strikes on DVS
and sub-threshold circuits. Based on the result of such an analysis,
these circuits can be hardened against radiation strikes to improve their
reliability.

DVS and sub-threshold circuits have not received much attention in
terms of their susceptibility to radiation particle strikes. The authors
of [12] used a 3D device simulation tool to study the radiation induced
transients and estimate the soft error rate (SER) in static random

access memory (SRAM) cells. In [13], an experimental study of the
effects of heavy ions in highly scaled commercial SOI PowerPC
microprocessors was conducted. Microprocessors implemented using
different technology nodes as well as different core voltage were used
in the experiment. It was also observed in [13] that the reduction of
feature size from 0.18um to 0.13um and core voltage from 1.6V to
1.3V had little effect on the soft error rate. The sensitivity of various
commercial SRAM devices to radiation, as a function of their supply
voltages was analyzed in [14]. An increase in the radiation susceptibility
of SRAMs with decreasing supply voltage was observed. The SRAMs
used in these experiments were fabricated in older technologies i.e. the
feature sizes were greater than 0.18um. The authors of [15] analyzed
the dependence of soft error rate on the critical charge' and supply
voltage for a 0.6pum CMOS process. In both [14] and [15], the analysis
was performed through experiments and simulations for supply voltage
values much higher than the threshold voltage (the minimum supply
voltage values used was 1.5V in [14] and 2.2V in [15]). Hence, the
results of [14], [15] cannot be used directly to predict the susceptibility
of devices at lower (and sub-threshold) voltages. Also, older process
technologies were analyzed in [14], [15] and it is expected that recent
deep submicron technologies can exhibit very different behavior to
radiation particle strikes than preceding processes [4]. In [13], [14],
[15], no circuit level radiation hardening guidelines were proposed. In
contrast, we model and analyze radiation strikes in current technologies,
providing hardening guidelines based on our findings.

In this paper, we have analyzed radiation particle strikes in DVS
and sub-threshold circuits. We performed 3D simulations for radiation
particle strikes in an inverter, using Sentaurus-DEVICE [16]. Sentaurus-
DEVICE is a mixed-level device and circuit simulator. Our simulations
modeled the NMOS transistor of the inverter in the 3D device domain
(to simulate a radiation particle in the NMOS transistor) and the PMOS
transistor was modeled using a SPICE-like compact model in the circuit
domain. We varied the inverter size, the inverter load, the supply
voltage (VDD) and the energy of the radiation particle. From these
3D simulations, we make several non-intuitive observations which are
important to consider during radiation hardening of DVS and sub-
threshold circuits. The results suggest that the conventional approach
adopted by several circuit hardening techniques [17], [18], [19], [20]
(i.e to use the same radiation induced current across different circuit
scenarios such as node capacitance, supply voltages, etc) may lead
to a significantly pessimistic hardened design. From the observations
we made through 3D simulations, we propose several guidelines for
radiation hardening of DVS and sub-threshold circuit design. We also
propose a charge collection model for DVS circuits.

The main contributions of this paper are:

o Through 3D simulations of a radiation particle strike at the
output of an inverter, we made some surprising findings, many
of which have not been reported to date. We made the following
observations:

— Small devices collected less of the charge deposited by a
radiation particle, compared to larger devices.

— For low energy radiation particle strikes, wide devices collect
almost the same amount of charge across different supply

'The minimum amount of charge that is required to cause an SEU event is
referred to as critical charge.



voltage values. In other words, the charge collection efficiency
of wide devices is high and independent of supply voltage.

— The amount of charge collected due to a radiation particle
strike reduces with decreasing supply voltage.

— The effects of radiation particle strikes become severe for
supply voltages less than 60% of the nominal value.

— For medium and high energy radiation particle strikes, the
pulse width of the voltage glitch increases with the increasing
load capacitance of the gate.

« Based on the observations made, we present several design guide-
lines for DVS and sub-threshold circuits. These guidelines suggest
that the traditional radiation hardening approaches need to be
revisited.

— If a gate is upsized to increase its radiation tolerance, then
a higher value of charge collected due to a radiation particle
strike should be used. This is extremely important for low
voltage operation.

— For environments with low energy radiation particles, it is safe
to assume that the charge collected remains constant across
different supply voltages for wide devices. The collected
charge also remains constant across different gate sizes for
high or nominal voltage operation.

— DVS should scale the supply voltage of a circuit up to 60% of
the nominal value. Sub-threshold circuits and circuits with a
supply voltage <60% of the nominal value require aggressive
protection against radiation strikes.

— The load capacitance of gates should be kept low in circuits
operating in high energy radiation particle environments. For
low energy radiation environments, gates should be loaded
with larger capacitances to improve their radiation tolerance.

o We present an accurate charge collection model for DVS circuits.
Our model can estimate the charge collected at the output of a gate
for different supply voltages (VDD > 0.6V) and different gate
sizes for medium and high energy particle strikes with an average
error of 6.3%. The parameters of our charge collection model can
be added to SPICE transistor model cards to improve the accuracy
of evaluation of radiation susceptibility of DVS circuits in SPICE.

The rest of the paper is organized as follows. Section II describes the
charge deposition and collection mechanism during a radiation particle
strike. In Section III we describe our 3D simulation setup to simulate
a radiation particle strike at the output of inverter. In Section IV we
present experimental results and discuss several observations we made.
We also present corresponding design guidelines in this section. Finally,
we present conclusions in Section V.

II. BACKGROUND

Much research has been done over more than two decades, to
understand the charge disposition and collection mechanisms due a
radiation particle strike in VLSI designs [21], [22], [23], [24], [4].
Numerous experiments have been performed, and different theoretical
methods have been used to study the effects of radiation particle strikes
and to measure the transients induced by these strikes. Reverse-biased
p-n junction regions in VLSI design are the most sensitive to radiation
particle strikes. This is due to the presence of a high electric field in
the reverse biased p-n junction depletion region, which can efficiently
collect the radiation induced charge.

A radiation particle generates electron-hole pairs along its path as it
passes through a semiconductor material, as shown in Figure 1. The
energy transferred by the radiation particle is described by its linear
energy transfer (LET) value. LET is defined as the energy transferred
(for electron-hole pair generation) by the radiation particle per unit
length normalized by the density of the target material (for VLSI
designs, this is the density of Silicon). Thus the unit of LET is MeV-
cm?/mg. The LET of a radiation particle also corresponds to the charge

deposited by the radiation particle per unit length. In silicon, a radiation
particle with an LET of 97 MeV-cm?/mg can deposit 1pC'/um. Heavy
ions” and alpha-particles primarily deposit charge in the semiconductor
by direct ionization, whereas protons and neutrons typically deposit
charge by indirect ionization [4], [3], [25]. After the charge is deposited
by a radiation particle strike, it may get collected through different
charge collection mechanisms: drift-diffusion, bipolar effect and alpha-
particle source-drain penetration effect [21], [22], [23], [24], [4]. These
different charge collection mechanisms are briefly described next.
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Fig. 1. Charge generation by a radiation particle strike

Drift-diffusion: Consider an NMOS transistor shown in Figure 1.
The source, gate and bulk terminals of the NMOS transistor are
connected to GND. The drain terminal is connected to VDD. The drain-
bulk junction is reverse-based and hence most sensitive to a radiation
particle strike. Assume that a radiation particle strikes this (drain-bulk)
junction and generates electron-hole pairs along its path as shown in
Figure 1. Immediately after the generation of this ionized track, the
depletion region collapses due to rearrangement of charge present in
the depletion region. Charge rearrangement occurs due to the presence
of a high electric field, which pulls the electrons up (towards the n™
diffusion) and pushes the holes down (towards the p — substrate).
This phenomenon reduces the width of the depletion region of the
drain-bulk junction. As a result, the potential drop across the depletion
region decreases (before the radiation strike, the potential drop across
the depletion region was VDD). As the voltage between the drain and
the bulk terminals (n™ and p — substrate) is still VDD, the decrease
in the potential across the depletion region causes a voltage drop in the
p—substrate region. This causes the drain-bulk junction electric field to
penetrate into the p — substrate region, beyond the original depletion
region and hence enhances the flow of electrons from the substrate
(these electrons are generated by the radiation particle strike in the
substrate region) to the depletion region. This enhanced electron flow
process is referred to as funneling as shown in Figure 1. The electrons
present in the depletion region drift to the drain (n+) diffusion region
and hence get collected. Thus, charge is said to be collected through
the drift process (or the funnel-assisted drift process). The funneling
process increases the depth of the region with a strong electric field
beyond the original depletion region. Hence it increases the amount of
charge collection by the drift process [21], [22], [23], [4].

As the electric field continues to pull electrons up, it also pushes the
holes down (away from the depletion region) which allows the drain-
bulk depletion region to recover and regain its original width. After the
recovery of the depletion region, the electrons which were not collected
by the funnel assisted drift process diffuse towards the depletion region
(due to their concentration gradient) and then get pulled by the junction
electric field towards the n™ drain diffusion region. Thus the charge is
also collected at the n™ region by the diffusion process. It was reported
in [22], that in a lightly doped substrate, most of the charge collection is
through drift only whereas, more heavily doped substrates demonstrate

2Heavy ion are ions whose atomic number is greater than equal to 2 [4]



charge collection due to both the drift and the diffusion processes [26],
[21], [22], [23], [4]. In the deep submicron technologies, the substrate
is heavily doped and hence charge collection at the drain node occurs
due to both drift and diffusion processes.

Bipolar Effect: Consider an NMOS transistor (an n-channel transistor
located in a p-well) in cut-off state and with its gate and source terminals
at GND and drain terminal at VDD. The electrons generated by a
radiation particle strike can be collected at either the drain-well junction
or the well-substrate junction. However, the radiation induced holes are
left in the p-well, which reduces the source-well potential barrier (due
to the increase in the potential of the p-well). Thus, the source injects
electrons into the channel which can be collected at the drain. This
increases the total amount of the charge collected at the drain node
and hence reduces the tolerance of the device to a radiation particle
strike. This effect is called bipolar effect because the source-well-drain
of the NMOS (PMOS) transistor act as a n-p-n (p-n-p) bipolar transistor.
This effect mimics the on state of the parasitic bipolar transistor. With
technology scaling, the channel length decreases which in turn reduces
the base width (of the n-p-n transistor). Hence, this effect becomes more
pronounced in scaled technologies [23], [4], [27].

Alpha-particle Source-drain Penetration (ALPEN): This charge
collection mechanism results when a radiation particle strikes a MOS
transistor at near-grazing incidence, such that the particle penetrates
through both the source and the drain regions of the transistor. A
radiation particle penetration through both the source and the drain
regions of the MOS transistor (nominally in the off state) perturbs the
potential in the channel region. Then the charge collection at the drain
of the MOS transistor happens in three phases: an initial funneling
phase while there is no source/drain barrier, a bipolar phase as the
source/channel barrier recovers, and subsequent diffusion phase (after
the device potentials have recovered). This process also mimics the
on state of the transistor. It is reported that the charge collection due
to the ALPEN mechanism increases rapidly for effective gate lengths
below about 0.5um [23], [4]. This mechanism may increase the SEU
vulnerability of deep-submicron devices.

The charge collected at the drain node of a transistor due to a radiation
particle strike may induce voltage and current transients in the circuit
in which this transistor is present. Specifically, the radiation induced
current flows from the n diffusion to p diffusion. Traditionally, the
radiation induced current is modeled by a double-exponential current
pulse [26] for circuit level simulations. The expression for this pulse is
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Here @ is the amount of charge collected as a result of the ion strike,
while 7, is the collection time constant for the junction and 73 is the
ion track establishment constant. This current pulse is injected at a
node in a circuit to simulate a radiation particle strike at that node. In
the deep submicron devices, the radiation induced current may be very
different from this double exponential pulse [23], [28]. Therefore, for an
accurate analysis, device-level simulations of radiation particle strikes in
transistors have to performed. Mixed-level simulators are widely used to
simulate a radiation particle strike. In such simulations, the device struck
by the radiation particle is modeled in the “device domain” (i.e. using
3-D device simulation), while the rest of the circuit is represented by
the SPICE like compact circuit models. In this paper, we use Sentaurus-
DEVICE which is a Mixed-level simulator.

iseu(t) = —e /o) e

III. SIMULATION SETUP

In this paper, we consider a radiation particle strike at the NMOS
transistor of an inverter (INV) shown in Figure 2. INV is implemented
in a 65nm bulk technology. The input of the INV is at GND and
hence, the PMOS transistor is ON and the NMOS transistor is OFF. We
used Sentaurus-DEVICE [16] which is a mixed-level device and circuit
simulator to simulate the INV of Figure 2 with a radiation particle

strike at the NMOS transistor. We modeled the NMOS transistor of the
INV in the 3D device domain as described in Section III-A. The PMOS
transistor of INV is modeled using a SPICE model in the circuit domain,
obtained from PTM [29]. Note that we did not simulate a particle strike
at the PMOS transistor since, we expect that a particle at the PMOS
transistor will also give us similar results as obtained from a particle
strike at the NMOS transistor.

To analyze the sensitivity of sub-threshold circuits and circuits which
employ DVS to radiation particle strikes, we varied the supply voltage
(VDD) of INV in our simulations. We also varied the size of INV
of Figure 2 as well as the LET of the radiation particle, to simulate
different radiation scenarios in a circuit. The supply voltage values we
used are 0.35V, 0.5V, 0.6V, 0.7V, 0.8V, 0.9V and 1V. The threshold
voltage of the PMOS (NMOS) transistor is 0.365V (0.325V) therefore,
0.35V is chosen as the supply voltage value for the sub-threshold INV.
We simulated INVs of sizes 2x, 4x and 15x. The width of the NMOS
(PMOS) transistor in 2x INV is 0.13um (0.52um). The INVs were
loaded with a load capacitance of value 3x of their input capacitance.
The radiation particle LET values used are 2, 10 and 20 MeV-cm?/mg,
which represent low, medium and high energy strikes respectively. We
also simulated a 4x INV with LET = 2 MeV-cm?/mg, and 10 MeV-
cmz/mg, and VDD = 1V for different load capacitances (OfF, 1fF,
3fF, 5fF and 6.3fF) to analyze the effect loading on the radiation
susceptibility of the INV.

For each of these simulations, we assume that a radiation particle
strike occurs at the center of the drain diffusion of the 3D NMOS
transistor in the vertical direction (normal to the surface of the drain
diffusion). Hence, in our 3D simulations we do not simulate the charge
collection due to the ALPEN mechanism. The total charge collected
at the drain node of the INV is due to the drift-diffusion mechanism
and the bipolar effect. Physical models used in the simulations included
Shockley-Reed-Hall and Auger recombination, hydrodynamic transport
models for electron, bandgap narrowing dependent intrinsic carrier
concentration model, mobility models which included Philips unified
mobility model, high-field saturation and transverse field dependence.
The silicon region containing the 3D NMOS device is about 10um x
10pm.
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Fig. 2. Inverter (INV) under consideration

A. NMOS Device Modeling and Characterization

We constructed the 3D NMOS transistor of INV of Figure 2 us-
ing the Sentaurus-Structure editor tool [16]. The NMOS device was
implemented in a 65nm bulk technology. The 3D 65nm technology
model was developed based on the data available in the literature [5],
[301, [31], [32], [33], [27], [28]. Based on these references, we used
the gate length L = 35nm, the oxide thickness 7o, = 1.2nm, the
spacer width equals to 30nm and the height of the polysilicon gate
is 0.12pum. We also used threshold voltage, punch through, halo and
latchup implants in the NMOS device. The contact of the p-well was
placed at 0.75pm from the source diffusion of the NMOS transistor. We
characterized the 3-D NMOS device we constructed using Sentaurus-
DEVICE [16] to obtain the drain current (/p) as a function of the drain
to source voltage (V' D.S) for different gate to source voltages (VGS).



The I — V' characteristic of the NMOS transistor with width=1pm is
shown in Figure 3. From Figure 3 we observe that the NMOS device
we constructed has good MOSFET characteristics. These characteristics
were verified to substantially match the 65nm PTM NMOS device
characteristics using SPICE.
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Fig. 3. NMOS device: Ip versus VDS plot for different VGS Values

IV. EXPERIMENTAL RESULTS

Figure 4 shows the voltage of the output of the 4x INV of Figure 2
with VDD = 1V, during a radiation particle strike (of three different LET
values) at the NMOS transistor. Figure 5 plots the radiation induced
current through the drain terminal of the NMOS transistor of the 4x
INV. Note that for a 65nm technology, as shown in Figure 4, a radiation
particle with an LET value as low as 2 MeV-cm?/mg is capable of
generating a significant voltage glitch (> 0.5V DD). For larger LET
values, the voltage at the output of the INV can become negative
as shown in Figure 4 (for LET = 10 and 20MeV-cm?/mg). Hence,
65nm devices are very susceptible to radiation particle strikes even with
medium energy particles. From the plots of radiation induced NMOS
drain current (shown in Figure 5), we notice that for low LET values
(i.e. 2 MeV-cm?/mg) the drain current looks like a double exponential
current pulse. However, for larger LET values (i.e 10 and 20 MeV-
cm?/mg), there is plateau in the radiation induced current. As mentioned
in Section II, a heavily doped substrate demonstrates charge collection
due to both the drift and the diffusion processes. In deep submicron
technologies such as 65nm, the substrate is heavily doped and hence, the
funnel collapses very rapidly (within 10-20ps of the time of the radiation
particle strike). As a result, a lot of charge is left in the substrate (after
the funnel collapses) which then gets collected at the drain node of
the NMOS transistor through the diffusion process [34]. This results
in a significant drain current and hence, the radiation induced current
remain constant for long time. Note that this process is slow, as indicated
in [34]. The current plateau was not observed for LET =2 MeV—cm2/mg
since the radiation particle deposited a small amount of charge (20
fC/um) in the substrate and most of this charge gets collected during
the funnel assisted drift collection phase. After this process, very little
charge remains in the substrate, which does not result in a significant
drain current.
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The charge collected at the output of INV as a function of the
supply voltage during a radiation particle strike is plotted in Figure 6,
for different INV sizes and for different linear energy transfer (LETSs)
values. Figure 7 plots the area of the radiation induced voltage glitch (at
the output of INV) for these simulations. Note that in these simulations,
the INVs were loaded with a load capacitance of value 3x their input
capacitance. The charge collected at the output of the INV is obtained
by integrating the drain current of the NMOS transistor following a
particle strike. The area of a voltage glitch is computed by integrating
the difference of the supply voltage and the voltage at the output of
INV (VDD — V(out)) following a radiation particle strike. Thus, for a
radiation particle strike at time ¢1 at the drain of M1 of the INV shown
in Figure 2, the charge collected at out is Qeonr = f::tl Mgt and
the area of the voltage glitch is fto:otl(VDD — V(out))dt. Note that
the area of the radiation induced voltage glitch is a good measure of
the susceptibility of an INV (or any gate) to radiation particle strikes,
because it incorporates both the magnitude as well as the duration of
the voltage glitch. It also allows us to compare the susceptibility of
INVs across different supply voltage values. From Figures 6 and 7 we
make several interesting observations. These observations, along with
their explanation are as follows.
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Fig. 6. Charge collected at the output of INV for different values

1) Small devices collect less of the charge deposited by a radiation
particle, compared to larger devices. This phenomenon occurs
mainly due to two reasons i) in a small device, the drain node falls
more quickly compared to a large device. Therefore, the strong
electric field in the drain-bulk junction of the NMOS exists for
shorter duration of time in the small device than in the large
device. Thus, less charge is collected initially during the funnel
assisted drift collection phase for a small device. ii) the drain
area is smaller in a small device compared to a large device. As
a result, less charge is collected through the diffusion process in
the small device.

2) For low energy radiation particle strikes, wide devices collect
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almost the same amount of charge across different supply voltage
values. In other words, the charge collection efficiency of wide
devices is high and largely independent of supply voltage. As
mentioned earlier, during a low energy radiation particle most of
the deposited charge gets collected within a few picoseconds after
the particle strike. Also, in a wide device, the drain of the device
takes longer to fall, even for low supply voltages, during a low
energy radiation strike. Thus, the electric field is present in the
drain-bulk junction for a long duration of time and a significant
amount of charge get collected, even at low supply voltages.

3) The amount of charge collected due to a radiation particle strike
reduces with decreasing supply voltage. The charge collected due
to the funnel-assisted drift process depends on the strength of the
electric field in the drain-bulk junction. At lower voltages, the
electric field in the drain-bulk junction is weaker than at higher
voltages. Also, the drain voltage of the device takes longer to fall
for higher supply voltages compared to lower supply voltages.
Therefore, in case of high supply voltages, the electric field in
the drain-bulk junction is strong and present for a longer duration
of time, due to which a large amount of charge gets collected at
the drain node (compared to the case when the supply voltage is
low).

4) The effects of radiation particle strikes become severe for supply
voltages less than 60% of the nominal value. As shown in
Figure 7, the area of the voltage glitch increases with decreasing
supply voltage. The PMOS transistor of the INV is primarily
responsible for recovering the voltage at the output node during a
radiation particle strike at the NMOS transistor. At lower voltages,
the PMOS transistor drive strength reduces and hence, it takes
longer to recover the voltage at the output of the INV.

To analyze the effect of loading on the radiation susceptibility of a
gate, we also simulated a 4x INV with LET = 2 MeV-cm?/mg and
10 MeV-cm?/mg, and VDD = 1V for different load capacitances (0
fF, 1fF, 3fF, 5fF and 6.3fF). The results are reported in Table I. In
Table I, Columns 1 and 2 report the LET and the load capacitance values
under consideration. Column 3 reports the charge collected (Qco11) at
the output of the INV. The area of the radiation induced voltage glitch is
reported in Column 4. From Table I we make the following observations:

1) For small devices with medium or high energy radiation particle
strikes, the pulse width of the voltage glitch increases with an
increasing load capacitance (Cjoqq) of the gate. Due to a radiation
particle strike of medium (or high) energy, the voltage at the
output of the INV of smaller sizes (such as 4x or smaller)
becomes negative very rapidly. After this the PMOS transistor
of the INV starts recovering the voltage at the output. If the INV
is driving a higher load capacitance (Cioqq), then the PMOS will
take longer time to restore the output voltage. Thus, the width of

[ LET [ Cioad (F) J[ Qcon (FC) [ Voltage Glitch |

| (MeV—cmzlmg) | || | Area (V-ns) |
2 0 10.0 0.0434
2 1 10.9 0.0448
2 3 11.1 0.0361
2 5 11.3 0.0314
2 6.3 11.6 0.0303
10 0 26.8 0.1224
10 1 27.7 0.1284
10 3 29.9 0.1409
10 5 32.6 0.1549
10 6.3 34.2 0.1629
TABLE 1

Qcoli AND AREA OF VOLTAGE GLITCH VERSUS LOAD CAPACITANCE (Cloqd)

2)

3)

the voltage glitch increases with the increasing load capacitance
(Cload), contrary to popular belief.

However, for low energy radiation particle strikes, an increas-
ing load capcitance (Cioqq) Of the gate improves the radiation
tolerance of the INV. The magnitude of the voltage glitch is
reduced with the increasing load capacitance (which is due to
increasing fanout). This effect is more visible for low energy
radiation particle strikes. For high energy strikes, the difference in
the magnitude of the voltage glitch for two different loads is very
small. As the voltage glitch magnitude is lower for low energy
strikes, the PMOS transistor of the INV has to recover a lower
voltage swing at the output node. Thus, the width of the voltage
glitch reduces with the increasing fanout load. Hence, the INV
becomes more tolerant to low energy radiation strikes with the
increasing load capacitance.

The charge collected increases with the increasing load capaci-
tance. This is again due to fact that the voltage of the drain node
of the NMOS transistor falls slowly for large load capacitances.
Thus, the electric field is present in the drain-bulk junction of
the NMOS for a longer duration and hence, more charge gets
collected.

The observations made above from Figure 6 and 7, and Table I
are important to consider during radiation hardening of DVS and sub-
threshold circuits. Based on the observations made, we present several
design guidelines for DVS and sub-threshold circuits. These guidelines
suggest that the traditional radiation hardening approaches need to be
revisited.

1y

2)

3)

4)

If a gate is upsized to increase its radiation tolerance, then a higher
value of charge collected due to a radiation particle strike should
be used. This is extremely important for low voltage operation,
since lowered voltage circuits are more likely to have large voltage
glitch areas.

For environments with low energy radiation particles, it is safe to
assume that the charge collected remains constant across different
supply voltages for wide devices. The collected charge also
remains roughly constant across different gate sizes for high or
nominal voltage operation.

DVS designs should scale the supply voltage of a circuit up to
60% of the nominal value. Below this value, radiation suscepti-
bility increases rapidly as shown in Figure 7. Also, a circuit with
DVS should be hardened at the lowest operating voltage, with
the charge collected at that voltage. This will ensure radiation
tolerance at higher supply voltages. Sub-threshold circuits and
circuits with a supply voltage <60% of the nominal value circuits
require aggressive protection against radiation strikes.

The fanout load capacitance (Coqq) of gates should be kept low in
circuits operating in high energy radiation particle environments.
This is contrary to conventional wisdom. For low energy radiation
environments, the fanout factor (load capacitance) of the gates
should be increased to improve their radiation tolerance.

From Figure 6 we observe that the charge collected (Qc.oi1) at the
output of a gate has a strong dependence on the size of the gate,



the supply voltage (VDD) and the radiation particle energy (LET).
Therefore, simulating radiation particle strikes in DVS circuits in
SPICE using a worst case collected charge (maximum possible charge
collection) may lead very pessimistic designs. To improve the accuracy
of SPICE simulations of radiation particle strikes in DVS circuits, we
propose a model for the charge collected (Q,,) at the output node
of gate, and append 4 parameters from this model in to the SPICE
model cards for MOSFETs (for example, the PTM model cards for
65nm [29]). Since Q.o directly depends on the size of a gate - W
(expressed in gwm), VDD and LET (expressed in MeV-cm?/mg), we
propose that QM = Ko - WAV DDP2 LETP3. Here, Kq, 51, (-
and (33 are obtained by characterizing a process technology through 3D
simulations of radiation particle strikes. We obtained the values of Kq,
B1, B2 and B3 by fitting the model Q*,, with Q.o;; obtained through
3D simulations (shown in Figure 6) for 2x, 4x and 15x INV for VDD
= 0.6 to 1.0 V (in steps of 0.1V) and LET = 10 and 20 MeV-cm?/mg.
The values we obtained are Ko = 16.54fC, 81 = 0.704, 5> = 0.9
and B3 = 0.664. Note that we performed the curve fit for medium
and high energy particles, since hardening of DVS circuits need to be
performed against radiation particles of such energies to meaningfully
improve their radiation tolerance. As mentioned earlier, for low energy
particle strikes, it is safe to assume that the charge collected remains
constant across different supply voltages in wide transistors. Therefore,
our model Q,, is applicable for medium and high energy particle
strikes. Also, as we have proposed, DVS designs should scale the supply
voltages of a circuit up to 60% of the nominal value, and therefore
the model Q*,, is obtained for VDD = 0.6 to 1.0 V. To evaluate the
accuracy of our model, we plotted the charge collected at the output
of the INV (shown in Figure 2) predicted by our model (dark bar) and
from 3D simulations (light bar) in Figure 8. Figure 8 shows the charge
collected with VDD = 0.6 to 1.0 V in steps of 0.1 V as the outermost
variable. For each voltage value the charge collected is reported for
2%, 4x and 15x INVs with LET = 10 and 20 MeV—ch/mg, as the
legend indicates. We observe from Figure 8 that our model is very
accurate, with an average error of 6.3%. Thus, our model can improve
the accuracy of the SPICE level simulation of radiation particle strikes in
DVS circuits. For sub-threshold circuits, it is difficult to find an accurate
model since the charge collection efficiency is very low and hence, 3D
simulations have to be used to obtain the value of the charge collected
(Qcor1) at the output node of a gate for different parameter values (W

and LET).
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Fig. 8. Comparison of charge collected (Q ;) obtained from our model versus
3D simulations

V. CONCLUSIONS

Single event upsets (SEUs) are becoming increasingly important
problems for both combinational and sequential circuits. At the same
time, power has become a major issue in computing. In recent times, it
is common to decrease the supply voltage value in the non-critical parts
of VLSI systems, in order to reduce the power and energy consumption.
Reduced supply voltages further aggravate the reliability issue due to

SEUs. With increasing demand for reliable systems, it is necessary
to design radiation tolerant circuits efficiently. In this paper, we have
analyzed radiation particle strikes in DVS and sub-threshold circuits. We
performed 3D simulations for radiation particle strikes in an inverter,
using Sentaurus-DEVICE. We analyzed the sensitivity of DVS and sub-
threshold circuits to radiation particle strikes by varying the inverter
size, the inverter load, the supply voltage (VDD) and the energy of
the radiation particle in our simulations. From these 3D simulations,
we make several non-intuitive observations which are important to
consider during radiation hardening of DVS and sub-threshold circuits.
Based on these observations, we propose several guidelines for radiation
hardening of DVS and sub-threshold circuit designs.
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