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Abstract: In analog circuit design, the bulks of MOSFETs can be tied to their respective sources to
remove body effect. This paper models and analyzes the sensitivity of single-event transients (SETs)
in common source (CS) amplifier with bulk tied to source (BTS) in 40 nm twin-well bulk CMOS
technology. The simulation results present that the proposed BTS radiation-hardened-by-design
(RHBD) technique can reduce charge collection and suppress the SET induced perturbation effectively
in various input conditions of the circuit. The detailed analysis shows that the mitigation of SET
is primarily due to the forward-bias of bulk potential. This technique is universally applicable in
radiation-hardening design for analog circuits with negligible penalty.

Keywords: analog single-event transient (ASET); radiation-hardened-by-design (RHBD); single-event
transient (SET); analog amplifier

1. Introduction

Analog single-event transient (ASET) is an important topic for researchers who study radiation
effects in integrated circuits (ICs) [1], which leads to disturbances of output signal characteristics and
surrounding system responses. ASETs have been observed in space applications and are easily noted
in simulations and experiments [2,3]. The heavy ion moves through the sensitive area in analog circuits
and generates movable charges which are controlled by drift, diffusion, and parasitic bipolar effect [4].

Several techniques have been explored for ASET mitigation. References [5–7] introduced
redundancy techniques with multiple copies to reduce the effects of ion strikes on a single node in
analog circuits. Those techniques reduce SET sensitivity but lead to large area and power penalty.
References [8,9] promoted the differential charge cancellation technique to mitigate SET vulnerability
with charge sharing, however it can only be applied in differential circuits and cause large load
capacitance and area penalty. Yang et al. [10] improved ASET tolerance of a charge pump by inserting a
control circuit between the charge pump and low-pass filter, which complicated the system design and
can only be adopted in limited applications. Loveless et al. [11] implemented a special circuit to achieve
the improvement in SET susceptibility, but the phase jitter performance is worse. Those methods
can significantly mitigate the ASET disturbance, but their applications are limited and need certain
electrical performance plus area and design trade-offs. Therefore, it is desirable to find a universally
applicable method for ASET mitigation with a negligible penalty.

We note that bulk potential has important effects on the charge collection and SET response in
CMOS technology [12,13]. In digital circuits, the bulks of transistors are tacitly tied to ground voltage
Vss (for NMOS) or supply voltage Vdd (for PMOS). However, in some analog circuit applications,
the bulks of MOSFETs can be tied to their respective sources to eliminate the body effect [14]. Taking
PMOS transistor as an example, with the bulk (N-well) and source tied together, the N-well potential
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drops to source potential (lower than supply voltage Vdd with stacked transistors), which leads to the
electric field around the drain-well junction decreasing. Therefore, holes collected by the drain of PMOS
and the peak value of SET pulse are reduced. For analog circuit design, tying source and bulk together
(BTS configuration) not only eliminates body effect but also improves its anti-radiation capability.

Compared with the ASET mitigation methods mentioned above, the BTS radiation-hardened-by-design
(RHBD) technique is more applicable and simpler. Theoretically, any circuit that has stacked transistors (e.g.,
charge pump, bandgap reference, phase-locked loop, and others) can adopt the BTS technique to mitigate
SET disturbance, which provides a universally applicable method for ASET mitigation.

In this paper, a Technology Computer-Aided Design (TCAD) simulation tool is used to evaluate
the SET performance of an amplifier with the bulk and source tied together. Different input conditions
are considered to study its overall radiation performance. A practically used operational amplifier in a
voltage follower configuration is designed to evaluate the effect of ASET pulse mitigation.

2. Simulation Details

Plenty of experiments have indicated that 3-D mixed-mode TCAD simulation is a useful method
to investigate the mechanism of SET [15–18]. Device and circuit-level mixed-mode simulations are
used to obtain the shape, amplitude, and duration of transient pulse generated by the interaction of
incident particle and the sensitive transistor in circuits.

Simulations reported in this work are carried out on a single-transistor common source (CS)
amplifier with source degeneration and the struck PMOS transistor is modeled in TCAD in two fingers
configuration, as shown in Figure 1. Degenerated CS amplifiers can linearize input and output voltage
and are widely applied in high-precision signal processing [14]. The essential condition for BTS
configuration is that there must be a stacked structure. Transistors that are not directly connected to
Vdd/Vss can be hardened by the BTS technique. For the CS amplifier in Figure 1, only M1 can adopt
this technique, thus we focus on its analysis. In each simulation case, the N-well bias of M1 has two
configurations: tie to source (BTS configuration) or tie to Vdd (normal configuration), where other
factors remain the same.

Figure 1. Mixed-mode simulations of the degenerated common source (CS)-amplifier. The struck
transistor M1 is modeled with (a) well and source tied together (bulk tied to source (BTS) configuration);
(b) well tied to Vdd (normal configuration).

TCAD is adopted in this work to perform the device simulations. Typical P-substrate bulk CMOS
technology is used in our simulations. The structural and doping profiles of the devices are calibrated
to that of the 40 nm commercial SPICE models for DC and AC (transient) calibrations [19]. Transistor
size, spacing, and well configuration are satisfied with the layout design rules. The size and bias of
each transistor are set according to Table 1 to ensure that the device operates in the saturation region.
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Table 1. Size and bias of the transistors for simulation.

Transistors Bias (V) Width (µm) Length (nm)

M1 0.35/0.45/0.55 10 100
M2 0.58 8 80
M3 0.5 4 200

In the TCAD simulation process, a heavy ion strike is simulated as an electron-hole pair column
with the track as its axis. Ion used in simulations has linear energy transfers (LETs) of 30 MeV·cm2/mg.
The LET value is kept constant along the heavy ion track. The length and radius of the ion track
are 10 µm and 0.025 µm, respectively. We simulated an ion strike at the center of the drain of the
struck transistor normally. Similar to our previous works [20–25], the included physical models
are: (a) Fermi–Dirac statistics, (b) the doping-dependent carrier mobility model with high electric
field saturation, carrier–carrier scattering as well as interface scattering; (c) carrier recombination
model: doping-dependent SRH and Auger recombination; (d) the effect of bandgap narrowing;
(e) hydrodynamic carrier transport model; (f) and other models are configured with default models
and parameters.

3. Simulation Results

In analog circuits, the transistors operate in a wide range of bias conditions, depending on the
signal level at their inputs. The input and output characteristic of this circuit is simulated as shown in
Figure 2. The simulated electric characteristics are almost similar in different well bias configurations.
When the input voltage of the circuit is between 0.35 V and 0.55 V, the PMOS transistor works in the
saturation region, and the amplifier works in the linear region.

Figure 2. Input and output characteristics of the CS amplifier.

Three input voltages (0.35 V, 0.45 V, and 0.55 V) are chosen to analyze the influence of input
conditions on SETs. Striking location, angle of incidence, and other conditions are kept constant while
the bias condition is changing.

Figure 3 illustrates the relationship between input conditions and transient voltage pulses obtained
with different well bias configurations. Transient voltages produced in the two CS amplifiers show
distinct distributions. For the struck transistor with well tied to the source, the amplitudes of transient
voltage pulse are lower than those of the struck transistor with the well tied to Vdd. The high levels of
transient voltage pulses remain constant with various input voltages since the state of M1 is driven to
“on” as a result of charge generation after particle strike. Therefore, the peak voltage is determined by
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the charge collected by the device, M2 and M3 transistors, and the corresponding bias voltages Vb2
and Vb3.

Figure 3. Simulated transient voltages in three input conditions, (a) struck transistor with BTS
configuration; (b) struck transistor with normal configuration.

SET mitigation comparison is outlined in Figure 4 when the input bias is 0.45 V. The black
curve represents the SET of the normal circuit without any hardening technique. The red curve
represents the SET shape when the well contact is tied to the source of the corresponding transistor.
The circuit-adopted BTS configuration mitigates the amplitude of SET voltage pulse by 45%. For analog
systems, only transients above a certain critical amplitude and longer than a certain critical duration
are likely to cause system failure. For this work, we adopt a threshold of ±100 mV (the value chosen to
represent the SET output for comparison of simulation results), which is the same as [26,27]. An event
with a magnitude of over 100 mV (about 10% of full-scale) is sufficient to cause problems in most
practical applications. The struck PMOS in normal configuration exhibits a much stronger transient,
both in pulse duration and pulse amplitude. The simulation results show that the SET pulse width is
3.25 ns for the normal configuration and 1.22 ns for the BTS configuration with 100 mV of threshold
voltage. The BTS technique reduces SET pulse width from the normal configuration over 62%.

Figure 4. Transient voltages at different well bias configurations.

4. Discussion

The physical mechanism of the BTS hardening technique can be explained from two aspects. First,
the N-well potential influences SET amplitude. Figure 5 shows the electrostatic potential of a 1-D cut
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of the PMOS center structure perpendicular to the YoZ direction. In the bulk region (N-well region for
PMOS), drain/well and source/well reverse-biased PN junctions exist along the source-channel-drain
horizontal cutline before ion strike. After ion strike, the electric fields of the two PN junctions reduce but
still exist in both well bias configurations. Even though an electronic barrier still remains, the resistance
is lower after particle strike and the P+ drain potential tends to collapse to the N-well. Since the BTS
configuration has a lower N-well potential, the SET amplitude is lower with the BTS configuration
compared with the normal configuration after ion strike.

Figure 5. A 1-D profile of the PMOS electrostatic potential distribution underneath surface 10 nm with
different N-well bias configurations (the struck transistor is modeled in two fingers).

Second, the BTS hardening technique reduces the number of holes collected by the drain node.
Resulting from the charge generation, M1 is “on” after ion strike. The drain and source collect
holes while N-well collects electrons for the charge collection process in PMOS. Based on the charge
conservation principle, the following must be satisfied:

QD + QS = QNW (1)

QD, QS, and QNW represent the charge collected by the drain, source, and N-well, respectively.
With a decreasing well-biasing voltage in the BTS configuration, fewer electrons flow to the N-well
after ion strike, which preserves more electrons recombine with holes, thus the holes collected by the
drain and SET peak value are reduced in the BTS configuration.

SET pulse width is another important factor in identifying the single-event vulnerability, which is
determined by the amount of charge collection and the rate of the charge restorability. When LET is
large enough, SET pulse width (WSET) can be expressed as follows [28]:

WSET ∝ τ1 ×QD × ln
( 1

Isat × τ2

)
. (2)

where τ1 and τ2 are parameters related to device structure and Isat is the saturated current of the
pull-down NMOS. Neglecting the channel-length modulation effect, we assume Isat is constant in the
SET production process. It can be seen that the pulse width is proportional to the amount of charge
collection QD. Since fewer holes are collected by the drain in the BTS configuration, the output ASET
pulse width is narrower compared with normal configuration.

The function and performance of analog circuits are highly related to the precise design of
the threshold voltage Vth. Any factor causing the threshold shift must be considered. Body effect
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has the potential to shift the threshold voltage. For PMOS transistors, Vth decreases as the N-well
potential drops. Consequently, the electrical performance of the CS amplifier employed in the BTS
RHBD technique will also be influenced. SPICE simulation is conducted for such a CS amplifier.
The gain at 1K Hz is 10.143 dB and 10.638 dB for the normal and BTS configuration, respectively.
The power consumption is 21.34 µW for the normal configuration and 22 µW for the BTS configuration.
The simulation results from SPICE show that the BTS configuration has a negligible influence on
circuit performance.

In this paper, the P-hit case serves as a simple example for the present study to analyze the
effect of BTS hardening technique for ASET mitigation. The proposed BTS technique can be adopted
in both PMOS and NMOS with the same physical mechanism. Note that, for NMOS adopting
BTS configuration, a deep N-well implanted in the triple-well is needed to separate a P-well from
common P-substrate.

5. Verification in Operational Amplifier Circuit

In order to evaluate the effectiveness of the SET mitigation technique in analog subsystem circuits,
an operational amplifier circuit in a voltage follower configuration (unit gain) is designed and used
for simulation. Operational amplifiers are wildly used in analog and mixed-signal circuits such
as low drop-out (LDO) regulators, bandgap (BG) references, analog-to-digital converters (ADCs),
digital-to-analog converters (DACs), comparators, and others.

Figure 6 presents the operational amplifier and the circuit configuration. The BTS hardening
technique is adopted in M1 and M2 differential input transistors to evaluate the effectiveness of ASET
mitigation. To ensure the correct operation of the design, functional verification is carried before the
SET simulations. The simulation results of the open-loop circuit are shown in Figure 7, indicating
that the circuit performances for the two well bias configurations are approximately equivalent.
A gain-bandwidth (GBW) of 195 MHz and a phase margin (PM) of 70◦ are obtained for the operational
amplifier. The 1 σ offset voltage of the process mismatch with 2 k points of Monte Carlo simulation is
6.7 mV for the normal configuration and 6.36 mV for the BTS configuration. These simulation results
again indicate that a different N-well bias configuration has a negligible effect on the circuit performance.

Figure 6. Single-event transients (SET) simulation circuit consisting of an operational amplifier in
voltage follower configuration (M1 and M2 modeled in BTS and normal configuration).

For the SET simulation, M1 is the struck transistor and modeled as the 3D TCAD model, while
other devices use SPICE models. If there is a disturbance on the M1, the voltage of the operational
amplifier will be influenced and thus the output of the voltage buffer will temporarily deviate from the
input. The simulations are performed using mixed-mode TCAD simulations. A 525 mV DC input
signal is applied to the input transmission gate.

Figure 8 demonstrates the effectiveness of the BTS hardening configuration. Heavy ion is injected
in the test circuit at 50 ns with the same simulation methodology mentioned before. Due to the
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differential-mode amplification of the circuit, the output disturbance is evident. The peaking SET
voltage is 518 mV for the normal voltage follower circuit, while it is 381 mV for the BTS RHBD circuit.
In other words, BTS RHBD technique mitigates SET glitch by 26.4% of its original amplitude in this
case. The SET pulse widths (the pulse width when the voltage is lower than 100 mV threshold voltage)
are 6.2 ns for normal configuration and 1.5 ns for BTS configuration, respectively. The pulse width
decreases by 75.8%.

Figure 7. Frequency response of the operational amplifier: (a) gain and phase; (b) output noise.

Figure 8. SET induced voltage follower disturbance with different N-well bias configurations.

The characteristics of the proposed BTS technique are summarized and compared with other
state-of-art techniques in Table 2. The BTS technique can be adopted freely in any circuits with stacked
transistors. Comparing with other works, the advantages of the BTS are the negligible penalty and low
design difficulty.

Table 2. Comparison with other state-of-the-art analog single-event transient (ASET) mitigation methods.

Ref. No. and Year Ref. [10] 2018 Ref. [29] 2019 Ref. [5] 2019 This Work

Method applying control circuit double-loop self-sampling TMR BTS
Technology 130 nm 65 nm 28 nm 40 nm

ASET mitigation 93% 1 60% 2 50% 2 75.8%
Hardening level circuit circuit system transistor
Design difficulty high low low low

Application charge pump circuits mixed-signal circuits mixed-signal circuits stacked transistors
Penalty large area large area and power large area and power negligible

1 Compare in analog single-event transient (ASET) peak voltage. 2 Compare in threshold voltage in cross-section.
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6. Conclusions

In this paper, a technique tying bulk and source together (BTS configuration) for analog single-event
transient mitigation is investigated. Based on commercial 40 nm bulk CMOS technology, the 3D
TCAD simulation results indicate that the BTS configuration can mitigate SET pulse effectively with a
negligible penalty. Detailed analyses show that the proposed BTS technique mainly affects the N-well
potential. With an LET of 30 MeV·cm2/mg, the pulse width of the SET signal is reduced by 62% for
single the CS amplifier and 75.8% for the voltage follower system. Without the performance penalty,
this technique is universally applicable and provides new guidance for radiation-hardened analog
circuit design.
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