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Abstract: The reliability of integrated circuits under advanced process nodes is facing more severe
challenges. Single-event transients (SET) are an important cause of soft errors in space applications.
The SET caused by heavy ions in the 28 nm bulk silicon inverter chains was studied. A test chip with
good symmetry layout design was fabricated based on the 28 nm process, and the chip was struck by
using 5 kinds of heavy ions with different linear energy transfer (LET) values on heavy-ion accelerator.
The research results show that in advanced technology, smaller sensitive volume makes SET cross-section
measured at 28 nm smaller than 65 nm by an order of magnitude, the lower critical charge required to
generate SET will increase the reliability threat of low-energy ions to the circuit, and high-energy ions are
more likely to cause single-event multiple transient (SEMT), which cannot be ignored in practical circuits.
The transients pulse width data can be used as a reference for SET modeling in complex circuits.

Keywords: single-event transient (SET); pulse width; inverter chain; 28 nm bulk; single-event multiple
transient (SEMT); heavy-ions

1. Introduction

The generation of soft errors caused by radiation-induced single-event transients (SET) is a significant
reliability challenge in modern complementary metal-oxide-semiconductor (CMOS) logic, both in space
applications and in terrestrial applications [1–3]. As process feature sizes continue to shrink, clock
frequencies continue to increase, node capacitance and supply voltage decrease, the critical charge of
transient pulses is reduced [3–5], and waveforms are more easily captured and soft errors are formed.
It has been reported that SET are the main cause of soft errors in space applications [6,7], and charge
sharing may even affect multiple nodes and cause single-event multiple transients (SEMT) [8–10]. These
problems are already common in combinatorial logic circuits. The impact of SET has attracted a lot
of attention, but its characterization is complicated because the cross section and pulse width must be
measured simultaneously [6]. There have been many experimental studies on SET. The results measured
at the 0.25, 0.18, and 0.13 µm process nodes show that the effect of voltage variation on the relationship
between the SET pulse width and the cross section cannot be ignored [11]. Experiments with heavy ions
on 130 nm and 90 nm chips have shown that the Linear energy transfer (LET) threshold for generating
SET becomes lower as process size decreases [12], which can make the soft error problem under advanced
process nodes even more severe. Reference [13] compares the results of SET measurements in the 65 nm
bulk silicon process with 130 nm and 90 nm. It is found that the propagation induced pulse broadening
and parasitic bipolar amplification effect make the trend of SET pulse width more and more complicated.
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In Reference [14], pulse quenching can also affect SET. At the 65 nm process node, a lot of research has been
done on the characterization of SET [3,15–18], but in more advanced processes, the results of experimental
measurements on SET are still few.

In the study of measuring the pulse width, there was originally a method based on oscilloscope
to measure current pulses [19], but the defects of this off-chip test method are very obvious. The load
resistance and line capacitance of the test system cause large pulse distortion, and the on-chip measurement
is believed to be a better solution in most applications, and Narasimham et al. [20] invented a self-triggering
technique for measuring SET pulses in 130 nm and 90 nm chips in Reference [12]. In other processes,
there are also examples [3,9,13,14] of successful use of this measurement method. On the basis of
this method, Huang et al. [8] proposed a structure that can simultaneously measure multiple transient
pulses, using eight capture circuits to share a self-trigger structure design, which can measure the SEMT.
This improvement has also been widely used by researchers [6,10,18].

In this paper, the heavy-ion induced SET pulse measurement structure proposed in Reference [8] is
used and some additional measures are taken. A test chip was fabricated in a 28 nm bulk silicon process
using eight inverter chains as a sensitive target circuit. Radiation experiments were carried out on the test
chip using a variety of heavy ions (with LET values from 9.0 to 81.35 MeV · cm2 · mg−1), the measured
SET pulse width and cross section are analyzed. Our intent is that this test data and the situation discussed
may be used for calibration to model single-event transients in complex circuits.

2. Test Chip Structure

The test chip consisting of four regions was developed as shown in Figure 1, which includes a target
circuit, a measurement circuit, a debug circuit, and a ring oscillator circuit. SET generates in the target
circuit (TC). TC is the same in structure as the target circuit of Reference [8]. The 800-level inverter chain
is divided into 4200-level short chains and connected to the measurement circuit through the OR4 gate.
Compared with a single long chain, such a structure can reduce the effect of propagation-induced pulse
broadening (PIPB) effect. In the experiment, 32,200-level inverter chains were designed and divided
into 8 groups, as shown in Figure 2. All inverters in any 200-level chain are placed vertically and the
space between each two adjacent chains is the same, that is, 220 nm. The W/L of PMOS and NMOS is
255 nm/35 nm and 120 nm/35 nm, respectively.

The measurement circuit (MC) is shown in Figure 3, which is almost the same as the measurement
structure in Reference [8]. The difference is that the inverter chain in part 1 of measurement circuit is
appropriately extended to 190 stages, and the trigger position is set at the 120th stage inverter. 8 basic
measurement circuits shown in (a) use the common self-trigger structure shown in (b) (instead of part 4
in (a)). The 8 SET measurement circuits are symmetrical about the x-axis and y-axis centers in the layout.
The common self-trigger structure is placed in the middle of the layout to ensure that the delay of the
“HOLD” signal reaching each SET measurement circuit matches.

The debug circuit (DC) consists of an even-numbered inverter chain and an exclusive-OR gate.
Its circuit structure is shown in Figure 4. When the input signal “IN” changes, signal “OUT” will output a
pulse with the width of the delay of the inverter chain, So changing the number of stages in the inverter
chain can change the output pulse width. The designed test chip has a total of 8 sets of debug circuits,
which are connected to 8 sets of SET measurement circuits. The number of stages of inverter chains
in each set of debug circuits is shown in Table 1, the minimum number of inverter chain stages is 6
(the corresponding pulse width is about 60 ps) and the maximum is 40 (The corresponding pulse width is
about 400 ps). The function of the debugging circuit is to simulate the transient pulse generated by the
radiation, which is convenient for the function debugging of the test chip.
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Figure 1. Test chip overall layout with 4 regions.
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Figure 2. Target circuit structure with 32 inverter chains divided into groups every 4 chains.

The delay of the inverter in the measurement circuit determines the accuracy of the measurement.
Due to the existence of process variations, the delay of the inverter obtained in simulation is not the same
as the delay of the inverter in actual experiments. The ring oscillator circuit (ROC) is used to measure the
delay of a single inverter in actual experiments. ROC consists of a NAND gate unit and an inverter chain.
The inverter unit used is the same as the inverter unit used in the inverter chain in the measurement circuit
(MC). Figure 5 is a block diagram of a ROC. The low level of signal “IN” input can give an initial state
to the ring oscillator circuit. After “IN” is maintained at a high level, the NAND gate unit is equivalent
to an inverter unit. “OUT” outputs a square wave signal generated by oscillation. The designed ROC
has a total of 2405 levels (including the NAND gate when the input IN = 1), then the output square wave
frequency can be measured by the oscilloscope, so the delay of a single inverter stage can be calculated by
the following formula:

∆T =
1

2 × N × f
(1)
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where N and f are the number of inverters of the ROC and the frequency measured at the OUT
port, respectively.
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Figure 3. The measurement circuit: (a) The basic measurement circuit. (b) With shared self-trigger structure.
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Figure 4. Debug circuit structure with 6 inverters and an exclusive-OR gate.

Table 1. The number of stages of inverter chains in each set of the debug circuit (DC).

DC Sets.Num. 1 2 3 4 5 6 7 8

Stages.Count 6 10 16 20 26 30 36 40
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Figure 5. Ring oscillator circuit structure with a NAND gate and an inverter chain.

3. Experimental Setup

The test chip is manufactured using a commercial 28 nm bulk silicon process, using a double well
structure, and the total designed area is 63 × 501 µm2. The test chips work at room temperature with the
supply voltage of 0.9 V. Heavy ion experiments were performed on the Heavy Ion Accelerator Laboratory of
the Institute of Modern Physics, Lanzhou Chinese Academy of Sciences and the HI-13 Tandem Accelerator
of the Chinese Academy of Atomic Energy. As shown in Table 2, 5 kinds of heavy ions were used.
The linear energy transfer (LET) value of Si ion is the smallest, which is 9.0 MeV · cm2 · mg−1, and the
LET value of Ta ion is the largest, which is 81.35 MeV · cm2 · mg−1. The flux used in the experiments are
relatively mild with 1 × 104 ions · cm2 · s−1 or 2 × 104 ions · cm2 · s−1, the collected SETs are captured in
real time in the experimental environment.

In addition, before and after each heavy ion experiment, the frequency of the ring oscillator circuit
is tested with an oscilloscope, because it is important to calculate the true SET pulse width. The debug
circuit is also used to judge whether the circuit is working properly before the test is officially started.

Table 2. Heavy ions used in the experiments.

Ion Energy
[MeV]

Incident Range
[µm]

LET
[MeV · cm2 · mg−1]

Flux
[ions · cm2 · s−1]

Fluence
[ions · cm2]

28Si12+ 143 54.5 9.0 2 × 104 1 × 107

35Cl13+ 150 42.8 13.4 2 × 104 1 × 107

74Ge19+ 208 30.3 37.3 2 × 104 1 × 107

86Kr26+ 482.7 58.8 37.54 1 × 104 2 × 107

181Ta31+ 1400.8 83.3 81.35 1 × 104 5.6 × 106
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4. Experimental Results

4.1. Inverter Delay and Broadening Factor

By measuring the frequency of the ring circuit in each experiment with the oscilloscope, it is easy to
calculate the delay of each stage of the inverter chains. In a total of 5 experiments, the frequency of the ring
oscillation circuit does not change much and is basically stable at 26.6 MHz. Therefore, the stage delay of
the inverter calculated by Formula (1) is 7.8 ps.

When the debug mode is enabled, the square pulse generated by the debug circuit is captured by the
measurement circuit, so the pulse width generated in each debug circuit is also recorded, and the measured
pulse width is found to be constant after multiple experimental measurements. The captured pulse widths
are shown in Table 3. According to the 7.8 ps delay of each stage of the inverter and the number of
inverters of each debugging circuit, the pulse width generated by each debugging circuit can be known,
that is, the expected pulse width. According to the data recorded in the database in the experimental
system, find the number of inverters that each pulse propagates through the 190-level inverter chain of the
measurement circuit when the “Trigger” is triggered. Therefore, the average value of the broadening factor
of the pulse broadening effect caused by the propagation is calculated to be 0.122 ps/stage. Although the
results calculated by this method are not particularly accurate, they also have certain reference value.
It was also found that SET was not captured in the shortest debug circuit because the measurement circuit
had a certain minimum measurement threshold. This means that the measurement circuit cannot measure
SET pulses lower than 46.8 ps.

Table 3. The number of stages of inverter chains in each set of DC.

DC Sets.Num. 1 2 3 4 5 6 7 8

Expected pulse-width [ps] 46.8 78 124.8 156 202.8 234 280.8 312
Captured pulse-width [ps] 0 85.8 132.6 179.4 226.2 257.4 304.2 335.4

Passed INV count 0 150 156 156 152 152 156 158
Broadening factor [ps/stage] 0 0.052 0.050 0.150 0.153 0.153 0.150 0.148

4.2. SET Characterization

A total of 5 different types of heavy ions with different energies were used in the radiation experiment.
Table 2 lists their ion information in detail. For all ions, experiments with normal incidence have been
performed. Although there is a certain difference in flux, it has no effect on the calculation of SET
cross-section. Under different ion irradiation, the SET pulse width distribution and the SET cross-section are
different. In Figure 6, the measured cross section for transients is plotted as the function of LET. Compared
with the case [6] reported at 65 nm process, the SET cross section is smaller in 28 nm process, which is due
to the smaller sensitive volume. When LET is more than 13.4 MeV · cm2 · mg−1, the cross-section of 65 nm
process is more than an order of magnitude larger than 28 nm process, because of the reduction in sensitive
volume. But at lower LET, the effect of critical charge required by generating SET exceeds the effect of
sensitive volume, that means less deposited charge can also trigger transient pulses. It is foreseeable that
the LET threshold of SET generated under advanced processes will be lower.

The distribution of pulse width as the function of LET is shown in Figure 7. With higher LET, the range
of SET pulses is larger, which may depend on whether the ion impacts inside the drain (drift collection) or
outside the drain (diffusion). When the LET value is approximately equal to 37 MeV · cm2 · mg−1 (the Ge
and Kr ions), the minimum pulse width measured is 54.6 ps, which is the same as the measurement
threshold of the measurement circuit obtained in the debug circuit, and the count of minimum pulse width
is not a few, it is very likely there are also many smaller transient pulses that have not been captured.



Symmetry 2020, 12, 624 8 of 11

The average pulse widths measured under different LET are similar as shown in Table 4, which also
proves that smaller deposited charges in advanced processes are sufficient to trigger SET, and because
at higher LET, more charges will be deposited, in the same well, it is very likely that charge sharing
between the closely spaced transistors will cause multiple transient pulses or pulse compression effects,
which are related to the electrical connection relationship. In this experiment, when using Ta ion to
irradiate, 10% double transient pulses were observed, even if the interval between adjacent transistors is
220 nm, which is much larger than the minimum distance specified in the design rule check (DRC) file.28 nm65 nmCross section (cm2 ) 10−1110−1010−910−8 LET (MeV·cm2·mg-1)0 10 20 30 40 50 60 70 80 90

Figure 6. Measured single-event transients (SET) cross-section as the function of linear energy transfer
(LET) and research data in 65 nm.
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Figure 7. Pulse width distribution of measured SET as the function of LET.
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Table 4. Average pulse width of measured SET.

LET [MeV · cm2 · mg−1] 9.0 13.4 37.3 37.54 81.35

Average width [ps] 128.7 130.6 131.4 139.4 154.7

5. Discussion

In this article, the SET caused by heavy ions in the inverter chain in a 28 nm bulk silicon process
is investigated. In the measurement process, we should pay attention to the measurement accuracy of
the measurement circuit itself, that is, the stage delay of the inverter. In order to more accurately obtain
the delay of the inverter chain in the measurement circuit, future experiments should try to construct it
directly as a ring oscillator. A transient pulse of a certain width is artificially generated and captured by
a measurement circuit. By comparing the output value of the measurement circuit with the artificially
set input value, you can obtain the accurate measurement circuit’s measurement threshold. Spreading or
compression of the input pulses for better correction of measurement results.

Experimental results show that the measurement threshold and resolution of this pulse measurement
circuit are improved compared to similar measurement circuits in the 65 nm process, but still cannot fully
contain pulses with smaller widths. Three types of measurement circuits are compared in Reference [6],
the measurement structure which is called “Vernier” makes its resolution not directly limited by the
combination gate delay, which should be a feasible solution in advanced technology.

The single-event multiple transient (SEMT) effect in the smaller transistor process cannot be ignored.
Since we used the measurement structure proposed in Reference [8], single-event dual-transient data was
also measured at a maximum LET value equal to 81.35 MeV · cm2 · mg−1, when the distance between
adjacent transistors in the same well is increased, the situation will become worse in actual circuits. At the
same time, low-energy ions in space may also bring more damage factors to existing single-event effect
reinforcement methods and pose additional challenges.

6. Conclusions

Under the advanced technology, the influence of the reduction of the sensitive volume and the
decrease of the critical charge on the production of SET is a competitive relationship. In 28 nm process,
when LET is higher than 13.4 MeV · cm2 · mg−1, the reduction of the sensitive volume causes SET cross
section to be more than an order of magnitude smaller than the data at 65 nm, but when LET is lower,
reduced critical charge makes it easier for low-energy ions to induce transient pulses, so the SET cross
section is close to the data in 65 nm. Measured smallest SET pulse width is 54.6 ps and is determined
by minimum measurable value of measurement structure, which is 46.8 ps. With the reduction of clock
frequency due to process shrinkage, the impact of smaller pulses must also be considered, and the
multi-transients cannot be ignored. In future work, we can focus on the impact of small pulses on
complex circuits and improve transient pulse measurement technology. In the case of multiple transients,
the broadening and convergence of pulses may cause the original radiation-hardened design method to
fail, which will bring more challenges.
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