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1. Introduction

Research on the effects of radiation on advanced electronic devices and integrated cir-
cuits has experienced rapid growth over the last few years, resulting in many approaches be-
ing developed for the modeling of radiation’s effects and the design of advanced radiation-
hardened electronic devices and integrated circuits [1–10]. With the progressive scaling of
integrated circuit technologies and the growing complexity of electronic devices, their sus-
ceptibility to radiation’s effects has presented many exciting challenges that are expected to
propel research in the coming decade [11–14]. Additionally, regarding single-event effects
(SEEs), continued scaling has drastically introduced new challenges, resulting in multiple-
cell upsets, multipulse propagations, and other complex effects [15–22]. These issues
necessitate the development of new solutions to assess and mitigate radiation sensitivity in
advanced devices and integrated circuits.

The first edition of “Radiation Effects of Advanced Electronic Devices and Circuits” fea-
tures nineteen high-quality submissions that showcase emerging applications and address
recent breakthroughs. One key focus is the exploration of materials and device architectures
designed to enhance radiation tolerance. This Special Issue also studies the development of
advanced simulation tools and modeling techniques for accurately predicting the behavior
of electronic devices exposed to radiation. These efforts encompass the refinement of
existing simulation methodologies and the development of new computational approaches
to better capture the complex interactions between radiation particles and basic materials.
Additionally, this Special Issue addresses the growing importance of testing and validation
methodologies for assessing the radiation hardness of integrated circuits and electronic
systems. Researchers are exploring innovative testing protocols to ensure the reliability
and robustness of electronic components in radiation environments, highlighting recent
advancements in the field of radiation-tolerant electronics for space applications. Overall,
this Special Issue serves as a comprehensive platform for researchers to showcase their
latest findings and advancements in the effects of radiation on advanced electronic devices
and circuits. By addressing a wide array of topics spanning from fundamental mechanisms
to practical applications, this first Special Issue aims to foster collaboration and innovation
within the radiation effects community and to contribute to the ongoing advancement of
radiation-hardened electronics technology.

2. Highlighting Key Contributions

The nineteen articles in this Special Issue focus on not only systematic evaluation meth-
ods such as technology computer-aided design (TCAD), geometry and tracking (GEANT4),
and novel numerical computation techniques but also the basic mechanisms and hardening
results regarding the radiation performance of key components or devices such as sensors,

Electronics 2024, 13, 1073. https://doi.org/10.3390/electronics13061073 https://www.mdpi.com/journal/electronics1
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FinFET, silicon-on-insulator (SOI), system-on-chip (SoC), direct current (DC)–DC convert-
ers, SiC, heterojunction bipolar transistors (HBTs), and carbon nanotubes (Contribution
1–19).

With the development of integrated circuit technology, radiation’s effects such as total
ionizing dose (TID) effects, the high-dose-rate transient ionizing radiation response, and
the single-event upset (SEU) of electron devices under advanced SOI CMOS processes have
attracted considerable attention. Three articles provide recent and relevant research on the
effects of radiation on SOI technology. The detailed TID effects and SEU features for SOI
static random-access memories (SRAMs) with different layout structures were explored
by Zhao, P. et al. (Contribution 1). The experimental results indicate that the SEU cross-
sections are not only influenced by TID irradiation but also closely related to the layout
structure of the memory cells. Li, T. et al. (Contribution 13) conducted an experimental and
simulation study on the high-dose-rate transient ionizing radiation response and factors
influencing fully depleted SOI (FDSOI) D flip-flop (DFF) circuits. The results demonstrate
that the number of errors in DFFs nonlinearly increases with increasing dose rate, and
the increasing supply voltage leads to an increase in data errors due to increased charge
collection efficiency. Lin, L. et al. (Contribution 15) investigated the effect of hot-carrier
injection (HCI) on γ-ray-irradiated partially depleted (PD) SOI n-MOSFETs with a T-shaped
gate structure. The results indicate that the HCI has a recovery effect on the long-term
reliability of n-MOSFETs when applied to a space environment.

Bulk silicon complementary metal oxide semiconductor (CMOS) devices encounter
distinct single event latch-up (SEL) problems in aerospace. The traditional method fails to
release devices from the latch-up state due to the narrow resistance range. Therefore, Xin, J.
et al. (Contribution 2) developed an improved design for the resistor in front of the DC–DC
buck converter, which increases the resistance range according to the input characteristics
of the DC–DC buck converter. The method enhances the latch-up hardness performance by
expanding the resistance range in comparison with that of the conventional design.

Some studies focused on the basic radiation effects of transistors or diodes have been
published in our Special Issue. Pan, X. et al. (Contribution 3) investigated the inflection
point of a single-event transient in a SiGe HBT. The collector’s transient inflection point
is jointly determined by the transient current of the emitter, substrate, and base, and the
characteristics of the transient peaks widely vary among electrodes. Additionally, the
contributors proposed a method to introduce the initial ionized EHPs’ distribution of the
Geant4 simulation to a TCAD simulation, thereby increasing the simulation accuracy and
efficiency of the heavy-ion-induced SEE. To understand the microphysical mechanism of
SEEs in SiGe HBTs, the effects of the heavy-ion striking location, incident angle, LET value,
projected range, ambient temperature, and bias state were investigated by Zhang, Z. et al.
(Contribution 5). The results indicate that the current transient peak value increases with the
LET and the projected range of the heavy ions and decreases with the ambient temperature.
The SEEs of SiGe HBTs are influenced not only by heavy-ion irradiation parameters such as
the incident angle, LET value, and projected range but also by the striking location, ambient
temperature, and bias state. In addition, the effects of proton irradiation on CMOS single-
photon avalanche diodes with and without shallow trench isolation were examined by Xun,
M. et al. (Contribution 19). The I–V characteristics, dark count rate, and photon detection
probability of the diodes were measured under proton irradiation, contributing to meeting
the dramatically increasing demands for satellite-to-ground quantum communication
and space environment detection. Furthermore, semiconductor devices have entered the
post-Moore era, where new materials and new technology have emerged. The excellent
performance and radiation-hardness potential of carbon nanotube field-effect transistors
(CNTFETs) have widely attracted attention. Ding, H. et al. (Contribution 4) investigated
the TID effect of top-gate structure CNTFETs and the influence of the substrate on top-
gate during irradiation. Studies regarding the influence mechanism of trapped charge
introduced by TID irradiation on the characteristics of the top-gate CNTFETs are urgently
needed for the design of CNT-based devices.
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SiC power devices require resistance to both SEEs and TIDs in a space radiation envi-
ronment, and several articles in our Special Issue present detailed results on simulation or
irradiation experiments. Li, X. et al. (Contribution 6) investigated the impact mechanism
and regularity of using the split-gate-enhanced process to determine the radiation resistance
and long-term reliability of SiC vertically diffused MOS (VDMOS). The split-gate-enhanced
VDMOSFET process can effectively enhance the radiation resistance of SiC VDMOS but
impacts on the gate oxide reliability of SiC VDMOSs. Feng, H. et al. (Contribution 9)
investigated the impact mechanism and regularity of using the SGE process to determine
reliability of SiC VDMOS under radiation conditions. The use of the new process leads to
more defects in the oxide layer, reducing the long-term reliability of the device, but its stabil-
ity recovers after accelerated high-temperature annealing. Liang, X. et al. (Contribution 12)
experimentally studied heavy-ion irradiation with different particle LETs, gate biases, and
drain biases. The experimental results, along with those of TCAD simulations, suggest that
the latent damage induced by irradiation in gate oxide is closely related to the peak electric
field in the gate oxide at the time of particle incidence. The peak electric field, determined
via the potential difference between the two sides of the gate oxide, is affected by the
particle LETs, gate biases, and drain biases together. The leakage current is the most critical
parameter for characterizing heavy-ion radiation damage in SiC MOSFETs. Moreover, an
accurate and refined analysis of the source and generation process of leakage current is
the key to revealing the failure mechanism. Xiang, Y. et al. (Contribution 16) finely tested
the online and postirradiation leakage changes in and leakage pathways of SiC MOSFETs
caused by heavy-ion irradiation, reverse-analyzed the damaged location of the device, and
discussed the mechanism of leakage generation. The experimental results further confirm
that an increase in the leakage current of a device during heavy-ion irradiation is positively
correlated with the applied voltage of the drain, but the leakage path is indirect from the
drain to the source. This study provides a theoretical basis for the radiation resistance
reinforcement of SiC power devices.

Star sensors are widely used on satellites owing to their precise pointing accuracy.
However, space radiation environments ill cause cumulative effects and single-event
transients (SETs) in the imaging systems of star sensors, which can affect their star map
recognition success rate. In this Special Issue, three articles illustrate the radiation effects on
sensors. Cui, Y. et al. (Contribution 7) individually analyzed the influence of the decrease
in the number of stars to be identified caused by proton irradiation, hot pixels, and SET
spots on the success rate of different star map recognition algorithms. The findings of this
study provide theoretical and technical bases for the improvement in star map recognition
algorithms for long-term on-orbit star sensors. In addition, Feng, J. et al. (Contribution 10)
conducted gamma-ray TID radiation experiments on CMOS image sensors and camera
systems, and they thoroughly analyzed the impact mechanisms of dark current, full well
capacity, and quantum efficiency of CMOS image sensors on camera resolution. Yang, Z.
et al. (Contribution 11) investigated the relationship between the variation in SET bright
spots under different conditions by conducting heavy-ion irradiation of image sensors. The
authors propose identifying and classifying SEUs using the characteristics of set bright
spo.t They established a fast identification method to analyze SEU patterns and sensitive
areas based on transient bright spot size, background gray value, and other parameters.
These studies provide theoretical bases for the evaluation of the radiation resistance of
sensors in radiation environments and the development of radiation-resistant cameras.

The reliability of nanoscale electronic systems is crucial in various applications. Cur-
rent research has confirmed that atmospheric neutrons can induce single-event effects in
advanced relay protection devices as well. Yang, W. et al. (Contribution 8) investigated a
Xilinx Zynq-7000 SoC manufactured with 28 nm CMOS technology using two rounds of
spallation neutron irradiation. They conducted spallation neutron irradiation and analyzed
the results in combination with those of Monte Carlo simulation to explore the impact of at-
mospheric neutrons on the SEEs of the target system-on-chip. Zhou, H. et al. (Contribution
18) preliminary assessed the SEEs on relay protection devices using neutron-based analysis
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and provide valuable insights for evaluating the reliability of advanced technology relay
protection devices.

Several novel evaluation methods for radiation effects have been developed. Based on
the illustrations of Liu, M. et al. (Contribution 14), depending on the particle energy, the
areal density aluminum equivalent method may over- or underestimate the absorbed dose
in a shielded silicon detector, especially for the ionization total-dose shielding effect of low-
energy electrons. For integrated circuits used in space applications, the soft errors caused
by transient pulses must first be evaluated, and the conventional evaluation approaches
are limited to the circuit scale. Additionally, Song, R. et al. (Contribution 17) developed
an approach for evaluating the soft error rate using machine learning technology. A back
propagation neural network is implemented in the proposed approach. The proposed
approach helps with determining the probability of transient pulse propagation. Compared
with the conventional soft-error-rate evaluation results, the proposed approach strong
correlations in both trend and magnitude.

3. The Future

The space radiation environment strongly impacts electronic devices, thereby seriously
affecting the service life of spacecraft on-orbit electronic equipment. Consequently, the need
is critical to thoroughly investigate the basis of radiation effects and develop innovative
strategies to enhance the radiation resistance of electronic devices. The diverse array of
articles featured in this Special Issue underscore the breadth of research in the field of the
effects of radiation on advanced electronic devices and circuits. These articles span from
cutting-edge advancements in nuclear and solid-state physics to sophisticated device and
circuit-level modeling techniques as well as innovative hardening design methodologies.
Moreover, these researchers have explored the application of progressive algorithms and
deep learning methodologies to optimize system performance across various radiation
environments. Together, these articles represent a collective leap forward in the pursuit of
understanding radiation’s effects and devising efficient methods for assessing the reliability
and responses of novel electronic devices under radiation conditions.

In addition to the aforementioned areas of focus, the second edition of “Radiation
Effects of Advanced Electronic Devices and Circuits” will delve deeper into several key
aspects of radiation effects on electronic systems. This includes exploring the impact of
radiation on emerging technologies such as quantum computing, neuromorphic computing,
photonic devices, etc. The second edition will feature research on the development of
radiation-hardened sensors and actuators, as well as advances in fault-tolerant computing
architectures designed to mitigate the effects of radiation-induced errors. Moreover, given
the push toward miniaturization and the complexity of electronic systems, the second
edition will highlight research on radiation’s effects at the nanoscale level. This will encom-
pass investigations into the susceptibility of advanced electronic devices, such as carbon
nanotubes, graphene-based transistors, and nanostructured materials, to radiation-induced
degradation and failure mechanisms. Furthermore, the second edition will address the
growing importance of system-level approaches to radiation hardening, including the inte-
gration of redundant components, fault-tolerant algorithms, and adaptive error correction
techniques. Additionally, the next Special Issue will include articles exploring the role of
machine learning and artificial intelligence in enhancing the resilience of electronic systems
to radiation’s effects, particularly in autonomous spacecraft, low-orbit commercial satellites,
and space station systems. Overall, the second edition aims to provide a comprehensive
overview of the latest advancements in radiation effects research and their implications for
the design and operation of advanced electronic devices and circuits in space applications.
These insights are expected to drive innovation and development in the field, paving the
way for the creation of more robust and reliable electronic systems for future space missions.

Author Contributions: Y.C., C.C. and L.C. worked together in the whole editorial process of the
Special Issue, “Radiation Effects of Advanced Electronic Devices and Circuits”. Y.C., C.C. and L.C.
worked closely together in the overall editorial activities towards the completion of the Special
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Abstract: The effects of proton irradiation on CMOS Single-Photon Avalanche Diodes (SPADs) are
investigated in this article. The I–V characteristics, dark count rate (DCR), and photon detection
probability (PDP) of the CMOS SPADs were measured under 30 MeV and 52 MeV proton irradiations.
Two types of SPAD, with and without shallow trench isolation (STI), were designed. According to
the experimental results, the leakage current, breakdown voltage, and PDP did not change after
irradiation at a DDD of 2.82 × 108 MeV/g, but the DCR increased significantly at five different higher
voltages. The DCR increased by 506 cps at an excess voltage of 2 V and 10,846 cps at 10 V after 30 MeV
proton irradiation. A γ irradiation was conducted with a TID of 10 krad (Si). The DCR after the γ

irradiation increased from 256 cps to 336 cps at an excess voltage of 10 V. The comparison of the DCR
after proton and γ-ray irradiation with two structures of SPAD indicates that the major increase in
the DCR was due to the depletion region defects caused by proton displacement damage rather than
the Si-SiO2 interface trap generated by ionization.

Keywords: CMOS SPAD; proton radiation; DCR; displacement damage

1. Introduction

A Single-Photon Avalanche Diode (SPAD) is a photodiode that operates in Geiger
mode with a reverse bias voltage higher than its avalanche breakdown voltage, and it
utilizes an avalanche process to achieve single-photon detection capability. When photons
are absorbed in the multiplication region of SPADs, a self-sustaining avalanche may be
generated, and the current increases rapidly in the realm of picoseconds. By measuring
the detectable current during the avalanche process, the arrival time of photons can be
recorded [1]. An external quenching circuit is used to restore a SPAD to its initial state while
waiting for the next photon to enter the multiplication region. By repeating the process
above, single-photon detection and counting can be achieved. It can be seen that there is a
dead time after the avalanche process, which may limit the maximum counting rate of the
detected photons.

Due to their performance of high sensitivity, high detection efficiency, reliability, and
low jitter noise, SPADs are widely used in some applications that require a low dark
count rate (DCR), a low breakdown voltage, a low leakage current, a high gain, and high
photon detection efficiency. SPADs are used in various fields, such as light detection and
ranging (LiDAR), Non-Line of Sight (NLOS) imaging, fluorescence spectroscopy analysis,
astronomic observations, optical communication, and quantum key distribution in weak
light detection. When non-visible light must be used, especially in the near-infrared
spectrum, high efficiency is very important [2].

At present, many research institutions and companies are developing SPADs with
high efficiency, low noise, and high gain for different application scenarios, such as visible
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and infrared light. In 2019, NASA reported an avalanche photodiode (APD) focal plane
array assembled with linear-mode photon-counting capability for space lidar applications.
The APD array uses a high-density, vertically integrated photodiode frame structure,
and a preamplifier in the ROIC is directly integrated under the APD array to reduce
the transmission capacitance. A microlens array is used to improve the fill factor. Its
spectral response ranges from 0.9- to 4.3-μm wavelengths, its photon detection efficiency
is as high as 70%, and it has a dark count rate of <250 kHz at 110 K [3]. In 2022, silicon
photomultipliers (SiPMs), which are SPAD arrays based on a standard 55 nm Bipolar–
CMOS–DMOS (BCD) technology, were developed by the Ecole Polytechnique Federale de
Lausanne (EPFL). SiPMs are integrated into a coaxial light detection and ranging (LiDAR)
system with a time-correlated single-photon counting (TCSPC) module system. Each SPAD
cell is passively quenched by a monolithically integrated 3.3 V-thick oxide transistor. The
measured gain is 3.4 × 105 at a 5 V excess bias voltage. The single-photon timing resolution
(SPTR) is 185 ps, and the multiple-photon timing resolution (MPTR) is 120 ps at a 3.3 V
excess bias voltage. Under the condition of a 25 m distance, the accuracies of SPTR and
MPTR are 2 cm and 2 mm [4]. In 2022, a best-performing CMOS SPAD with a peak photon
detection probability (PDP) of 55% at 480 nm, spanning from the near ultraviolet (NUV)
to near infrared (NIR) spectrum, and a normalized dark count rate (DCR) of 0.2 cps/μm2

at an excess bias of 6 V was proposed. Its after-pulsing probability is about 0.1% at a
dead time of ∼3 ns, and its single-photon time resolution (SPTR) is 12.1 ps (FWHM) at
a 6 V excess bias voltage with a diameter of 25 μm. SPADs operate over a wide range of
temperatures, from −65 ◦C to 40 ◦C, reaching a normalized DCR of 1.6 mcps/μm2 at a 6 V
excess bias voltage and −65 ◦C [5]. Some big companies, such as STMicroelectronics, Sony,
and HAMAMATSU, have also developed a series of SPADs for different applications.

In the field of radiation detection, SPAD arrays combined with different types of
scintillators, which can absorb energy from radiation, are mainly used in high-sensitivity
gamma-ray detectors and medical PET imaging [6–9]. Scintillator detectors are used for
real-time radiation dose rate detection above the environmental background. PET imaging
uses radioactive isotope tracing methods to display its location and concentration. By
detecting the gamma photons generated by an isotope, the emission position of the photons
can be reconstructed, and changes in metabolic processes and other physiological activities
can be visualized. In addition, a single SPAD can be used to detect low-energy electrons
and X-rays. A SPAD collects electrons generated by incident electrons and X-rays in the
multiplication region instead of the photons emitted by scintillators. This makes detection
faster and more accurate.

With the dramatic increase in interest in satellite-to-ground quantum communication
and space environment detection, SPADs, with the advantages of high efficiency, low power
consumption, easy integration, and anti-magnetic field performance, are more and more
widely used in space and high-energy radiation detection [10–13]. But they are inevitably
exposed to radiation environments, which can affect the performance of SPADs. Most
satellite-to-ground quantum communication satellites are in near-earth orbit at an orbital
altitude of 500 km, and the space radiation environment includes electrons and protons
in the Van Allen radiation belt and high-energy protons in the South Atlantic Anomaly
(SAA) region [14–17]. The space radiation environment during deep space exploration
is dominated by high-energy galactic cosmic rays, including most of the particles in the
periodic table from Z = 1 to Z = 92, with energies ranging from 1 MeV/n to 1 TeV/n. SiPMs
were used in space-borne scintillation detectors for many space missions. For example, they
have been used for the gain control system on board the Hard X-ray Modulation Telescope
(HXMT), a Chinese X-ray space observatory launched in June 2017 [18]. The experiment
GMOD assembled an SiPMs array with a CeBr3 scintillator and an Application-Specific
Integrated Circuit (ASIC) to detect cosmic gamma-ray phenomena such as Gamma-Ray
Bursts (GRBs) in space carried by the Educational Irish Research Satellite 1 (EIRSAT-1).
This is a 2U cube satellite deployed from the International Space Station, and it remained
in orbit at an altitude of 405 km and a tilt of 51.6 degrees for a year, which is a safe space
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environment to avoid serious damage to SiPMs. SiPMs are also used in the Large Hadron
Collider CMS, LHCb, and the proposed International Linear Collider (ILC) at the European
Organization for Nuclear Research (CERN), which reaches 1014 p/cm2 [19,20].

In radiation environments, protons, electrons, γ rays, and heavy ions can cause certain
parameters, such as the breakdown voltage, leakage current, DCR, gain, and photon
detection efficiency, to deteriorate at different levels through the displacement damage dose
(DDD) effect and the Total Ionizing Dose (TID) effect [21,22]. This is due to the point defects
in silicon and the interface defects at the Si-SiO2 interface near STI. These defects include the
vacancy (VSi), the substitutional phosphorus (PSi), the interstitial oxygen (Oi), the double
vacancy (VSiVSi), the A-center (VSiOi), and the E-center (PSiVSi). They are electrically active
and act as efficient generation–recombination centers which cause leakage currents and
DCR increases [23–27].

To study the SPAD radiation effect of protons, a SPAD of 180 nm standard CMOS
technology with a P-I-N structure and radiation tolerance design is used in this experiment.
The sensitivity of ionization radiation damage and displacement radiation damage for
SPADs is investigated using γ rays and protons beams. Two types of SPADs, with and
without Shallow Trench Isolation (STI), are also designed and compared to study the
influence of the Si-SiO2 interface defects near the STI after radiation. The dark current,
breakdown voltage, DCR, and photon detection probability (PDP) of the SPADs before and
after irradiation are measured, and the radiation damage mechanism of the CMOS SPAD
is analyzed.

2. Experimental Design

The CMOS SPAD, as shown in Figure 1, is based on the P-I-N structure, with a P-well
epitaxial layer and n-type buried channel, and designed by the 180 nm CMOS process.
Figure 2 is the cross-section of the SPAD [28,29]. In this design, the n-type buried channel
ensures isolation from the substrate, while the deep n-well structure provides contact
from N+ to the n-type buried channel. The lateral diffusion and light doping of the P
epitaxial layer can avoid premature breakdown at the edge of the junction depletion region.
The p+/DNW junction, enabling wider depletion, along with novel guard ring designs,
facilitate device operation at up to 10 V of excess bias. The DCR is mainly caused by
the tunneling noise at an excess bias of 10 V, but in this design, a P-I-N structure with
standard CMOS technology is used to reduce the tunneling noise, resulting in better noise
performance. The CMOS SPAD had a photon detection probability (PDP) greater than 40%
from 440 to 620 nm, and the dark count rate (DCR) was 12.85 cps/μm2. In addition, due
to the use of n-type buried channels, the peak electric field of the detector is concentrated
between the n-type buried channels and the P epitaxial layer.

 
Figure 1. SPAD for 180 nm CMOS technology.
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Figure 2. Cross-section of the P-I-N-structure SPAD.

Proton irradiation experiments at two different energies of 30 MeV and 52 MeV were
conducted on the Cyclotron Proton Accelerator in the air, and a laser pointing system was
used to align it with the beamline center. The proton beam region is 5 cm × 5 cm, and the
uncertainty of the beam intensity had a variation of ±5%. The proton line energy transport
(LET), Nonionizing Energy Loss (NIEL), Total Ionizing Dose (TID), and displacement
damage dose (DDD) are shown in Table 1. The LET data come from the NIST stopping
power and range tables for the protons program PSTAR, and the NIEL data come from
Ref. [30]. The DDD of the SPAD in LEO orbit with an altitude of 400 km and an inclination of
51.6◦ was 19.6 TeV/g with a 2 mm shielding thickness of aluminum [31]. As a contrast, we
chose a proton fluence of 5 × 1010 p/cm2 at energies of 30 MeV and 52 MeV. All the SPAD
pins were shorted and connected to ground during the irradiation, and I–V characteristics
and PDP measurements were performed before and after irradiation. The parameter
testing system for a SPAD includes a Keysight semiconductor parameter analyzer and a
DCR and PDP measurement system. The DCR and PDP measurement system consists
of a light source, a filter, a spectrograph, an integrating sphere, a sample chamber, and a
light source calibration and computer control system, as shown in Figure 3. The halogen
lamps can provide a stable light source with a wavelength range of 350 nm–1100 nm.
Monochromatic light with specific frequencies can be generated after light passes through
the filters and spectrometers. The integrating sphere can reduce small errors caused by
an uneven distribution of incident light sources on the detector or beam offset during
measurement, thus improving the accuracy of a measurement. The output trigger pulse
count of the device is read by an oscilloscope, and then the data are statistically analyzed to
obtain the DCR and PDP. A passive quenching circuit with a 50 kΩ resistor was used to
measure the DCR, and the DCR is defined as the average counts of pulses per second (cps)
in a 1 min measurement in darkness.

Figure 3. The CMOS SPAD parameter testing system with (a) oscilloscope for DCR and PDP
measurement and (b) semiconductor parameter analyzer for I–V characteristics measurement.
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Table 1. LET, NIEL, TID, and DDD of 30 MeV and 52 MeV protons.

Proton Energy
(MeV)

LET
(MeV/(g/cm2))

NIEL
(MeV/(g/cm2))

Fluence
(p/cm2)

TID
(krad)

DDD
(MeV/g)

30 1.47 × 10 5.63 × 10−3 5.00 × 1010 11.8 2.82 × 108

52 9.58 × 10 3.37 × 10−3 5.00 × 1010 7.66 1.69 × 108

3. Results

3.1. I–V Characteristics

Figure 4 shows the I–V characteristics of the CMOS SPAD. The leakage current of
the SPAD after 30 MeV proton irradiation did not increase significantly before reaching
the avalanche breakdown voltage. When a bias voltage of 26 V was applied, the reverse
current increased from 5.47 mA to 5.71 mA. Table 2 shows a comparison of the SPAD
breakdown voltages. The breakdown voltage increased by only 20 mV after 30 MeV proton
irradiation, while it remained unchanged after 52 MeV proton irradiation. This indicates
that proton displacement damage can lead to a slight increase in the breakdown voltage,
but not significantly. This is similar to the results of SPAD γ experiments based on the same
P-I-N structure in Ref. [28], indicating that the leakage current and breakdown voltage (VB)
are almost insensitive to ionization damage and displacement damage.

Figure 4. I–V characteristics for CMOS SPAD.

Table 2. Comparison of the SPAD breakdown voltage.

Proton Energy
(MeV)

VB (Fresh)
(V)

VB (5 × 1010 p/cm2)
(V)

30 24.23 24.25
52 24.18 24.18

3.2. DCR

Figure 5 shows the DCR data under different excess voltages before and after irra-
diation with a passive quenching circuit at 23 ◦C. It can be seen that before irradiation,
the DCR increases with the increase in excess voltage from 74cps@2V to 256cps @10V. But
after proton irradiation, the increase in the DCR is very significant. The DCR increases
from 74cps@2V before irradiation to 520cps@2V after 52 MeV proton irradiation. This is
consistent with the trend of DCR change with excess voltage before irradiation. However,
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due to the increase in displacement damage defects in the junction depletion region caused
by proton irradiation, the trend of DCR increase with higher excess voltage is significantly
enhanced. The DCR increased form 580cps@2V to 11102cps@10V after 30 MeV proton
irradiation. Under the same proton fluence of 5 × 1010 p/cm2, the change caused by
30 MeV proton irradiation is greater than that caused by 52 MeV proton irradiation. This
is due to the NIEL of low-energy protons being higher than that of high-energy protons,
resulting in a DDD of 2.82 × 108 MeV/g for the 30 MeV protons, which is higher than the
DDD of 1.69 × 108 MeV/g for the 52 MeV protons. So, the displacement damage defects
generated by the 30 MeV protons in the junction depletion region resulted in a larger DCR
at the same excess voltage.

Figure 5. DCR of different excess voltages after proton and γ irradiation.

The TID and DDD caused by proton irradiation resulted in Si-SiO2 interface defects
and junction depletion region defects. In order to confirm the main reason for the increase
in the DCR, γ irradiation was conducted with a TID of 10 krad(Si), while the TID of the
52 MeV proton was only 7.66 krad(Si). The DCR after γ irradiation increased from 256 cps
to 336 cps at an excess voltage of 10 V. However, after proton irradiation, the DCR increased
to 7160 cps, which is approximately 20 times greater than that of γ irradiation, indicating
that the increase in the DCR is mainly caused by the displacement damage of proton
irradiation, and the TID effect is not obvious.

3.3. PDP

The PDP is defined as the ratio of the SPAD-detected photons to the incident photons
and reflects the generation of photo-generated carriers. It reflects the photosensitivity of
the SPAD. The PDP depends on two main parameters: the absorption probability and
the triggering efficiency. The absorption probability is the probability of photons being
absorbed in the depletion region, and it depends on the reflectivity, the depth of the junction,
and the thickness of the depletion region, while the triggering efficiency is the probability of
photo-generated electron–hole pairs triggering a self-sustaining avalanche process, which
depends on the electric field [1]. Figure 6 shows a comparison of the PDP curve at an excess
voltage of 6 V before and after 30 MeV proton irradiation. It can be seen that there is no
significant change in the PDP in the wavelength range of 400 nm–800 nm. The maximum
PDP of the SPAD is 37.9% and 38.6% at a wavelength of 500 nm. This indicates that the
depletion region defects caused by a proton displacement irradiation damage dose of
2.82 × 108 MeV/g have no effect on the absorption of incident photons and the generation
of photo-generated carriers, so the PDP does not change. Ref. [28] reports that the PDP
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also has no changes after γ irradiation, which also means that the PDP is not an important
radiation-sensitive parameter to consider in radiation environments [32].

Figure 6. PDP value of 30 MeV protons.

4. Discussion

From the previous results, it can be concluded that the SPAD leakage current, break-
down voltage, and PDP are not sensitive to proton displacement damage, but the DCR is
very sensitive. The DCR reflects the inherent noise inside a single-photon detector. The
sources of noise in silicon devices include thermal noise, tunneling-assisted noise, and
trap-assisted noise. Among them, thermal noise and tunneling-assisted noise are related to
the operating temperature, doping concentration, and excess voltage of the device. Trap-
assisted noise is related to defects introduced during the CMOS manufacturing process,
and trap defects introduced during irradiation also produce trap-assisted noise [33–37]. The
thermal generation and band-to-band tunneling effects of free carriers within the depletion
region collectively contribute to the DCR, which is largely dependent on temperature.
When the temperature increases by 10 ◦C near the room temperature of 23 ◦C, the DCR
usually increases by more than double [38,39]. At this temperature, thermal generation
is the main noise source. The thermal generation of free carriers is closely related to the
presence of impurities and crystal defects, which introduce local energy levels near the
middle of the band gap. According to the Shockley–Read–Hall theory, electron–hole pairs
are generated sequentially through generation–recombination (G-R) centers. The proton
irradiation of silicon-based devices can also form deep-energy-level defects near the center
of the energy band in the depletion region, which can trap or emit electrons and become
the trap center. These irradiated deep-energy-level defects contribute to the increase in
the dark count rate. Besides the thermal effect, another major contributor to the DCR
are Poole–Frenkel effects and rap-assisted tunneling, but the DCR does not significantly
increase with temperature but instead increases with excess bias, which usually happens in
high-doping junctions. The effects of displacement damage on semiconductor materials
and devices can be understood in terms of the energy levels introduced in the bandgap.
Those radiation-induced levels result in the following effects: the recombination lifetime
and diffusion length are reduced; the generation lifetime decreases; majority-carrier and
minority-carrier trapping increase; the majority-carrier concentration changes; the thermal
generation of electron–hole pairs is enhanced in the presence of a sufficiently high electric
field; tunneling at junctions is enabled; and radiation-induced defects reduce the carrier
mobility and can exhibit metastable configurations [40,41].

To analyze the displacement damage of protons in the SPAD, we used The Stopping
and Range of Ions in Matter Software (SRIM) to simulate the proton transportation process,
which is a program written by J.F. Ziegler, M.D. Ziegler, and J.P. Biersack to simulate the
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interaction process of ion beams with solids, and the Monte Carlo method was used to
calculate details such as vacancies, energy deposition, and particle positions during the
collision process [42].

The simulation results of the proton trajectory, stopping power, and energy deposition
per unit distance in the photo collector region are shown in Figure 7. At the SPAD surface,
the stopping power of silicon for the 30 MeV protons is higher than that for the 52 MeV
protons, indicating that the damage caused by the 30 MeV protons on silicon is more
severe under the fluence of 5 × 1010 p/cm2. As the incident depth increases, the deposited
energy of the 30 MeV protons in silicon increases significantly, which is manifested as an
enhancement of proton scattering in the same number of particle trajectories, resulting in
a larger projected area of the incident direction. The calculated number of vacancies in
silicon is shown in Table 3. Comparing the difference between the vacancy numbers and
the ΔDCR under different excess voltages, it is found that the number of vacancies is 24 for
each 30 MeV proton and 13.7 for each 52 MeV proton, and the ratio is 1.75. However, the
ratio of DCR increase at the five excess voltages varies from 0.93 to 1.59, which is a little
lower than the ratio of vacancy. This may be because not all trap vacancies contribute to
the generation of carriers, which will cause the DCR in the depletion region to increase;
some vacancies are used for the carrier’s recombination. The DCR increase is defined as

ΔDCR = DCR after irradiation − DCR before irradiation (1)

Table 3. The ratio of vacancies and ΔDCR at different excess voltages.

Proton
Energy
(MeV)

Total
Vacancies

(/ion)

ΔDCR@2V
(cps)

ΔDCR@4V
(cps)

ΔDCR@6V
(cps)

ΔDCR@8V
(cps)

ΔDCR@10V
(cps)

30 24 506 2020 3468 6584 10,846
52 13.7 446 1268 2686 4488 6904

ratio 1.75 1.13 1.59 1.29 1.47 1.57

In order to analyze the influence of Si-SiO2 interface defects on the STI structure, two
types of SPAD units, with and without an STI structure, were designed on the same chip.
The simulation results of the SPAD design and the electric field distribution with and
without an STI structure are shown in Figure 8. Between the p-well and deep n-well, we
designed an STI structure using silicon dioxide as an insulating layer. It can be seen that
the electric field distribution near the STI structure changes significantly. After ionizing
radiation, interface charges accumulate at the Si-SiO2 interface near the STI structure.

After proton irradiation with the same fluence, the DCR was measured under different
excess voltages. The results are shown in Figure 9. The comparison of the results with and
without an STI structure before irradiation shows that the presence of the STI structure
increases the DCR from 256 cps to 362 cps under a 10 V bias. The interface defects in the STI
structure before irradiation increase the DCR by 41.4%. Ref. [28] has proven that the increase
in the DCR caused by ionizing irradiation is mainly due to the induced Si-SiO2 interface
traps near the STI structure. The DCR of the SPAD with and without an STI structure
significantly increased after irradiation. At 10 V, the DCR increased by 30 times. However,
when the excess voltage was 0–8 V, the DCR of the SPAD without an STI structure was
higher than that of the SPAD with an STI structure. When the excess voltage was greater
than 8 V, the DCR of the SPAD without the STI structure was lower. A possible reason for
this is that the Si-SiO2 interface defect charges near the STI structure will be released from
the interface and drift into the depletion region when the electric field exceeds a certain
value, and then an avalanche process is formed, resulting in an increase in the DCR.
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Figure 7. Stopping power and trajectory of protons in silicon.

Figure 8. SPAD and electric field distribution without STI structure (a) and with STI structure (b).

Figure 9. Comparison of DCR irradiation with and without STI structure.

5. Conclusions

Proton irradiations on the CMOS SPAD of 30 MeV and 52 MeV are studied in this arti-
cle. The leakage current, breakdown voltage, and PDP before and after proton irradiations
were measured and compared with γ rays. SPAD units with and without an STI structure
were designed and simulated, and we summarize our results as follows:
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1. After the 30 MeV proton radiation, the reverse current increased from 5.47 mA
to 5.71 mA at a bias voltage of 26 V. The breakdown voltage increased by only 20 mV
after the 30 MeV proton irradiation, while it remained unchanged after the 52 MeV proton
irradiation. The reported results of the SPAD γ experiments based on the same P-I-N
structure in Ref. [17] indicate that the breakdown voltage (VB) is almost insensitive to
ionization damage and displacement damage.

2. Before irradiation, the DCR increased with an increase in the excess voltage from
74cps@2V to 256cps@10V, but the DCR increased rapidly to 520cps@2V and 7160cps@10V
after the 52 MeV proton irradiation. For the 30 MeV proton irradiation, the DCR increased
form 580cps@2V to 11102cps@10V. The displacement damage defects generated by the
30 MeV protons with a DDD of 2.82 × 108 MeV/g resulted in a larger DCR increase than
a DDD of 1.69 × 108 MeV/g for the 52 MeV protons at the same excess voltage. The
trend of the DCR increasing with a higher excess voltage is significantly enhanced due
to the displacement damage defects in the junction depletion region. A comparison of γ
irradiation with a TID of 10 krad (Si) and the 52 MeV protons with a TID of 7.66 krad (Si)
shows that the increase in the DCR is mainly caused by the displacement damage of proton
irradiation instead of the TID effect.

3. The SPAD units with and without an STI structure also show that the main reason
for the DCR increase is the depletion region defects caused by proton displacement damage
rather than the Si-SiO2 interface trap generated by ionization.

4. The comparison of the leakage current, breakdown voltage, and PDP shows that
the design of the SPAD based on the standard CMOS process exhibits good radiation
hardening, but the process of the depletion region should be improved to reduce the DCR
after irradiation.
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Abstract: Traditionally, studies have primarily focused on single event effects in aerospace electronics.
However, current research has confirmed that atmospheric neutrons can also induce single event
effects in China’s advanced technology relay protection devices. Spallation neutron irradiation
tests on a Loongson 2K1000 system-on-chip based relay protection device have revealed soft errors,
including abnormal sampling, refusal of operation and interlock in the relay protection device. Given
the absence of standardized evaluation methods for single event effects on relay protection devices,
the following research emphasizes the use of Monte Carlo simulation and software fault injection.
Various types of single event upsets, such as single bit upsets, dual bit upsets, and even eight bit
upsets, were observed in Monte Carlo simulations where atmospheric neutrons hit the chip from
different directions (top and bottom). The simulation results indicated that the single event effect
sensitivity of the relay protection device was similar whether the neutron hit from the top or the
bottom. Through software fault injection, the study also identified soft errors caused by neutron
induced single event upsets on the Loongson 2K1000 system, including failure to execute, system
halt, time out, and error result. And the soft error number of system halts and error results exceeded
that of time outs and failures to execute in all three tested programs. This research represents a
preliminary assessment of single event effects on relay protection devices and is expected to provide
valuable insights for evaluating the reliability of advanced technology relay protection devices.

Keywords: relay protection device; Monte Carlo; fault injection; single event effect; soft error

1. Introduction

Relay protection devices are crucial components in power systems, serving the impor-
tant function of swiftly disconnecting faults and maintaining the stability of the grid [1–3].
The reliability of these devices has a direct impact on the overall stability of the grid [4–6].
Relay protection devices commonly embrace emerging applications and advanced semi-
conductor technologies [7,8]. However, these advancements also introduce new challenges,
such as the susceptibility to single event effects (SEE) induced by atmospheric neutrons.

In the field of aerospace electronic systems, significant attention has traditionally
been given to SEE due to the presence of energetic particles. These particles can deposit
energy and cause single event upsets (SEU) and other effects [9,10]. However, there is
relatively little focus on the impact of SEE on advanced technology relay protection devices.
When evaluating factors influencing the reliability of advanced technology relay protection
devices, the emphasis has typically been on voltage, temperature, electromagnetic interfer-
ence, and others rather than SEE [11]. In [12], the overvoltage and undervoltage effect on
relay protection devices was discussed. In [13], the impact of a static var compensator on a
distance protection relay was evaluated. In [14], a test device simulating live verification
relay protection as designed. In [15], an intelligent relay protection system was developed,
and the system can automatically select a relay protection set point basing initial data on
weather conditions, time of year, soil resistance, current, voltage, etc. In [16], the failure
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causes of relay protection switching power supply were explored. In [17], the author pro-
vided a reliable quantitative basis for relay protection systems’ operating maintenance by
the aid of a semi-supervised Mahalanobis distance machine learning algorithm. And in [18],
authors subdivided the influence factors of incorrect actions on relay protection devices
of the State Grid Corporation of China from 2006 to 2017; they considered the causes of
incorrect actions mainly from defects in relay protection devices, secondary circuits or
communication systems. In [19,20], the outstanding engineers, K. Zimmerman and D. Haas
from Schweitzer Engineering Laboratories, appealed to the manufactures and end users
to continuously monitor and work toward improving overall system design to mitigate
single event effects. All these facts indicate that the field of relay protection device currently
lacks consideration of single event effects, as it primarily concentrates on conventional
factors. Especially with the increase use of advanced technology semiconductor devices in
the field of relay protection, the continued neglect of single event effects on relay protection
devices may lead to unpredictable consequences. Therefore, it is crucial to urgently conduct
research on single event effects of advanced technology relay protection devices in the
present and near future.

Relay protection devices typically operate in terrestrial environments where they are
exposed to atmospheric neutrons. These neutrons possess a broad energy spectrum, ranging
from meV to GeV [21]. When these neutrons interact with atomic nuclei in semiconductors,
they can induce SEE. For example, high-energy neutrons may react with silicon and
produce secondary high-energy heavy ions, while thermal neutrons can interact with boron
contamination and generate energetic secondary particles. These energetic secondary
ions/particles can deposit energy in the semiconductor and result in SEE [22]. It can be
speculated that as more advanced semiconductor devices are utilized in relay protection
devices, the risk of SEE also increases. Therefore, it becomes crucial to pay more attention
to this issue. Notably, there have been recorded incidents of SEE in Chinese relay protection
devices in 2018 and 2020 [23,24]. These incidents highlight the importance of assessing the
impact of SEE on relay protection devices in China. As the largest supplier of complete
electric power equipment in China and an active participant in the global power industry,
the NARI Group Corporation (NARI) has an obligation and responsibility to acquire
knowledge of atmospheric neutron SEE on advanced technology relay protection devices
in China [25]. As a result, our current research is dedicated to addressing the influence of
SEE on Chinese relay protection devices.

The spallation neutron source is an excellent candidate for conducting atmospheric
neutron induced SEE evaluation [26]. With the operation of the China Spallation Neutron
Source (CSNS), it has become feasible to study atmospheric neutron SEE in China [27,28].
Due to factors such as uncertainty in irradiation tests, irradiation hours, and cost, the
current study primarily focuses on using spallation neutron irradiation to confirm whether
SEE can affect the target relay protection device, specifically the Loongson 2K1000 system-
on-chip based development kit. Once this confirmation is established, greater emphasis
and effort are placed on software fault injection. Compared to irradiation testing, software
fault injection allows for more detailed insights that may be challenging to extract solely
through irradiation [29]. Additionally, the fault injection technique relies on the results of
Monte Carlo simulations, which utilize models constructed from the tested chip. Through
these efforts, detailed soft errors induced by atmospheric neutron SEE on the advanced
technology relay protection devices can be examined and evaluated.

The structure of the paper is as follows: Section 2 provides an introduction to relay
protection architecture. Section 3 introduces SEE assessment framework on relay protection
device. Section 4 briefs the spallation neutron source irradiation, and Section 5 presents the
Monte Carlo simulation. Then, Section 6 details the fault injection based on Monte Carlo
outcomes, and Section 7 analyzes the results. Finally, we draw conclusions based on our
findings in Section 8.
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2. Relay Protection Architecture

A relay protection device generally consists of various modules that perform different
functions and are interconnected through buses or interfaces. Some common modules
found in a relay protection device include the input module, protection module, manage-
ment module, power supply module, etc.

These modules primarily consist of three types of CPUs (Central Processing Units):
protection CPU, startup CPU, and management CPU. The protection and startup CPUs are
responsible for signal sampling, protection processing, and trip control. The management
CPU handles recording, human–machine interface communication, and other related tasks.
The architecture of the key CPUs can be observed in the left section of Figure 1.

 

Figure 1. Architecture of the key CPUs in relay protection devices and the equipment photo of the
Loongson 2K1000 system-on-chip based relay protection equipment; the left part is the architecture
of the key CPUs, and the right part shows the photo of the front side and the back side of the terminal
connector in the top and bottom.

The Loongson 2K1000 system-on-chip development kit plays a crucial role in the relay
protection system of the Chinese power grid, particularly within the integrated dual CPUs.
The kit features the dual-GS264 processor, which operates at a maximum frequency of
1 GHz. Each core of the processor is equipped with independent two level instruction
and data caches and on-chip random access memory (RAM). Furthermore, the processor
incorporates a diverse array of high-speed interfaces [30]. In the Loongson 2K1000 system-
on-chip development kit, one processor serves as the management CPU, while the other is
multiplexed to act as the startup CPU during the launch stage. Once launched, it assumes
the role of the protection CPU. The right section of Figure 1 shows the front and back sides
of the relay protection equipment.

In the context of relay protection architecture, the on-chip RAM (random access
memory), DRAM (dynamic random access memory), and Flash serve as essential data
storage media. However, these storage media are susceptible to SEE [31,32]. In addition, the
registers in the CPUs may also suffer from SEE. The occurrence of SEE in these memories
can lead to unexpected outcomes in the power grid, potentially resulting in incalculable
losses. Thus, the fault injection and the Monte Carlo simulations were mainly performed
on the memory block.

3. SEE Assessment Framework on Relay Protection Devices

As mentioned above, there can be a lack of outcomes in relay protection SEE assess-
ment. To address this issue, considering the operations of CSNS, we proposed a research
framework that combined spallation neutron source irradiation testing, Monte Carlo sim-
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ulations, and software fault injection to assess SEE influence on relay protection devices.
Figure 2 shows the framework of the current study in which the irradiation test checked
whether the atmospheric neutron could induce SEE on relay protection. Then, the Monte
Carlo simulation provided details about SEE, such as the distribution of multi bit upsets.
At the same time, the Monte Carlo simulation also provides the upset information during
software fault injection.

Figure 2. Framework of SEE assessment on relay protection devices.

4. Spallation Neutron Source Irradiation

In the absence of an established standard for spallation neutron source SEE evaluation
in relay protection devices and limited research in this area, it was crucial to investigate
whether any SEE can be detected during the spallation neutron irradiation process.

The primary objective of the irradiation was to examine the occurrence of SEE in relay
protection devices when the device under test (DUT) was exposed to atmospheric neutron
irradiation at the CSNS end. In the irradiation test, the DUT was placed at the distance
of 17.5 cm from the terminal in the irradiation room. The neutron spectrum was derived
from the actual atmospheric fluence with a significant magnification factor. At CSNS, the
synchrotron accumulated and accelerated the proton beam to 1.6 GeV. Then, the beam was
extracted in a single turn and was delivered to the metal target through the ring-to-target
beam transport. The ultra-high-energy protons impinged on the metal target and produced
spallation neutrons applied in irradiation tests [33]. During irradiation, the equivalent high-
energy neutron fluence was about 3 × 107 neutrons/(cm2·s) with an intended continuous
exposure time of 10 min. If a soft error was detected during this process, a new round
irradiation test was initiated. Ultimately, soft errors, including abnormal sampling, relay
protection refusal to operate, and relay protection device interlock, were detected. They are
defined as follows:

� Abnormal sampling: the sample value is out of range as expected during irradiation;
� Protection refusal to operate: it fails to perform its intended protective function even

when it receives a fault signal;
� Relay protection device interlock: the device is intentionally prevented from tripping

or operating in response to a fault signal.

These findings demonstrate that atmospheric neutrons cause SEE in relay protection
devices and indeed result in unexpected outcomes. And it emphasizes the urgent need to
conduct more detailed research about SEE assessment on relay protection device. This also
highlights that our current research is valuable and has practical significance.

5. Monte Carlo Simulation

5.1. Simulation Construction

The Geant4 simulation was performed on the target [34,35]. Even though the incoming
direction and angle minimally impact the interaction between the high-energy neutron and
atomic nuclei, the chip’s structure varies between the top and bottom scenes. Consequently,
two types of simulations were performed: one involved neutron particles striking from the
passivation layer of the chip (referred to as ‘From top’ or ‘First case’), and the other entailed
neutron particles incoming from the silicon substrate (referred to as ‘From bottom’ or
‘Second case’). Figure 3 illustrates the schematic of these two simulation scenarios. Except
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for the incoming location, all other parameters remained consistent for both simulations.
Table 1 provides the architectural details of the constructed target in Geant4. It is noteworthy
that the B layer above the silicon substrate, following the sequence in Table 1, served as an
equivalent layer for boron contamination within the chip, as it could be introduced during
the semiconductor contact and doping processes.

  
(a) (b) 

Figure 3. Neutron impinging from top and bottom schematic diagrams, (a) from top and (b) from bottom.

Table 1. Architectural details of the constructed target in Geant4.

Layer Material Thickness/nm

1 Al 880

2 SiO2 600

3 Cu 880

4 SiO2 600

5 Cu 215

6 SiO2 180

7 Cu 215

8 SiO2 180

9 Cu 100

10 SiO2 80

11 Cu 100

12 SiO2 80

13 Cu 100

14 SiO2 80

15 Cu 100

16 SiO2 80

17 Cu 100

18 SiO2 80
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Table 1. Cont.

Layer Material Thickness/nm

19 Cu 105

20 SiO2 230

21 B 2

22 Si 1200

In the simulation, a 32 × 32 array of sensitive volumes was positioned, with each
sensitive volume measuring 160 nm × 160 nm × 160 nm in size. The critical charge was
3820 eV. A total of 108 impinging neutrons were generated from a planar source with a
size of 10,080 nm × 10,080 nm. The neutron spectrum was derived from the terminal of
the China Spallation Neutron Source, as depicted in Figure 4. It can be observed that the
neutron spectrum at the CSNS terminal was similar to the spectrum at ground level in
Beijing, but with an amplification factor of 109 from its actual fluence.

 

Figure 4. The differential flux of the neutron beam at CSNS applied in Monte Carlo simulation.

5.2. Simulation Results

In the first case, a total of five SEUs were detected, while in the second case, six SEUs
were detected. The details of these SEUs are listed in Tables 2 and 3, respectively. It was
observed that when the neutron struck from the top direction, a maximum of five bits were
affected and experienced flipping. Conversely, when the neutron struck from the bottom
direction, the number of affected bits increased to eight.

Table 2. SEE of simulation when atmospheric neutron struck from top.

SEU Count

1 130

2 26

3 13

4 2

5 3
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Table 3. SEE of simulation when atmospheric neutron struck from bottom.

SEU Count

1 118

2 33

3 9

4 2

5 2

8 1

According to flipping cell coordinates, the specific distributions of these multi bit
upset events could also be extracted. Figure 5 represents the flipping bit distribution
schematic diagrams of a part of multi bit upset events, including three bits in (a), four bits
in (b), five bits in (c), and eight bits in (d).

  
(a) (b) 

  
(c) (d) 

Figure 5. Part of multi bit upset distribution, (a) three bit upset, (b) four bit upset, (c) five bit upset,
(d) eight bit upset. The red stands for upset information.
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Meanwhile, the percentages of different types of upset were obtained. Figure 6
depicts the proportion of them in two cases, where (a) is for the first case while (b) is for
the second case.

  
(a) (b) 

Figure 6. Percentage of different upset in two cases, (a) first case and (b) second case.

6. Fault Injection Based on Monte Carlo Outcomes

Based on the results of the Monte Carlo simulation, more specific fault injection could
be performed. During the fault injection process, the upset information aligned with the
distribution and percentage detected in the Monte Carlo simulation.

6.1. Fault Injection Design

To enhance the efficiency of the fault injection software, a management terminal
was developed in Python language. Figure 7 presents the graphical user interface of
this terminal. Within this interface, users could input the target injection location, upset
categories, and proportions for the fault injection, based on results of the Monte Carlo
simulation. This information was then utilized to effectively carry out the fault injection.

Three general test programs were developed by us to evaluate the performance of
the relay protection Loongson 2K1000 system-on-chip development kit. These programs
are as follows:

Fibonacci sequence: two sets of sequences are tested, the first set consisting of 10 terms
and the second consisting of 15 terms;

Matrix Multiply: performing matrix multiplication on the two matrices [3][2] and [2][3];
Management operation: verifying if the entered username and password match the

set username and password, and output the result.
During the execution of each test program in Linux, faults were injected into the

corresponding code segment. The code segment’s address ranged from 0x120,000,000
to 0x120,004,000, totaling 16,385 bytes. The details of the fault injection process were as
follows, and Figure 8 depicts a diagram illustrating the fault injection.

Firstly, the test program was compiled into an executable file in the Linux environment
and downloaded.

Secondly, the random injection time points were generated. Since there were
16,385 bytes in the code segment, a total of 16,385 time points were created in an
operation duty for one tested program. At this point, the code segment was injected
byte by byte.

Thirdly, a type of upset was extracted from the obtained flipping categories which
were derived from the Monte Carlo simulation. If the upset information was extracted from
the first case simulation, it corresponded to a neutron striking from the top. In contrast, if it
was extracted from the second case, it represented a neutron hitting from the bottom.

26



Electronics 2024, 13, 64

 

Figure 7. Window of the indigenous-designed fault injection terminal.

Figure 8. Fault injection diagram.

Fourth, to perform a fault injection, a series of system calls were utilized. First and
foremost, the fault injection program initiated a new process as a child process using
the fork() system call. The child process’s ID was then retrieved. The child process took
charge of interrupting, modifying, and monitoring the program under test. Then, when
a specified injection time point was reached, the PTRACE() (an abbreviation of “process
trace”) system call was employed to manipulate the fault injection in the child process. As
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a core modification method, PTRACE() allowed for bit-flip modifications in the memory
corresponding to the test program’s code or data.

Lastly, it recorded the final results from the fault injection.

6.2. Fault Injection Results

Throughout the fault injection process, a total of five types of results were obtained.
They included failure to execute (FE), system halt (SH), time out (TO), error result (ER)
and normal. Among them, the first four soft errors were abnormal for the relay protection
device. The results are defined as follows:

Failure to execute (FE): program’s exit code experiences an abnormality and cannot
start to execute;

System halt (SH): program execution is halted;
Time out (TO): program execution is out of the expected duration;
Error result (ER): the execution results are different from the expected results;
Normal: the injected faults have no visible influence on the tested program’s execution.
Concerning neutron striking from the top and bottom directions, the fault injection

was performed for both cases. And the results for the two cases were recorded. For the
Fibonacci sequence, 284 and 303 soft errors are detected based on the neutron from top and
bottom striking simulation results, respectively. Figure 9 depicts the fault injection results
of the Fibonacci sequence, showing that the SH and ER soft errors were much higher than
FE and TO. Additionally, 546 and 552 soft errors were observed in the Matrix Multiply
fault injection from the neutron top and bottom hitting simulation results. Figure 10 shows
the results of the fault injection on Matrix Multiply, indicating no FE soft errors in this
test. Similarly, the SH and ER soft errors were more significant. When it came to the
Management operation fault injection, 292 and 277 soft errors were obtained relying on
the results from the first and second case simulation, respectively. Figure 11 displays the
outcomes of the Management operation fault injection, showing results similar to those of
the Fibonacci sequence.

Figure 9. Soft error in fault injection results of the Fibonacci sequence.
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Figure 10. Soft error in fault injection results of the Matrix Multiply.

Figure 11. Soft error in fault injection results of the Management operation.

7. Results Analysis

The atmospheric neutron spectrum encompasses a range of neutron energies from
meV to GeV, including thermal (nth) and high-energy neutrons. It is important to note
that born contamination is still considered to exist within advanced semiconductors,
even after eliminating the boro-phospho-silicate glass packages [21,22]. This suggests
that one possible cause of SEE induced by atmospheric neutrons comes from the follow-
ing reactions: 10B+nth → 7Li(1.01 MeV) + α(1.78 MeV) and 10B+nth → 7Li(0.84 MeV) +
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α(1.47 MeV) + γ(0.48 MeV), in which the probability of the later reaction is more than
90%. Additionally, the linear energy transfers of the 7Li(0.84 MeV) and α(1.47 MeV) are
2.10 and 1.15 MeV·cm2·mg−1, respectively, which are sufficient to induce SEE within
relay protection devices [21]. Another source of single event effects (SEE) arises from
high-energy neutrons interacting with silicon nuclei. When an energetic neutron col-
lides with silicon nuclei, various reactions can occur, such as Si(n, α), Si(n, p), Si(n, d),
Si(n, n-α). The generated secondary energetic particles in these processes can induce
SEE within relay protection devices [36].

From the obtained results in Tables 2 and 3, it can be observed that neutrons
striking from the top or bottom of the chip can result in multiple types of SEU. Further,
the cross section for the first case was 2.42 × 10−15 cm2·bit−1 while for the second
case was 2.35 × 10−15 cm2·bit−1. These are close to the results obtained in spallation
neutron source irradiation on similar technology memory. In the irradiation test, the
SEE cross section was 1.50 × 10−15 cm2·bit−1 [37]. It demonstrates that the Monte Carlo
simulation and the fault injection results are credible. Meanwhile, the soft error rate for
them at Beijing ground (9.5 n/(cm2·h)) were 22.99 and 22.33 FIT/Mbit when neutrons
struck from top and bottom, respectively. These indicate that the SEE sensitivity of relay
protection devices are almost close whether a neutron hits from the top or bottom.

Furthermore, Figures 9–11 show that soft errors occur in proximity to each other
when neutrons strike from the top or bottom in each test program. This suggests that the
discrepancy in SEE influence between neutrons hitting from the top and bottom is minimal.
The results indicate the need for solutions to mitigate SEE on relay protection devices in
the current and near future, such as the error correcting code in memory, the redundancy
in data and code, the rollback examination in software, lockstep in dual cores, or others.

Although these findings regarding single event effects and soft errors derived from
atmospheric neutron studies, it is reasonable to speculate that they can be applied to
the evaluation of SEE induced by energetic protons in space. This suggests that when
energetic protons impact the chip from both the top and bottom in aerospace applications,
the resulting SEE sensitivity and occurrence of soft errors may be relatively similar under
these two conditions.

From Figure 6, it can be observed that single bit upsets account for about 70% of
flipping. For these single bit upsets, they can be addressed by techniques, such as error
checking code. More seriously, this means almost 30% of upsets are difficult to mitigate.
This also indicates much more SEE research on relay protection devices is required.

In the fault injection results of different test programs, a common phenomenon is that
the number of “SH” and “ER” exceeds that of “TO” and “FE”. Software fault injection
simulates soft errors caused by bit flips during program execution, resulting in data or
instruction errors. These errors can lead to outcomes such as the loss of data integrity,
alteration of instruction flow, and triggering of exception signals. Among these, abnormal
exit status codes (FE) often occur when soft errors cause the program to jump to incorrect
code paths or error handling routines, while timeout (TO) is caused by the program
entering into an unintended, prolonged wait state or getting caught in a loop condition.
These two outcomes typically occur when soft errors do not compromise data integrity,
trigger exception signals, or lead to broader errors. Therefore, the majority of soft errors are
more likely to cause program execution halting (SH) or error results (ER).

The main objective of this research is to preliminarily assess the impact of SEE induced
soft errors on relay protection devices in China using spallation neutron source, which has
been successfully achieved. Although energy levels above 1 MeV or 10 MeV are usually
used to evaluate SEE in atmospheric neutron irradiation, the contribution of thermal
neutrons to SEE in advanced technology relay protection devices remains unclear. In the
future, by leveraging thermal neutron absorptions or other techniques, we can further
evaluate the relative contributions of different energy levels of neutrons from atmospheric
neutron to SEE and soft errors in relay protection devices.
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8. Conclusions

Atmospheric neutrons are confirmed to induce soft errors in relay protection devices
using China spallation neutron source irradiation. For the core processor of the relay
protection Loongson 2K1000 system-on-chip, the Monte Carlo simulation was performed
and single event effects were obtained when neutrons struck from the top and bottom of
the chip. Simulation results demonstrated that the single event effect vulnerability was
close for neutrons hitting from the top and bottom. The fault injection was performed
on three general test programs relying on the single event upset information from Monte
Carlo simulations. Soft errors, including failure to execute, system halt, time out, and error
result were obtained and the occurrence of system halts and error results were higher than
failures to execute and time outs. The fault injection results mean that the effects are almost
the same for the relay protection device when a neutron hits from the top or bottom.
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Abstract: Transient pulses generated by high-energy particles can cause soft errors in circuits, result-
ing in spacecraft malfunctions and posing serious threats to the normal operation of spacecraft. For
integrated circuits used in space applications, it is necessary to first evaluate soft errors caused by
transient pulses. Conventional soft-error-rate evaluation tools are designed to simulate the generation
of transient pulses using many accurate models, while the propagation of transient pulses is primarily
simulated by circuit-level simulation tools. Due to the limitations of simulation tools, conventional
evaluation approaches are limited to the circuit scale. The simulation runtime is unbearable for
large-scale integrated circuits. This paper presents an approach for evaluating the soft error rate using
machine learning. A back propagation neural network is implemented in the proposed approach. It
helps to determine the probability of transient pulse propagation. Compared with the conventional
soft-error-rate evaluation results, the proposed approach demonstrates a strong correlation in both
trend and magnitude. The average difference between the results obtained using the proposed
evaluation method and the experimental results is 23.5%, which is 7.5% higher than that between the
results obtained using the conventional evaluation method and the experimental results. Compared
to the conventional evaluation method, the proposed approach improves the runtime by an order
of magnitude. The proposed approach also benefits the locating of highly sensitive circuit nodes in
large-scale integrated circuits. Circuit design and radiation hardening are both useful applications.

Keywords: machine learning; single event transient; soft error rate; transient pulse propagation

1. Introduction

When a high-energy particle passes through an integrated circuit in the space radiation
environment, it loses energy along its path [1,2]. The lost energy is transferred to the
semiconductor material, ionizing electrons of silicon atoms [3]. These ionized electron-hole
pairs are subject to both drift and diffusion. They move throughout the entire semiconductor
material and are collected by transistors [4–6]. The collected electron-hole pairs produce
unexpected transient pulses in circuit nodes [7]. These transient pulses propagate along
the circuit path and cause soft errors [8–10]. A soft error is a significant threat to integrated
circuits. It alters the logic function and can potentially lead to catastrophic consequences
for an entire chip, system, or even a spacecraft.

To mitigate soft errors in integrated circuits for space applications, it is crucial to
evaluate the soft error rate (SER) during the circuit design phase. In previous works,
several circuit-level evaluation approaches have been proposed to investigate the SER of
integrated circuits [11–21]. These works have proposed many accurate models to generate
transient pulses in circuit nodes. Then, they utilize simulation tools, such as the Simula-
tion Program with Integrated Circuit Emphasis (SPICE) and Technology Computer-Aided
Device (TCAD), to simulate transient pulse propagation and capture. Based on the sim-
ulated results, conventional evaluation approaches determine soft errors and calculate
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the SER of integrated circuits. Due to the limitations of simulation tools, conventional
evaluation approaches are limited to the circuit scale. The simulation runtime is unbearable
for large-scale integrated circuits [22].

This paper presents a novel approach for evaluating SER in order to reduce the
simulation runtime. A back propagation neural network (BPNN) is implemented to
determine the probability of transient pulse propagation. The SER can be determined based
on the probability of propagation. The proposed approach does not require determining
the probability value of transient pulse propagation to flip-flops through actual circuit-level
simulation. Instead, it takes the probability of pulse propagation for each instance in
the data path as the input value. This input is then fed into a machine learning model,
and the propagation probability value is obtained through the calculation of the machine
model. A chip with three test circuits was designed using commercial CMOS technology
to investigate the accuracy of the proposed approach. The proposed approach achieves a
good consistency in both trend and order of magnitude.

2. SER Evaluation Overview

In previous works, several approaches for evaluating soft error rate (SER) have been
proposed. These approaches are used to evaluate key circuits, including combination
circuits, flip-flops, and SRAM. In general, the existing soft error evaluation approaches
are mainly divided into three categories: SPICE-level evaluation approaches, TCAD-level
evaluation approaches, and Monte Carlo-based evaluation approaches.

The SPICE-level evaluation approach is widely used. Based on the SPICE device
model and the netlist of the evaluated circuit, a separate current source is introduced
directly at the sensitive node of the circuit to simulate the transient current caused by
incident particles [23–25]. Then, it simulates the corresponding circuit response to obtain
soft errors. Correas et al. simulated the evaluation of a 90 nm SRAM circuit using the
SPICE circuit-level soft error evaluation tool. The evaluation results obtained are in good
agreement with the experimental results [12]. Shambhulingaiah et al. utilized the same
tool to simulate sequential instances, such as flip-flops, and identified the sensitive nodes
of the flip-flop [13]. Wang and Du et al. utilized the SPICE circuit-level simulation tool to
simulate the propagation process of single-event transients in large-scale combinational
circuits. Their objective was to assess the impact of single-event transient pulses on soft
errors in these circuits [14,15]. Li et al. simulated and analyzed the reliability of integrated
circuits using the SPICE tool and proposed a corresponding evaluation process [16].

The TCAD-level evaluation approach differs different from the SPICE-level evaluation
approach. It first constructs the TCAD model based on the layout structure and manufac-
turing process parameters of the circuit instance. Then, the TCAD model simulates the
ionization of electron-hole pairs in the incident particles using a specific numerical distribu-
tion, such as exponential or Gaussian distribution. The transport process of electron-hole
pairs in the TCAD model is calculated using the carrier drift diffusion and other models
embedded in the TCAD simulation tool. It simulates the charge collection of the instance
and the instantaneous response of the circuit node, and determines whether the circuit
instance produces soft errors. Yoni et al. constructed a comprehensive 3D TCAD model us-
ing the layout structure of D flip-flops. They subsequently simulated the circuit’s response
when the D flip-flop cell was exposed to terrestrial neutrons [17]. Xu et al. utilized TCAD
simulation tools to investigate the mechanism of soft errors in standard instances. They
also employed a combination of TCAD simulation tools and SPICE circuit-level simulation
tools [18].

Recently, the Monte Carlo-based evaluation approach has become an important evalu-
ation approach. It utilizes Monte Carlo tools, such as Geant4 and SRIM, to simulate and
calculate the interaction between the incident particles and the semiconductor material.
Then, it converts the charge accumulated by the incident particles in the material into
charge and transient current collected by the device through charge transport and charge
collection mechanisms. Finally, it simulates the transient response of the circuit using
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additional simulation tools and determines whether a soft error occurs. Many Monte
Carlo-based evaluation approaches have been proposed to evaluate the SER of circuits,
such as MRED [11], MUSCA SEP3 [22], PHITS-HyENEXSS [19], and IRT [20].

3. The SER Evaluation Using Machine Learning Models

3.1. The Transient Pulse Propagation Probability

A conventional register-to-register circuit path in integrated circuits is shown in
Figure 1. It is used to explain the evaluation of transient pulse propagation using machine
learning models. When a high-energy particle strikes this circuit, some logic instances (such
as C0) collect the ionized electron-hole pairs and produce a transient pulse at circuit nodes.
Then, the transient pulse propagates to flip-flops along circuit paths. When the transient
pulse arrives at the input pin of instance C1, it propagates directly, and the probability of
transient pulse propagation PC1 is equal to 1. However, when the transient pulse arrives
at the input pin of instances C2 and C3, it may not propagate due to logic masking. For
instance, C2 is an OR-gate instance. The transient pulse can only propagate when the value
of the other input pin is 0. Similarly, C3 is an AND-gate instance. The transient pulse is
able to propagate only when the value of the other input pin is 1. Therefore, the transient
pulse propagation probabilities PC2 and PC3 depend on the instance type and input pin
values. The values are determined using the following equations:

PC2 = 1 − Potherpin,1 (1)

PC3 = Potherpin,1 (2)

where Potherpin,1 is the probability when the value of the other pin is 1. If the input vectors
are random, Potherpin,1 is equal to 0.5. The transient pulse that can propagate to flip-flops
is determined by the propagation probabilities along the circuit path. For instance, the
transient pulse that can propagate to flip-flop 1 (FF1) is determined by PC1, PC2, and PC3. If a
relationship between PFF1 and PC1–PC3 can be determined, the transient pulse propagation
can be easily evaluated.

Figure 1. A conventional registers-to-registers circuit path.

Unfortunately, determining the relationship between flip-flops and logic cells along
the circuit path is challenging due to the complexity of circuit structures. A simple fitting
equation may not be suitable for all circuit structures. Recently, machine learning has been
widely used in integrated circuit design [18,26]. Some machine learning models are used
to analyze circuit structures in order to identify inherent connections between circuit cells.
In this paper, a machine learning model (BPNN) is used to determine the relationship
between flip-flops and logic instances along the circuit path. The BPNN is first described
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in [27], and its basic structure consists of neurons, interconnection layers, and connection
weight values. In this paper, the BPNN model consists of an input interconnection layer,
a hidden interconnection layer, and an output interconnection layer. The basic structure
is shown in Figure 2. The input layer consists of 20 neurons, which is determined by the
maximum number of stages in the data paths. The number of neurons in a hidden layer
and the number of hidden layers are adjustable parameters. They can impact the prediction
accuracy of the BPNN model. The transient pulse propagation probability calculated by
the BPNN model is significantly different from the results of SPICE-level simulations when
the number of neurons in one hidden layer is lower (5 to 10). The prediction accuracy is
less than 0.6. With an increase in the number of neurons in the hidden layer, the model’s
prediction accuracy is significantly improved. When the number of neurons exceeds 15,
the calculation accuracy of the BPNN model can approach 0.9. However, the prediction
accuracy does not improve any further when the number of neurons exceeds 20. Instead,
the training time and prediction time increase significantly. In particular, when the number
of neurons in the hidden layer reaches 23, the model’s prediction accuracy is reduced by
2% to 5%. There was overfitting during the training of the BPNN model. Therefore, the
hidden layer consists of 15 neurons. This ensures that the calculations are highly accurate
and also allows for a more efficient training and prediction time. Furthermore, the model’s
prediction accuracy does not significantly improve as the number of hidden layers increases.
However, including additional connection weight values required significant adjustments,
which led to a substantial increase in training time. Therefore, there is only a single hidden
layer used to construct the BPNN model. The output layer consists of 10 neurons, which is
determined by the range of propagation probability. The input vectors of the BPNN are
the probabilities of transient pulse propagation along the circuit path. The output value of
the BPNN is the probability that a transient pulse can propagate to a flip-flop. The basic
neuron is activated by the sigmoid function:

f (xi) =
1

1 + e−x (3)

Input Layer

Hidden Layer

Output Layer

20 neurons

15 neurons15 neurons

10 neurons

Figure 2. The BPNN structure used in the paper.
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Based on Equation (3), the neurons in the input layer can be calculated using the
following equation:

f (PCi) =
1

1 + e−PCi
(4)

The input values of neurons in the hidden layer are determined by the output values
of neurons in the input layer. The neurons in the hidden layer can be calculated by the
following equation:

Nj,hidden =
M−1

∑
i=0

wij f (PCi) (5)

where wij represents the connection weight value between the input layer and the hidden
layer. Nj,hidden represents the output value of the hidden layer neuron. Similarly, the
neurons in the output layer can be calculated using Equation (5), and the transient pulse
propagation probability to flip-flops can be determined:

PFFk =
N−1

∑
j=0

wjk Nj,hidden (6)

The most important aspect of BPNN is training the connection weight value wij
and wjk. These connection weight values significantly affect the accuracy of evaluating
transient pulse propagation. In this paper, several benchmark circuits from the ISCAS
85 suite are selected. The ISCAS ’85 benchmark circuits are ten combinational circuits
provided to authors at the 1985 International Symposium on Circuits and Systems. They
have subsequently been used by many researchers as a basis for comparing results in test
generation. The selected circuits are used to create a training set. The training set is used to
calibrate connection weight values. A benchmark circuit structure is shown in Figure 1. It is
used to illustrate how to generate the training set. Firstly, one circuit instance is randomly
selected, such as C0. Based on the C0, circuit instances C1, C2, and C3 are extracted because
they are part of the data path. The probabilities of transient pulse propagation for PC1, PC2,
and PC3 are determined. Secondly, a SPICE-level simulation tool is used to simulate the
propagation of transient pulses in the benchmark circuit. The input value of the circuit
changes randomly with each clock cycle, allowing the value in each circuit instance to be
altered. A dual exponential current source is then injected into the C0. The equation of the
dual exponential current source can be shown in our previous work [28]. The SPICE-level
simulation tool is used to determine whether the transient pulses can propagate to flip-flop
1. This process is repeated multiple times (such as 1000 times) to count the number of
pulses that successfully propagate to flip-flop 1. The propagation probability PFF1,simulation
is obtained by dividing the count data by the total number of injected transient pulses.
Finally, PC1, PC2, PC3, and PFF1,simulation constitute one datum in the training set. Then,
another circuit instance is selected, such as C4, C5 or C6. The above steps are repeated to
obtain more data in the training set. During BPNN training, PC1, PC2, and PC3 are used
as input data. BPNN calculates the transient pulse propagation probability PFF1,prediction
through Equations (4)–(6). This data will be different from PFF1,simulation. Based on the
prediction results PFF1,prediction and the simulation results PFF1,simulation, connection weight
values are calibrated using the following equations:

E(w) =
1
2

N−1

∑
k=0

(PFFk ,prediction − PFFk ,simulation)
2 (7)

wij,new = wij,old − η1
∂E(w)

∂wij,old
(8)
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wjk,new = wjk,old − η1
∂E(w)

∂wjk,old
(9)

In this paper, parallel simulation is used to accelerate the generation of training data.
The cost to obtain the training data is no more than 9 h for each test circuit. Approximately
12,000 training data were generated through the simulations mentioned above. In total,
60% of the data was used to train the BPNN model, and the remainder was used for model
validation. The prediction accuracy of the model is calculated using the Equation (10).
P represents the precision value of the prediction. TP represents the number of positive
predictions that are correct, while FP represents the number of positive prediction errors.
The calculation results are detailed in Table 1.

P =
TP

TP + FP
(10)

Table 1. The results of the training.

Transient Pulse Propagation Probability Range Prediction Precision Value

0.1 0.914
0.2 0.922
0.3 0.904
0.4 0.893
0.5 0.877
0.6 0.911
0.7 0.864
0.8 0.844
0.9 0.857
1.0 0.821

3.2. The Transient Pulse Capture Evaluation

Another important aspect of SER evaluation is the capture of transient pulses. When a
transient pulse arrives at the input pin of flip-flops, such as FF1 in Figure 1, it needs to meet
a certain signal–clock relationship to be captured. If the transient pulse is not captured by
flip-flops, it will not alter the stored value of the flip-flops and will not result in a soft error.
Figure 3 shows the relationship between the transient pulse and the clock waveform. The
capture of transient pulses depends on both the width of the pulse and the period of the
clock. The probability of capturing transient pulses in flip-flops can be calculated using the
following equation:

Pcapture,FFk=
Twidth
Tperiod

PFFk ,prediction (11)

where PFFk ,prediction is calculated by the BPNN. Tperiod represents the clock period, while
Twidth denotes the transient pulse width. Since the incident time of high-energy particles
is random, it is also random whether the transient pulse and the clock period satisfy the
signal-clock relationship. Therefor, a random function in the range of 0 to 1 is used to
determine whether the transient pulse is captured by flip-flops. For each flip-flop affected
by the transient pulse, the random function generates a value. If the random value is lower
than the transient pulse capture probability Pcapture,FFk , the transient pulse can be captured
by flip-flops. On the contrary, the transient pulse is not captured when the random value
exceeds the probability of capturing the transient pulse.
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Figure 3. The signal–clock relationship to capture a transient pulse.

4. The SER Evaluation Approach

Based on the above SER evaluation principles, a machine learning-based SER evalua-
tion approach is proposed. The basic flow of the proposed approach is shown in Figure 4.

The gate-level netlist of the circuit serves as an input file for the proposed evaluation
approach. Before starting SER evaluation, the number of transient pulses that need to be
injected is determined based on both the incident particle flux and the area of the circuit (the
layout area or the sum of all instance areas). For instance, if the flux of the incident particles
is 1 × 107 ions/cm2 and the circuit’s layout area is 1 mm2, it indicates that 1 × 105 ions
will strike the circuit. Therefore, when performing SER evaluation, the proposed approach
also needs to evaluate the soft errors that occur in the circuit after 1 × 105 transient pulse
injections. In addition, since the location of the incident particle is random, its impact
on the circuit instance is also random. Therefore, for each transient pulse injection, the
proposed approach first randomly selects a circuit instance based on the circuit netlist.
This means that the circuit instance is affected by the incident particles, resulting in the
production of a transient pulse. Secondly, for each data path, all connected logic instance
types from the selected instance to flip-flops are extracted. Each logic instance type is then
converted into a probability of transient pulse propagation. It is important to note that since
the selected logical instance may affect multiple flip-flops, it is often possible to generate
multiple input data for the machine learning model in the second step. Thirdly, the data are
inputted into the calibrated BPNN model, and the propagation probability of the transient
pulse to a flip-flop is calculated using Equations (4)–(6). Fourthly, Equation (11) is used
to determine whether the transient pulse will be captured by the flip-flop based on the
calculated propagation probability. If the result calculated in Equation (11) is less than the
random value generated by the random function, the transient pulse is considered to be
captured by the flip-flop. The number of soft errors has increased by one. Fifthly, once all
affected flip-flops have been traversed, the number of soft errors in the circuit caused by a
transient pulse can be determined. After calculating all transient pulse injections, the total
number of soft errors can be determined under a specific incident flux condition. The soft
error rate of the circuit can be calculated.
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Figure 4. The basic flow of the proposed approach.

A comparison between the proposed approach and other conventional evaluation
approaches is shown in Table 2. The proposed approach only uses the BPNN model
to obtain SER evaluation results. It does not realistically simulate the transient pulse
propagation and capture using circuit-level simulation tools. The proposed approach can
reduce the run time of SER evaluation and is not limited by the size of the circuit. It is worth
noting that the proposed approach not only obtains the SER of the evaluated circuit. It is
also useful for locating highly sensitive circuit nodes in the evaluated circuit. For instance,
specific circuit nodes are selected in the proposed approach. Then, the SER flow runs to
obtain the SER of specific circuit nodes. Compared to the calculated results, the nodes of
the high-sensitive circuit are located.
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Table 2. Comparison of the proposed approach with other state-of-the-art approaches.

SER evaluation The transient pulse The transient pulse
approach generation evaluation propagation evaluation

SPICE-level The dual exponential current source, Circuit-level
simulation approach etc. simulation tools

TCAD-level Ionization charge distribution model Circuit-level
simulation approach Carrier transport equation, etc. simulation tools

Monte Carlo-based Nested sensitive volumes model Circuit-level
simulation approach Drift diffusion equation, etc. simulation tools

The proposed approach Pulse width data that vary with LET Machine learning model

5. The SER Evaluation Approach Validation

5.1. Test Chip Design and Experimental Setup

A SER test structure was designed using commercial CMOS technology to investigate
the accuracy of the proposed approach. The schematic of the SER test structure is shown
in Figure 5. It consists of one random vector generator, two test circuits, and one SER
detection circuit. The random vector generator (Linear Feedback Shift Register, LFSR) is
used to create the input vectors. The test circuit consists of combinational logic instances
and flip-flops. Note that two test circuits have the same topology and layout structures.
However, they are spaced out widely to ensure that an incident particle only impacts
one test circuit, as shown in Figure 6. The input pins of two test circuits are connected
to the random vector generator. It ensures the test circuits have the same input vectors.
The SER detection circuit consists of several XOR-gate instances and OR-gate instances.
The XOR-gate instances compares the output values of two test circuits. If a test circuit is
irradiated by incident particles, the output values are changed. However, the other test
circuit is not impacted by incident particles; it can produce correct output values. The
XOR-gate instance produces a 1 due to the different output values. The soft error induced
by the incident particle is propagated to the SER counter circuit and satisfied.

Figure 5. The schematic of the SER test structure.
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A test chip with three SER test structures was fabricated using commercial 65 nm
CMOS technology. The detailed test chip layout is shown in Figure 6. The test chip was
irradiated with heavy ions. Four heavy ions with different parameters were chosen, as
shown in Table 3. The heavy-ion dose rate was 1 × 104 ions/cm2/s, and the flux was
1 × 107 ions/cm2. Before the radiation experiment, the cover plate from the test chip
was removed. The front side of the chip was positioned within the range of the ion
beam’s influence. During radiation experiments, the ion beams randomly strike their
respective targets. Some ions strike the test chips and generate transient pulses. The test
system consisted of a test chip and other necessary chips, such as field-programmable gate
arrays (FPGAs) and serial communication chips [29,30]. FPGAs connected all signal ports
(input, output, and clock) of the test chip to provide input and clock signals. They were
also used to capture output signals when the test chip was irradiated. After conducting
heavy-ion experiments, the error counts were exported to the computer using the serial
communication interface.

Figure 6. The basic SER test structure layout and the detailed test chip layout.

Table 3. Heavy ions used in the experiment.

Ion
Energy at the Effective LET Range

Silicon Surface (MeV) (MeV·cm2/mg) (um)

Cl 165 15.2 51.8
Ti 185 21.2 37.9
Ge 205 37.6 35.5
Kr 835.5 99.8 41.2

5.2. SER Evaluation Setup

The proposed evaluation approach and the SPICE-level evaluation approach were
used to investigate the SER of test circuits. The gate-level netlist of three test circuits serves
as an input file for the evaluation approaches. The number of transient pulse injections per
test circuit is determined by dividing the particle flux by the layout area of the test circuit.
The position and moment of transient pulse injection are random. This is due to the fact the
location and momentum of the incident particles are random during radiation experiments.
The width of transient pulses injected into the test circuit is set to 100 ps, 200 ps, 350 ps, and
500 ps, respectively. It represents the various pulse widths generated by different particles.
These data were determined through our previous transient pulse measurements [31–33].
For each test circuit, the number of soft errors can be obtained when the evaluation tool
completes the transient pulse width injection simulation. According to the number of soft
errors, the soft error cross-section can be calculated using the following equation:

SER =
Nerror

fions × Ninstances
(12)
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where Nerror represents the number of soft errors that is calculated by the evaluation
approaches. fions represents the flux of ions. Ninstances represents the total instance number
of test circuits.

5.3. SER Evaluation Results Comparison

The evaluation results of the proposed approach and the conventional SER evaluation
approach are compared first. The connection weight values were saved after training the
BPNN model. They are imported again into the BPNN model during the evaluation of test
circuits. The BPNN model is used to calculate the pulse propagation probabilities in circuits
A, B, and C. The calculated results are compared with the transient pulse propagation
probabilities simulated by the circuit-level simulation tool. The prediction accuracy is
calculated using Equation (10) and the results are shown in Table 4. The average prediction
accuracy of the three test circuits is approximately 0.8. Although the three circuits have
different circuit structures, the trained BPNN model can still accurately calculate the
probability of transient pulse propagation.

Table 4. The prediction accuracy of three test circuits.

Transient Pulse Circuit A Circuit B Circuit C
Propagation Prediction Prediction Prediction

Probability Range Precision Value Precision Value Precision Value

0.1 0.832 0.807 0.821
0.2 0.829 0.811 0.825
0.3 0.813 0.824 0.817
0.4 0.824 0.803 0.813
0.5 0.809 0.795 0.808
0.6 0.805 0.792 0.811
0.7 0.789 0.801 0.804
0.8 0.775 0.789 0.796
0.9 0.764 0.773 0.792
1 0.765 0.768 0.788

Figure 7 shows the comparison between the evaluation results and experimental
results. The evaluation results obtained by the proposed approach show good consistency
in both trend and order of magnitude. The difference between the results obtained using
the proposed approach and the experimental results is calculated. The average value is
23.5%, which is 7.5% higher than that between the conventional evaluation approach and
the experimental results. When the LET value is 15.2 MeV·cm2/mg, there is a greater
discrepancy between the simulation results and the experimental results. With the increase
in LET value, the simulation results are in good agreement with the experimental results.
Some reasons may cause this difference. The first reason is that the proposed approach does
not consider the transient pulse reshaping and reconvergence. Transient pulse reshaping or
reconvergence results in a change in the width of the transient pulse, which in turn change
the data value of Twidth in Equation (11). Circuit-level simulations are used to investigate
the difference in circuit A at low LET values. When particles strike most instances, it only
generates a transient pulse that propagates to the input of the flip-flop. However, when
a particle strikes a specific instance with a large fanout, although it only produces one
transient pulse, more than one transient pulse is propagated to the input of the flip-flop
due to pulse reconvergence, as shown in Figure 8. For the proposed approach, it is still
evaluated based on the pulses that propagate independently on different data paths. As a
result, the evaluation results may not accurately reflect soft errors and may differ from the
experimental results. When the LET value increases, the transient pulse width generated by
the ions also increases. It reduces the change in the width and number of transient pulses
caused by the pulse reconvergence. The evaluation results obtained using the proposed
evaluation method are closer to the experimental results.
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Figure 7. The simulated SER results with different evaluation approaches.

The other reason for this difference is the evaluation accuracy of the transient pulse
propagation. The transient pulse propagation is evaluated using the BPNN. The training
accuracy of connection weight values is the key factor that affect the evaluation accuracy.
In our previous works, we observed a significant decrease in the prediction precision
value when the probability of transient pulse propagation exceeded 0.7. It indicates that
the propagation probability obtained by the BPNN are significantly different from the
conventional transient pulse simulation results [34]. Because fewer combinational logic
cells with large circuit stages have a high probability of transient pulse propagation, the
training set does not include enough data, and the connection weight values are not
effectively trained for this situation. Increasing the train set data can improve the training
accuracy of connection weight values. It may be an effective way to solve this difference.
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Figure 8. The width and number variation of transient pulses due to pulse reconvergence.

Figure 9 shows the average simulation runtime of the proposed approach and the
conventional SER evaluation approach. For the conventional evaluation approach, the
circuit-level simulation tool is used to simulate the propagation of transient pulses. This
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simulation helps determine if the flip-flops can capture the transient pulses. Although the
size of the test circuit is only 10,000 instances, it results in a significant increase in time cost
for a single circuit-level simulation. The significant time cost greatly reduces the evaluation
performance of the conventional evaluation approach. For the proposed approach, a ma-
chine learning model (Equations (4)–(6)) is utilized to calculate the probability of transient
pulse propagation. Subsequently, the transient pulse is captured using the transient pulse
probability equation (Equation (11)). The proposed method can determine the soft error
of the circuit solely through equation calculations. Therefore, the proposed method can
significantly reduce the time required and enhance the performance of soft error evaluation.

In addition, Circuit C has only 5000 more instances than Circuit B. However, the
simulation time for the conventional evaluation methods is nearly doubled. When the
circuit size increases further, the evaluation time of traditional evaluation methods becomes
unacceptable, limiting the size of the circuit that can be supported by this approach. For
the proposed approach, as the circuit size increases, the evaluation time only shows a slight
improvement. The proposed approach can support larger scale circuits, which improves
the performance of the soft error evaluation method.
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Figure 9. The average simulation runtime of two SER evaluation approaches.

6. Conclusions

This paper has presented an approach to evaluate the SER of integrated circuits. A
machine learning model (BPNN) is implemented in the proposed approach. It helps
to evaluate the transient pulse propagation and capture. Some commercial integrated
circuits are designed and fabricated to validate the capability of the proposed approach.
Compared to experimental data and the conventional SER evaluation results, the proposed
approach also demonstrates a strong correlation in terms of trend and magnitude with
the improvement in simulation runtime. The proposed evaluation tool has been used to
evaluate the SER of circuits with more than 10,000 gates, which demonstrates that the
proposed model can be applied to evaluate logic circuits with more than 10,000 gates. It is
useful for circuit design and radiation hardening.
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Abstract: A leakage current is the most critical parameter to characterize heavy ion radiation damage
in SiC MOSFETs. An accurate and refined analysis of the source and generation process of a leakage
current is the key to revealing the failure mechanism. Therefore, this article finely tests the online
and post-irradiation leakage changes and leakage pathways of SiC MOSFETs caused by heavy ion
irradiation, analyzes the damaged location of the device in reverse, and discusses the mechanism of
leakage generation. The experimental results further confirm that an increase in the leakage current
of a device during heavy ion irradiation is positively correlated with the applied voltage of the drain,
but the leakage path is not direct from the drain to the source. The experimental analysis of the source
of the leakage current of the device after irradiation indicates that there is also a leakage current path
between the device gate and source. The research results suggest that the experimental sample is
more prone to a single-event gate rupture effect under this heavy ion radiation condition. The gate
breakdown mainly occurs in the gate oxide layer at the neck region. This research can provide a
theoretical basis for the radiation resistance reinforcement of SiC power devices.

Keywords: SiC MOSFET; single-event effect; single-event gate rupture; leakage current; heavy
ion irradiation

1. Introduction

With the rapid development of China’s aerospace technology, the demand for high-
performance, high-power devices is becoming increasingly urgent [1,2]. SiC MOSFETs
have shown broad application prospects in the aerospace field due to their superior perfor-
mance in high temperature resistance, low loss, fast switching speed, and high blocking
voltage [3,4]. However, high-energy particles present in space can cause radiation damage
to electronic devices, thereby affecting device performance and reliability [5–7]. For SiC
power devices, although SiC materials have a comprehensive bandgap structure and strong
radiation resistance, they still exhibit significant single-event radiation effects due to the
process structure and operating characteristics of the device, leading to severe leakage and
even burnout [6,8–10], seriously hindering their rapid application in the aerospace field.
At present, the damage mechanisms of single-event burnout (SEB) and single-event gate
rupture (SEGR) induced by heavy ions in space are difficulties and hot topics in the study
of single-event effects in SiC MOSFETs [11–13].

A leakage current is the most critical parameter for characterizing heavy ion radiation
damage in SiC MOSFETs [14–16]. Existing research has shown that before the occurrence
of SEB or SEGR in SiC MOSFETs, phenomena such as gate leakage current IG and drain
leakage current ID increases occur [15,17,18]. Among them, the mechanism of an SEB effect
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is the occurrence of an abnormal bulk current, which leads to a sharp increase in the lattice
temperature of the device, resulting in a local thermal burnout of the device [19–23]; the
mechanism of the SEGR effect is that a transient additional electric field is generated in the
gate dielectric layer that exceeds the critical electric field, causing the gate oxide layer to
be broken down [14,24–27]. But, the specific occurrence of SEB or SEGR is closely related
to the location of the formation of an internal leakage current in the device. Therefore,
in-depth research and refined analysis of the source and location of SiC power MOSFET
leakage caused by heavy ion radiation are crucial to revealing the mechanisms of SEB and
SEGR effects.

The increase in the leakage current of SiC MOSFETs caused by single-event effects is
mainly due to the radiation-induced gate current IG and the drain current ID. IG especially
comes from a breakdown current and an ionization current [16,19]; a breakdown current is
a leakage current caused by the breakdown of the gate oxide layer caused by the electric
field generated by the incident particles between the gate and drain [16,28]; an ionization
current is the current generated by the excitation or ionization of atoms or electrons in
the gate oxide layer by incident particles. The ID mainly comes from the transport of
holes and electrons in the channel and the increase in the drain leakage current caused
by ionization and reverse breakdown effects in the drain structure caused by incident
particles [28–31]. Although the values of IG and ID are related to the energy, angle, and
position of the incident particles [14,32] and the process and structure of the device, the
main influencing factor is the device’s leakage source operating voltage VDS. In general,
the larger the VDS, the greater the radiation-induced leakage of the device. Generally, when
the VDS is greater than 50% of the rated voltage, it will cause the device to experience SEB
or SEGR effects [33].

In summary, although a large number of studies have identified an increase in the
device leakage current during heavy ion radiation and even the occurrence of SEB and
SEGR effects, these are mainly due to the decrease in gate oxide insulation performance
(breakdown) and drain structure damage caused by heavy ion radiation. But, the master–
slave or quantitative relationship between these two damage mechanisms and radiation
environment, device technology, and structural changes is still unclear, and more exper-
imental verification is needed. In addition, the location of gate oxide breakdown and
leakage structure damage varies, and the leakage paths of the device will not be the same.
As shown in Figure 1, the leakage paths for gate oxide leakage IG include gate leakage
IGD and IGS (Figure 1, 1© and 2©), while the leakage paths for drain leakage ID include
IGD and IDS (Figure 1, 3© and 4©), red-dashed ellipses on the schematic diagram show
the possible locations of damage. There is also a lack of detailed research and analysis
of these leakage paths. The analysis of these leakage pathways and the determination of
damage locations are the theoretical basis for strengthening SiC power MOSFETs against
single-event radiation damage.

 

Figure 1. Schematic diagram of gate and drain current for SiC MOSFET.
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Therefore, this experiment conducted single-event irradiation tests on SiC MOSFETs
with different leakage source voltages and monitored the leakage current of the device
during irradiation online. The I-V characteristics of the device before and after irradiation
were compared, and the leakage current at each electrode of the device was finely tested.
The path of a leakage current caused by heavy ions was analyzed and determined to
determine the damage location of the device in reverse. The research results further deepen
the understanding of the mechanism of a single-event radiation damage effect in SiC
MOSFETs, providing a theoretical basis for the radiation hardening of SiC power devices.

2. Materials and Methods

The device used in the irradiation experiment is a typical planar gate structure, N-
channel SiC power MOSFET packaged in TO-247L. The device parameters are VDS = 1200 V,
ID = 40 A, and RDS(on) = 80 mΩ. A total of 10 test devices were used in the radiation test,
including two for each of the three types of drain bias irradiation, floating irradiation and
control devices. The device was unpacked before radiation, allowing heavy ions to irradiate
the chip surface directly. Device packaging and internal chip morphology of the planar gate
SiC MOSFET are shown in Figure 2. Electrical performance tests were conducted on the
opened devices, and the results showed that opening did not significantly impact device
performance.

 
Figure 2. Device packaging and internal chip morphology of the planar gate SiC MOSFET.

The heavy ion test was completed at the Lanzhou Institute of Modern Physics, Chinese
Academy of Sciences. The irradiated ion was 181Ta ion, the total energy was 2369.8 MeV, the
energy reaching the device surface was 1912.1 MeV, and the range was 111.3 μm. The LET
value was 76.3 MeV/(mg/cm2), and the beam spot area irradiated on the device surface in
an atmospheric environment was about 4.4 cm2, with the incident direction perpendicular
to the device surface. The irradiation fluence rate was approximately 1.6 × 104 cm2 s−1,
with a total injection rate of 1 × 106/cm2.

During irradiation, in order to explore the changes in the leakage current of the device
caused by heavy ions under different drain voltages, different voltages were applied to the
drain electrodes of the device: VDS = 60 V, 100 V, and 150 V, respectively, with zero bias on
other electrodes. In addition, floating irradiation conditions, with no voltage applied to all
electrodes, were also conducted. Under all irradiation bias conditions, a source meter was
introduced between the source and drain of the device to monitor the leakage current IDSS
online. The schematic diagram of the SiC MOSFET heavy ion irradiation online testing
system is shown in Figure 3.
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Figure 3. Schematic diagram of the online testing system for heavy ion irradiation of SiC MOSFET.

Before and after irradiation, the device’s operating characteristics were tested using
the B1500A semiconductor parameter analysis system, produced by Agilent Technologies,
a company headquartered in California, United States. The test conditions were gate
voltage VGS = 20 V, source bias, and drain scanning from −10 V to 20 V. Current changes
in the device under different operating conditions were observed. Also tested were the
drain–source leakage current IDS, gate–source leakage current IGS, and the gate–drain
leakage current IGD data of the irradiated device; then, the specific damage location of the
single-event effect in the device was analyzed.

3. Results

As shown in Figure 4, the device’s drain–source leakage current IDSS, detected during
irradiation under different VDS conditions, varies with irradiation time. The figure shows
that when VDS = 60 V, the current curve is almost a straight line, and the drain current
jumps within an order of magnitude. When VDS = 100 V and 150 V, the drain current
during irradiation shows a linear increase trend with irradiation time, and as the drain
bias increases, the slope of the drain current change increases, and the growth trend is
significantly faster.

 
Figure 4. Time-dependent characteristics of drain leakage current for different VDS.

After the irradiation stopped, the IDSS of the device with a VDS of 60 V returned to its
initial value. In contrast, the IDSS of the device remained unchanged under bias conditions
of 100 V and 150 V, indicating that a single-event effect had occurred. As the drain voltage
increased, the generated IDSS also increased, showing a positive correlation. However,
when the drain voltage was 150 V, the leakage current of the device did not reach the
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limit current, indicating that the device did not experience a typical single-event burnout
phenomenon. Therefore, it can be considered that the IDSS generated by the device under
heavy ion irradiation at this time was caused by accumulated damage at the interface
between the drain substrate and the drift region [34]. When Ta ions pass through SiC
MOSFETs, they interact with the extranuclear electrons of the target atom and deposit
energy. When the energy deposition exceeds a certain threshold, the material around the
ion orbit will experience a melting phenomenon because the cooling rate of the material
is fast, resulting in the melted material rapidly cooling into amorphous solid structures.
These amorphous solids formed along the ion incidence path are localized defect clusters
composed of high-concentration composite defects [34–36]. The high LET value of Ta ions
can induce latent tracks in the active region of SiC MOSFETs [34,36,37]. These leakage
channels, composed of defect clusters along the ion path, can cause the leakage current
of the online monitoring point of the device to increase during continuous heavy ion
radiation. So, it was determined that VDS = 60 V did not cause a single-event effect and is
the safe voltage of the device. It is preliminarily speculated that a small-current single-event
burnout effect occurred between the drain and source electrodes in devices with biases
equal to 100 V and 150 V [36]. Subsequent parameter tests were conducted to determine
whether a single-event burnout occurred.

The electrical parameters of the device were tested before and after irradiation, and the
transfer characteristics of the device under bias and floating conditions (IDS-VGS) are shown
in Figure 5. Figure 5a shows that the device transfer characteristic curves and curves after
irradiation under different drain–source bias conditions do not show significant drift. The
device characteristic curve with VDS of 60 V during irradiation coincides with the device
characteristic curve under floating conditions, and there is no significant difference from
the initial value; the transfer characteristics of two devices with VDS of 100 V and 150 V
during irradiation showed two significant current increases compared to devices with VDS
of 60 V, corresponding to gate voltages of −10 V to −2.5 V and 0 V to 5 V, respectively.
IDS increased by two to three orders of magnitude compared to devices with 60 V, and
the larger the VDS, the more significant the current increase. Figure 5b compares device
transfer characteristic curves under different drain bias voltages in linear coordinates. It
can be seen from the figure that the drain current of the device decreased after irradiation.
Therefore, it is believed not only that the drain junction was damaged but there should also
be current leakage at the gate.

  
(a) (b) 

Figure 5. Transfer characteristic curve of devices with a flux of 1 × 106/cm2: (a) logarithmic
coordinate; (b) linear coordinate.
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To finely analyze the path of the leakage current generated by heavy ion irradiation
on the back of the device, which is the specific damage location, using a semiconductor
parameter analysis system to test the electrode currents of each electrode of the device,
the testing method is: floating either electrode of the device, applying a scanning voltage
between the other two electrodes, and connecting a source meter in series at the tested
electrode for current testing. Only one electrode is applied with voltage, and the other two
electrodes are connected to ammeters and grounded. The current flowing through this
electrode should be the sum of the currents at the other two electrodes. Therefore, it is
believed that the existence of current leakage paths between the two electrodes of the device
can be judged by the specific current division. Firstly, a scanning voltage was applied on
the gate electrode and a test current between the gate–source and the gate–drain. Figure 6
shows the test results of the gate–source current IGS and the gate–drain current IGD of the
device obtained using this method. The device irradiation conditions corresponding to
each curve in Figures 4 and 5 are (A) VDS = 60 V 1 × 106/cm2, (B) VDS = 100 V 1 × 106/cm2,
(C) VDS = 150 V 1 × 106/cm2, (D) device floating 1 × 106/cm2, and (E) device initial value.

  
(a) (b) 

Figure 6. (a) Leakage current IGS curve; (b) leakage current IGD curve.

The trend of the IGS leakage current at both electrodes of the gate–source in Figure 6a
is almost consistent with that of the IGD leakage current at both electrodes of the gate–
drain in Figure 6b. After applying a scanning voltage to the gate, all devices with floating
electrodes during irradiation did not experience an increase in current, which is consistent
with non-irradiated devices; the current of devices with a drain bias voltage applied during
irradiation shows an increasing trend. Among them, devices with irradiation biases VDS of
150 V and 100 V reach current limits at a gate voltage of 17 V and 18 V, respectively. Devices
with a bias VDS of 60 V neither show any changes like floating devices nor increase the
current limit slowly, unlike devices with a high drain bias.

Since the gate oxide layer is an insulating layer, it can be seen from the initial value test
of the device before irradiation that the gate current hardly changes with an increase in gate
voltage. However, an increased device leakage current after irradiation indicates shallow
damage to the gate oxide layer. It is worth noting that the three IGS curves in Figure 6a do
not immediately increase after the scanning voltage is applied, indicating that there is no
direct current leakage channel between the gate and source electrodes; that is, the damage
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location is not directly between the gate and source electrodes. All three curves gradually
increase after the gate voltage reaches around 2.5 V because as the gate voltage gradually
increases, which means VGS is greater than the device threshold voltage; the channel region
gradually depletes and approaches strong inversion and extends towards the neck region,
forming an n-type layer along the surface coupled to the source electrode. When the gate
oxide layer is damaged in the neck area, a leakage channel is formed and reaches the
current limit. The IGD curve in Figure 6b immediately increased after voltage was applied,
indicating damage between the gate and drain electrodes of the device and a direct leakage
channel for the current. Heavy ion irradiation caused damage and destruction of the gate
oxide layer, resulting in a single-event gate rupture of the device, with the damage located
between the gate and neck regions.

To determine whether a single-event burnout effect occurred between the source and
drain of the device, a scanning voltage was applied to the drain electrode, a 0 V bias was
applied to both the gate and source electrodes, an ammeter was connected in series on the
gate and source electrodes were connected to the ground. The drain current ID, gate current
IG, and source current IS were measured. The relationship between them was analyzed, as
shown in Figure 7.

  
(a) (b) 

Figure 7. (a) Drain leakage current ID and gate leakage current IG curve; (b) frain leakage current ID

and source leakage current IS curve.

Figure 7a shows that the gate current IG and drain leakage current ID of the device,
subjected to bias voltage during irradiation, increased directly from 0 V, with almost the
same magnitude and in opposite directions. At the same leakage voltage, the current limit
is reached, indicating the existence of a current leakage channel between the two electrodes
of the gate and drain. The leakage current curve of the floating irradiation device and
the non-irradiation device is a straight line, with a value of almost 0. Figure 7b shows
that the magnitude of the source current IS is much smaller than that of the drain leakage
current ID, fluctuating in the 1 × 10−9 magnitude. From this, it can be inferred that there is
no current leakage channel between the drain and sources. Because there is no damage
location between the drain and source electrodes of the device, it can be determined that
the test device did not experience single-event burnout.
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Based on the above experimental results and analysis, it can be concluded that the
leakage current IDSS monitored online in heavy ion irradiation experiments is not caused by
the increase in the drain–source current caused by single-event burnout but by the current
path caused by a single-event gate rupture, forming a leakage current from the drain
electrode to the gate electrode. It should be noted that the leakage current of the device,
with an irradiation bias of 60 V, is inconsistent with the online monitoring performance and
has reached saturation, which is believed to be caused by the activation of internal defects
in the device due to multiple tests and power-ups. Moreover, the voltage at which the
devices reach saturation current varies. Devices with an irradiation bias of 60 V first reach
limit current, followed by devices with 100 V irradiation, and finally, devices with 150 V. It
is believed that VDS = 100 V, and 150 V devices experienced typical radiation-induced hard
breakdown (RHB), but the device with VDS = 60 V may have experienced radiation soft
breakdown (RSB) [38–43]. The defect charges introduced by the heavy ion are closer to the
conduction band and are more likely to be activated after multiple power tests [38]. So, the
leakage current of the device reaches the limit saturation current first before VDS = 100 V
and VDS = 150 V. The specific reason why the performance of powered irradiation devices is
not positively correlated with the applied bias requires more experiments and simulations
to verify.

In order to verify whether the analysis of the previous experimental data was reason-
able and correct, that is, whether the device had experienced single-event gate rupture
and whether the damage location was between the gate oxide layer and neck region, a
cross-sectional analysis was conducted on the device. Firstly, there were no obvious burn
marks on the surface of the chip, as shown in Figure 8a. Then, the specific damage location
of the cover opening device was located. The damaged region was located by Optical Beam
Induced Resistance Change (OBIRCH) analysis for the SiC MOSFET with single-event
gate rupture, which was manifested as a “bright spot”, as shown in Figure 8b. The “hole”
was cross-sectioned using a focused ion beam (FIB) along the dotted line. FIB inspection
on the gate oxide layer was performed to determine the specific damage location of the
device, as shown in Figure 8c. Figure 8d shows the SEM image of the damaged region after
striping the surface metal layer. A damaged area is observed at the poly gate. It shows
that the gate oxide layer was broken due to the heavy ion irradiation. The damaged region
covers one gate strip and connects with the neck region of the device. The conclusion of a
damage location obtained through cross-sectional analysis is consistent with the previous
data analysis through qualitative analysis of the leakage current, which can prove that the
previous data analysis is reasonable; SiC MOSFET suffered single-event gate rupture. The
appearance of the device did not show any signs of burning, and SEM did not find any
burnt areas; the device did not experience single-event burnout.

  
(a) (b) 

Figure 8. Cont.

55



Electronics 2023, 12, 4349

 

(c) (d) 

 

Figure 8. Failure analysis of the SiC MOSFET with SEGR. (a) Chip visual inspection, (b) OBIRCH
analysis of SiC MOSFET. The “bright spot” area represents the damaged region. (c) Focused ion beam
(FIB) cut area, (d) SEM diagram of the damaged region after striping metal layer.

4. Discussion

Based on the above experimental results, it can be indicated that this SiC MOSFET
underwent a single-event gate rupture effect after being irradiated with 181Ta ions, with the
main leakage pathway being the gate oxide layer near the neck. When particles entered the
SiC MOSFET device, the incident particles collided and ionized with SiC atoms in the SiC
MOSFET device, generating a large number of electron–hole pairs [28,44,45]. Under the
application of an electric field, electron–hole pairs drifted, and electrons gathered toward
the drain region. Some ionized holes moved toward the source region. In contrast, the other
holes mainly gathered at the junction of the gate oxide layer and the drift layer, generating
a transient electric field below the gate dielectric layer, as shown in Figure 9 [28,44,45]. The
generated transient electric field was superimposed with the original electric field. Once
the superimposed electric field exceeded the intrinsic, breakdown electric field strength
of the gate dielectric layer, the gate dielectric layer was broken down, causing it to lose its
insulation effect and generate a conductive path in the gate dielectric layer [6,24,28,44–46].
The gate current rapidly increased, and finally, the gate was broken down, resulting
in a single-event gate rupture effect. After multiple tests of the device, there was no
recoverability of the damage, as the single-event gate rupture effect is a destructive effect.

 
Figure 9. Schematic diagram of electron–hole movement after particle incident.
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However, the reason why the device did not undergo single-event burnout and why
the single-event gate rupture occurred is believed to be that when heavy ions irradiated
the VDMOS device, the ions first came from the gate, and the induced current leakage
path was from the drain to the gate, causing damage to the gate oxide layer of the device.
When a higher bias voltage is selected, assuming that a voltage drop sufficient to open the
channel partially is generated through the leakage of the gate oxide, the MOSFET is placed
in a “partially conductive” condition, allowing a current to flow to the source. The leakage
current is distributed between the drain–gate and drain–source, and the main leakage path
of the current may change into drain to source, leading to single-event burnout. To verify
whether the bias voltage is the main factor causing single-event burnout or single-event
gate rupture of devices, a higher bias voltage will be selected for experiments under the
same conditions, and some simulations will be performed for verification.

5. Conclusions

The experimental results indicate that the leakage current monitored online positively
correlates with the voltage and will not return to its initial value after irradiation. The
leakage current detection after irradiation proves that there is a leakage current path among
drain–gate and gate–source of all biased devices, and there is a latent track in the 60 V
biased device, with the damage location located between the gate and the neck region. No
single-event burnout has occurred in this experiment. The subsequent device dissection
analysis results also prove that SiC MOSFETs only caused a single-event gate rupture effect
under this experimental condition. So, it can be explained that the increase in leakage
current IDSS monitored online during the heavy ion irradiation test process was not caused
by single-event burnout but rather by a single-event gate rupture, with the leakage path of
the current from the drain electrode to the gate electrode.
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Abstract: Many silicon-on-insulator (SOI) metal–oxide–semiconductor field-effect transistors (MOS-
FETs) are used in deep space detection systems because they have higher radiation resistance than
bulk silicon devices. However, SOI devices have to face the double challenge of radiation and conven-
tional reliability problems, such as hot carrier stress, at the same time. Thus, we wondered whether
there is any interaction between reliability degradation and irradiation damage. In this paper, the
effect of hot-carrier injection (HCI) on γ-ray-irradiated partially depleted (PD) SOI n-MOSFETs with
a T-shaped gate structure is investigated. A strange phenomenon that accelerated the annealing
effect on irradiation devices caused by HCI in 5 s was observed. That is, HCI has fast recovery ability
on the irradiated narrow-channel n-MOSFETs. We explain the physical mechanism of this recovery
effect qualitatively. Moreover, we designed a comparable experiment to evaluate the effect on the
wide-channel devices. These results show that the narrow-channel devices are more sensitive to
irradiation and HCI effects than wide-channel devices.

Keywords: reliability; SOI; MOSFET; radiation; HCI

1. Introduction

The development of space electronics technology has traditionally been significantly
influenced by the commercial semiconductor industry. The development of metal–oxide–
semiconductor (MOS) technology and, in particular, complementary metal–oxide–
semiconductor (CMOS) technology, as a dominant commercial technology, have been
used to extend the lifespan of devices used in deep space systems [1–5]. Recently, SOI
technology has seen widespread applications in the aerospace sector due to its exceptional
resistance against transient ionizing radiation, such as single-event effects [6]. However,
there is a potential problem associated with the relatively thick buried oxide (BOX), which
is sensitive to the total ionizing dose (TID) effect [7–9]. Radiation-induced trapped charges
build up in the gate oxide, which causes a shift in the threshold voltage (that is, a change in
the voltage that must be applied to turn the device on). In other words, the threshold of
the back gate would change with the irradiation dose. Although in practical circuits, the
back gate is typically grounded, these devices conduct as the threshold of the back gate
drifts below zero, leading to a large channel leakage current [10–12]. If this shift is large
enough, the device cannot be turned off, even with zero voltage applied, and the device is
suspected to have failed by entering depletion mode.

Furthermore, devices operating in this environment face not only the challenge of the
irradiation environment but also issues with conventional reliability, such as hot carrier
stress when they are deployed in deep space missions. In many cases, the HCI effect is
regarded as one of the most important factors that limit the lifespan of very large-scale
integration (VLSI) circuits and maximal devices. Hot carriers may yield interface traps at
Si/SiO2 interface, be trapped in the oxide, or generate new oxide traps, resulting in effects
such as threshold voltage (VT) drift, transconductance (Gm) degradation, and an increase
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in channel leakage current [13]. Both radiation and HCI effects can degrade the device’s
performance over time and, ultimately, invalidate the device or circuit [14,15]. Devices
exposed to deep space environments face the dual challenges of TID irradiation and HCI
effects at the same time, both of which degrade the devices’ performance by introducing
trapped charges into the oxide layer or the oxide/bulk interface. Thus, we wondered
whether there is any interaction between reliability degradation and irradiation damage,
and whether the lifespan of devices with 0.13 μm PD SOI technology could be further
decreased by this interaction. In fact, there are researchers who have explored potential
synergistic effects or correlations between hot-carrier effects and TID irradiation in PD SOI
MOSFETs [16–20]. Silvestri et al. [21,22] investigated how X-ray exposure impacts the long-
term reliability of 130 nm n-MOSFETs as a function of device geometry and irradiation bias
conditions. The experimental results presented the opposite effect to the degradation during
subsequent hot-carrier injection. Increasing the bias during irradiation slightly reduces
the impact on subsequent electrical stress in core MOSFETs. Qi-wen Zheng et al. [23]
carried out total-dose irradiation on the hot-carrier reliability of 65 nm n-MOSFETs. The
experimental results showed that hot-carrier degradation on irradiated narrow-channel n-
MOSFETs are greater than on those without irradiation. Jing-hao Zhao et al. [24] measured
the enhancement effect on the degradation of gate voltage, Gm, and IDsat during hot carrier
stress in both T-gate and H-gate SOI p-MOSFETS irradiated by γ-rays. It was found that
TID-induced interface states strengthen the process of hot electron injection into the gate
oxide, while the radiation-induced weakening of the Si/SiO2 interface aggravates the
generation rate of the interface defects. Previous studies have shown that HCI degradation
is particularly important in n-MOSFETs, because there are higher electric fields and impact
ionization near the drain region as compared to p-MOSFETs [25–27].

However, due to the existence of the BOX layer, the mechanism of irradiation and
HCI effects on SOI devices is more complex than on bulk silicon devices. We thought that
there may be an interaction between reliability degradation and irradiation damage. So,
we carried out HCI tests on γ-ray-irradiated PD SOI n-MOSFETs to verify this idea. During
the experiments, a strange phenomenon was observed. The experimental results show
that TID leads to a high off-state leakage (Ioff) current and the obvious negative drift of
the threshold voltage. Focusing on the irradiation devices, the parameters—especially the
Ioff—cannot return to their initial values after 190 h of annealing at room temperature (RT).
But the results of the HCI experiments show that the Ioff almost returned to its initial value
during the HCI experiment within 5 s. The physical mechanism of this phenomenon is the
core content of this paper.

The structure of this paper is organized as follows: Section 1 reviews the background
of research on MOSFETs with bulk and SOI processes when they are subjected to radiation
and hot carrier stress. Section 2 introduces the device and presents the experimental details.
Section 3 discusses the experimental results and analyzes their physical mechanisms. Here,
we explain the mechanism of this recovery effect qualitatively. Furthermore, we provide
some methods to reduce the value shift of the device characteristics when the devices are
used in harsh environments. Finally, Section 4 concludes the whole study.

2. Device and Experimental Details

The I/O n-MOSFETs used in this paper were fabricated using 130 nm PD SOI technology [28]
in the Center of Materials Science and Optoelectronics Engineering, University of Chinese
Academy of Sciences (in Shanghai, China). Processing was performed on a 200 mm
diameter UNIBOND® wafer from SOITEC (in Bernin, France) with a 100 nm top Si film
and a 145 nm BOX. The body contacts of all transistors were introduced by a T-shaped
gate layout, as shown in Figure 1. The gate oxide thickness is 1.8 nm. In this study,
two kinds of n-MOSFETs with different channel widths were used in our experiments. The
structure parameter of the narrow channel devices was W/L = 0.15 μm/0.35 μm, and the
other structure parameter of the wide channel devices was W/L = 10 μm/0.35 μm. Their
working voltage was VDS = VGS = 3.3 V, and their doping concentration in the body was
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about ~1017 cm−3. All the devices were 24-pin DIP-packaged. Three devices were used in
our experiments at the same time.

  
(a) (b) 

Figure 1. Top and front cross-section diagram of T-gate PD SOI n-MOSFET (not to scale). (a) Top
diagram. (b) Front cross-section diagram.

The γ-ray radiation experiments were carried out at the Xinjiang Technical Institute of
Physics and Chemistry, Chinese Academy of Sciences, using 60Co-γ as the radiation source.
Before the radiation experiments, we tested the initial parameters of these n-MOSFETS.
During the γ-ray radiation process, all devices worked on a bias voltage with VGS = 3.3 V.
Other pins were grounded at the same time. The samples were irradiated to 2000 Gy (Si)
with a dose rate of 0.5 Gy (Si)/s. After irradiation, the devices were annealed for 190 h at
room temperature (25 ◦C), and they kept the same working conditions as the irradiation
process. Then, the devices were sent to hot carrier stress experiments. All the electrical tests
were performed using a Keithley 4200 B semiconductor test system at room temperature.

According to Joint Electron Device Engineering Council JESD28-A titled “A Procedure
for Measuring N-Channel MOSFET Hot Carrier-Induced Degradation under DC Stress”,
the bias gate voltage was selected as corresponding to the voltage of the peak substrate
current during hot carrier stress experiments. Here, the gate voltage was set to 3.3 V.
Additionally, the drain voltage was set to 4.45 V (135% operating voltage) to generate the
maximum number of carriers due to impact ionization. Other pins were grounded. Two
points including 5 s and 5000 s during hot carrier stress were selected to interrupt electrical
stress for the main parameter test.

3. Results and Discussion

The front gate and back gate linear area transfer characteristics of narrow channel
devices (W/L = 0.15 μm/0.35 μm) before and after irradiation and 190 h RT annealing
are shown in Figure 2a,b. We were able to determine that the magnitude of off-state
leakage current Ioff for irradiated devices is about 5~6 orders larger than that of the non-
irradiated ones.

Based on the results shown in Figure 2, it is believed that the radiation-induced oxide
trap charge in the shallow trench isolation (STI) caused the Ioff. As reported in Refs. [1,7],
parts of the charges in the inversion top Si film are no longer controlled by the main
transistor gate, resulting in a negative threshold shift in the main transistor, which can
increase the channel current significantly.

Figure 3 shows the electrical equivalent structure activated by irradiation for the PD
SOI MOSFET. The primary parasitic element that contributes to the primary MOS transistor
is the parasitic bipolar transistor. The floating body node serves as the base of this parasitic
bipolar transistor and can be activated by irradiation that forward biases the body–source
diode. To prevent its activation, the body region can be connected to the source potential
or be grounded. By doing so, the charge generated by radiation in the body is discharged
through the “body tie”. As a result, the body potential is no longer in a floating state [29,30].
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(a) 

(b) 

Figure 2. Front gate and back gate linear area transfer characteristics of device (W/L = 10 μm/
0.35 μm) before and after irradiation and 190 h RT annealing. (a) Front gate transistor. (b) Back
gate transistor.

A previous work [29] demonstrated that nearly all of the radiation-generated holes
that manage to avoid immediate recombination become ensnared within the bulk of the
oxide, specifically at deep trap sites near their source. Once trapped, a portion of these
holes gradually reverts to a neutral state through the thermal emission of electrons from
the oxide valence band at room temperature. Besides hole entrapment, electrons are also
captured throughout the entirety of the buried oxide. Most of these trapped electrons are
thermally released within one second following a radiation pulse. Subsequent to electron
release, the resulting charge is predominantly characterized by a high concentration of
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positively trapped holes, resulting in significant negative shifts in the threshold voltage of
the back gate transistors.

 
Figure 3. Equivalent electrical structure of PD SOI MOSFET activated by irradiation.

In order to evaluate the impact of the annealing effect, a 190 h RT annealing process
is applied to irradiated devices under the same bias voltage as irradiation. As shown in
Figure 2, the value of Ioff decreases by about one order after a process of 190 h RT annealing.
However, the gap is still considerable compared with the initial value. Here, the thermal
emission mechanism of annealing at RT is explained as follows [7].

Φm(t) =
kT
q
· ln[AT2t] (1)

where Φm(t) presents the energy boundaries of thermal emission, K is the Boltzmann
constant, T is the absolute temperature, q is the elementary charge, t is the time factor, and
A presents the constant of the capture cross-section. Since our experiments were performed
at room temperature, most thermal emission electrons have energies lower than those
required to escape deep energy traps. Consequently, these deep energy traps continue to
capture holes, leading to the observed outcome illustrated in Figure 2. In other words,
the crucial parameters for irradiated n-MOSFETs cannot be restored to their initial values
through annealing at room temperature.

When these devices are utilized in the harsh conditions of deep space, they are simul-
taneously exposed to both radiation and hot carrier stress. It is crucial to investigate the
synergistic effects arising from the combination of radiation and the HCI effect. To explore
this proposal, we carried out a series of HCI tests on SOI n-MOSFETs post-irradiation.
Based on the experimental results, we also identified the phenomenon of gate-induced
drain leakage (GIDL), as shown in Figure 4a. It can be seen that GIDL current experiences
significant increases after the 5000 s HCI test. The observed increase in post-stress GIDL
current is distinctly different from that induced by oxide traps because oxide traps only
induce GIDL current transients over a time scale of seconds. So, this should be dependent
on the amount of interface traps created during stress [25,31]. In other words, an additional
conduction mechanism involving interface traps should be possible after the hot electron
stress. Surprisingly, an interesting phenomenon emerged after a 5 s HCI experiment. In the
back gate transistor, the curve of Ioff nearly returns to its initial value, as shown in Figure 4b.

Focusing on the experiment phenomena, we believe they are a result of the synergistic
effect of radiation and the HCI effect. This enhanced synergistic effect has been proved by
Hang. Zhou et al. [27] carried out a compared example using irradiated and unirradiated
0.13 μm PD SOI n-MOSFETs and tested front gate Ids–Vgs curves before and after 3000 s
of hot carrier stress. According to the experimental results, it is obvious that irradiated
samples display a larger threshold voltage shift during stress time than un-irradiated
samples. The threshold shift of an irradiated device is 108 mV after 3000 s stress, while the
threshold shift of an unirradiated device is 46 mV.
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(a) 

 
(b) 

Figure 4. The linear area transfer characteristics of front gate transistor (a) and back gate transistor
(b) after different annealing times.

In this paper, these two effects cause these processes’ complexity. The Ioff caused by
radiation induces an oxide trap charge, and the subsequent effects of annealing as a result
of the channel-hot electronics leap over the barrier of the Si/SiO2 interface. If electrons
collide during travel, they may be incident in the BOX or gate oxide layer. The diagram
sketch can be seen in Figure 5a,b.

Moreover, it is important to note that the channel electrons acquire a higher average
energy during HCI stress. This increased energy facilitates the annealing of deep-level
oxide trap charges, which is shown in Figure 6. The oxide trap charges within the STI
region undergo rapid annealing as electrons are injected into them. This electron injection
occurs when a high voltage is applied during the HCI test, generating enough hot carriers
within the channel. These hot carriers will cross the Si/SiO2 barrier and inject the silicon
oxide layer, resulting in the annealing of deep-level oxide trap charges. The corresponding
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band diagram is depicted in Figure 6, where Xm represents the tunneling front, t presents
the time factor, α relates to the attempt frequency for escaping traps, and β is associated
with the tunneling barrier [7].

 
(a) 

 
(b) 

Figure 5. The schematic diagram of the synergistic effect of radiation and HCI effect. (a) Top view.
(b) Side view.

Furthermore, it is essential to note that utilizing a simple tunneling front model for
cases involving traps distributed in energy due to HCI may not be entirely accurate, as the
tunneling barrier β varies with trap depth. However, for the sake of practicality and the
development of a simplified predictive methodology, this effect is considered negligible.

Here, we demonstrate that electrons obtain energy W if electron scattering does not
occur during the drift from the source to the drain. Additionally, W can be calculated
as follows:

W = qU (2)
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X tα
β

=

Figure 6. Band diagram of irradiated n-MOSFETs showing tunneling front penetrating into the oxide
with HCI stress and normal stress.

When the VDS is set to 4.45 V, the W is equal to 4.45 eV. Because the Si/SiO2 interfacial
potential barrier for electrons is 3.15 eV [32,33], high energy-electrons can pass through
Si/SiO2 easily. However, it is possible that when the devices work under the normal voltage
(3.3 V), the electrons in the channel can still obtain enough energy (3.3 eV) to cross the
Si/SiO2 interfacial potential barrier. In this case, we have to calculate the probability of
electrons that could pass through Si/SiO2 quantitatively. Here, the probability of electrons
in the channel drift distance d without scattering is e−d/λ, where λ presents the mean free
path of electrons. In silicon, λ = 10.5 nm. The channel length of n-MOSFETs in the test is
0.35 μm. We define P1 as the probability of electrons in the channel drift distance d1, which
obtained 3.15 eV energy, and we define P2 as the probability of electrons in the channel
drift distance d2 without scattering.

Assuming the electric field in the channel is uniformly distributed, the normal working
voltage of the device is set to 3.3 V, and the applied voltage for hot carrier stress experiments
is 4.45 V. When the device operates at 4.45 V, the shortest path that electrons need to pass
through to obtain energy of 3.15 eV is d1 = (3.15/4.45) × 0.35 μm = 0.24 μm. When the
device operates at working voltage, the shortest path that electrons need to pass through
to obtain energy of 3.15 eV is d2 = (3.15/3.3) × 0.35 μm = 0.334 μm. It is worth noting
that in the context mentioned above, the “shortest path” implies that electrons undergo no
scattering or collisions along their trajectory.

Based on these calculations, the ratio of P1/P2 can be obtained as follows:

P1/P2 = e(−d1/λ+d2/λ) ≈ 8100 (3)

Based on this result, the number of hot carrier injections into the STI of devices under
HCI stress is 8100 times higher than it is under normal stress. In this case, HCI has a faster
recovery capability.

The HCI effect on n-MOSFETs parameters’ degradation is a long-term process for the
device’s reliability. Typically, it causes decreased circuit speed rather than catastrophic fail-
ure. In this paper, sensitive parameters such as VT, Gm, and IDsat are commonly monitored
to identify performance changes. The devices we used in these experiments are ultra-thin
gates, so the influence of the oxide trap charge is very small. As shown in Figures 7 and 8,
the curve of Gm–VGS and Gm (Max) in different states can be observed.
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Figure 7. The degradation of transconductance (Gm) in different states.

Figure 8. Change trend of the maximum value of transconductance (Gm) in different states.

In order to extract VT, the Gm extrapolation method in the linear region was used
in this study [34,35]. This method suggests that the threshold voltage corresponds to the
gate voltage axis intercept of the linear extrapolation of the Gm–VGS characteristics at its
maximum first derivative (slope) point. As shown in Figure 9, the extract threshold voltage
shift of PD SOI n-MOSFET is −100 mV after 2000 Gy irradiation and is restored to −70 mV
after 190 h of annealing. When the devices were tested in the HCI test, the threshold voltage
shift was −50 mV after 5 s HCI and 50 mV after 5000 s HCI. The change trend of ΔVT can
be observed in the inline image of Figure 9.

The expression of the threshold voltage shift is shown as follows [7]:

ΔVT = ΔVTot + ΔVTit (4)

where ΔVTot is caused by oxide traps and ΔVTit is caused by the interface state. For n-
MOSFETs, ΔVTit is negative when the interface state level is below the Fermi level under
a positive gate voltage. Based on the above formulation, we believe that the degradation
of VT is a result of the oxide trap charge and interface states. Under HCI stress, channel
electrons are accelerated to very high energy and lead to an injection into the oxide gate.
Some chemical bonds at the Si/SiO2 interface are broken for the hot carrier transfer energy
to the lattice through phonon emission. Some carriers are trapped in the SiO2 layer. The
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trapping or bond breaking creates oxide charge and interface traps that affect the channel
carrier mobility and reliability of the gate oxide. The impact on IDsat is shown in Figure 10.

Figure 9. Change trends of VT and ΔVT along with different states. Here, the value of VT (front gate)
is extrapolated by calculating the maximum slope of the Gm–VGS curve.

 
Figure 10. The degradation of IDsat through the HCI process.

The theme of this paper revolves around the examination of the synergistic effects
of narrow-channel transistors. As depicted in Figure 9, the irradiation has a pronounced
impact on the threshold voltage of these narrow-channel devices, causing a substantial
negative shift. This shift is particularly notable due to the thinness of the top silicon film,
which is less than twice the width of the maximum depleted region. This thin film is a
consequence of the low doping concentrations in the substrate region.

Consequently, depletion regions emerge independently at both the front and back
interfaces. These regions have the potential to interconnect when a sufficient amount
of charge becomes trapped in the BOX layer. Similar to fully depleted SOI devices, the
radiation-induced charges trapped in the BOX layer alter the electric potential within the
substrate region of PD SOI devices. This alteration results in a negative threshold shift at
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the front gate. Additionally, it is important to note that narrow devices exhibit heightened
sensitivity to the charge trapped within the silicon dioxide layer in the shallow trench
isolation (STI) along the channel.

To prove this proposal, wide-channel 0.13 μm PD SOI n-MOSFETs (W/L = 10 μm/
0.35 μm) with the same process are used for γ-ray radiation and HCI experiments. The
front gate and back gate IDS–VGS curves of wide channel devices under 2000 Gy irradiation
and 3000 s of HCI stress are shown in Figure 11. We found that the Ioff of the front gate and
back gate transistors changed by about three orders after 2000 Gy irradiation, and it almost
recovered to its initial value after HCI experiments.

(a) 

(b) 

Figure 11. Front gate and back gate linear area transfer characteristics of device (W/L = 10 μm/
0.35 μm) before and after irradiation and annealing. (a) Front gate transistor. (b) Back gate transistor.

According to the results shown in Figure 12, the threshold voltage VT is negatively
shifted by radiation-induced positive charges trapped in BOX, while the gate threshold
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is positively shifted by channel hot carrier stress. The change trend of ΔVT can be shown
in the internal image of Figure 12. Compared to the narrow-channel devices, the VT of
wide-channel devices is insensitive to irradiation and HCI effects.

Figure 12. Change trends of VT and ΔVT along with different states (W/L = 10 μm/0.35 μm).

To minimize the shift in device characteristics, we think the following methods could
be used for combined conditions of radiation and HCI. Faced with the issue of radiation
hardness, an H-gate structure design is an effective technology to replace the T-gate de-
sign. In the H-gate device, its side wall oxide is completely eliminated, and the radiation
resistance performance of the device is greatly improved. However, this design method
requires more layout area. For the unique BOX layer of SOI devices, radiation hardness
methods such as the Si injection process can be used to suppress or compensate for the
effects of radiation-induced positive charges.

For 0.13 μm process technology, a lightly doped drain (LDD) structure design can
be used to suppress the HCI effect. That could avoid the design concept of extremely
short-channel devices. In addition, some special factories will perform special passivation
processes on the Si/SiO2 interface, such as replacing H+ with F+, because the Si–F bond
has much stronger bond energy than Si–H. In this case, under the same thermal electron
collision, F+-passivated devices will generate fewer dangling bonds, effectively controlling
the generation of Nit.

4. Conclusions

This paper discusses radiation reliability screens for 0.13 μm PD SOI n-MOSFETs
used in applications with HCI environments. The results show that the HCI effect has
a recovery effect on the long-term reliability of the n-MOSFETs when applied to a space
environment. In our opinion, the physical mechanism of this effect is that the high-energy
electrons produced by HCI lead to deep-level oxide trap charge annealing, which leads to
the almost complete elimination of Ioff within a few seconds. At the same time, the high-
energy electrons injected into the SiO2 layer led to many interface states being produced,
which leads to the degradation of the Gm, VT, and IDsat. There is a combined effect between
HCI and TID. Further, we designed a comparable experiment to evaluate the effect on
wide-channel devices. These results show that narrow-channel devices are more sensitive
to irradiation and HCI. Based on the results presented in this work, it is useful to place SOI
MOSFETs in a biased working state when they are used in space electronic systems, as this
will extend their lifespan.
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Nomenclature

PD SOI Partially Depleted Silicon-On-Insulator
MOSFET Metal–Oxide–Semiconductor Field Effect Transistor
HCI Hot Carrier Injection
MOS Metal Oxide Semiconductor
CMOS Complementary Metal–Oxide–Semiconductor
TID Total Ionizing Dose
BOX Buried Oxide
VLSI Very Large-Scale Integration
RT Room Temperature
GIDL Gate-Induced Drain Leakage
STI Shallow Trench Isolation
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Abstract: The space radiation environment has a radiation effect on electronic devices, especially
the total ionizing dose effect, which seriously affects the service life of spacecraft on-orbit electronic
devices and electronic equipment. Therefore, it is particularly important to enhance the radiation
resistance of electronic devices. At present, many scientific research institutions still use the areal
density equivalent aluminum method to calculate the shielding dose. This paper sets five common
metal materials in aerospace through the GEANT4 Monte-Carlo simulation tool MULASSIS, individ-
ually calculating the absorption dose caused by single-energy electrons and protons in the silicon
detector after shielding of five different materials, which have the same areal density of 0.8097 g/cm2.
By comparing the above data, it was found that depending on the particle energy, the areal density
aluminum equivalent method would overestimate or underestimate the absorbed dose in the shielded
silicon detector, especially for the ionization total dose shielding effect of low-energy electrons. The
areal density aluminum equivalent method will greatly overestimate the shielding dose, so this
difference needs to be taken into account when evaluating the ionizing dose of the electronics on a
spacecraft to make the assessment more accurate.

Keywords: Monte-Carlo method; total ionizing dose; radiation shielding; space radiation

1. Introduction

When a spacecraft is in orbit, it inevitably experiences the influence of the space
environment, including high-energy electrons, protons, and other heavy ions from the
Earth’s radiation belts, solar cosmic rays, and galactic cosmic rays. These high-energy
particles can significantly impact the performance of semiconductor devices or circuit
systems. When these high-energy particles interact with sensitive regions of the devices,
they can cause a Total Ionizing Dose effect (TID), Displacement Damage Dose effect (DDD),
and Single Event Effect (SEE) [1]. As a result, semiconductor devices may degrade or fail,
leading to the potential paralysis of the entire electronic system. Space radiation effects are
one of the critical factors contributing to the failure of spacecraft electronic devices and
circuit systems, which severely affects the spacecraft’s operational life in orbit. This effect is
particularly noteworthy, as semiconductor device feature sizes are becoming increasingly
smaller, reaching the nanometer scale, and demanding particular attention to the impact of
space radiation on semiconductor devices.

Adding shielding to integrated circuits or devices in sensitive areas of spacecraft can ef-
fectively mitigate the impact of high-energy particles in space. This passive protection method
is widely used, and aluminum is the most common material used due to its excellent metallic
properties. The most prevalent shielding method for payload (instruments or equipment
carried by satellites or spacecraft) protection is 3 mm aluminum shielding [2]. However,
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different materials exhibit significant variations in shielding effectiveness under the same
thickness due to their density, atomic number (Z), electron density, and other factors. For
instance, high atomic number (Z) metals can effectively shield against ionization effects caused
by space electrons, but they can also lead to stronger bremsstrahlung [3–6]. On the other hand,
for protons, lower atomic number materials provide better shielding effectiveness [7–10]. This
is because materials with lower atomic numbers have higher electron density, resulting in
greater energy deposition of protons in the material and, consequently, reducing the energy of
protons reaching the sensitive layer of semiconductor devices.

In order to accurately assess the potential dose levels that sensitive areas of spacecraft
may be exposed to, on-orbit dose simulation is particularly crucial. Currently, commonly
used radiation dose simulation methods both domestically and internationally include
SHIELDOSE-2 [11] and the Monte-Carlo method [12]. Developed by the National Institute
of Standards and Technology (NIST) in the United States, SHIELDOSE-2 can calculate the
depth–dose relationship in spacecraft aluminum shielding materials based on electron and
proton spectra. Presently, research institutions or entities worldwide predominantly em-
ploy this program to calculate shielding doses for spacecraft. However, SHIELDOSE-2 can
only compute dose distribution in aluminum material shielding, leading researchers and
engineers to primarily employ the areal density aluminum equivalent method. This method
transforms other materials into aluminum material thickness using equal areal densities. In
this scenario, the dose after aluminum shielding at this thickness is considered to be the dose
after shielding with the respective material. For instance, the Space Systems Analysis Tool
(SSAT) [13] developed by the European Space Agency (ESA) divides the full solid angle of
payload-sensitive regions into several small sectors, traces the ray path through materials us-
ing straight lines, and then converts to the geometric thickness, which will be accumulated,
of aluminum material based on the areal density aluminum equivalent method. Finally,
the dose is calculated based on the depth–dose distribution of particles in the aluminum
material. Another approach is using full Monte-Carlo simulations to compute shielding
doses of three-dimensional models for the payload [14]. However, this method is computa-
tionally intensive, time-consuming, and less commonly used and still in the developmental
stage. Common Monte-Carlo simulation software includes EGS*, MNCP**, NOVICE***,
Geant4****, etc. (*http://rcwww.kek.jp/research/egs/; **https://mcnp.lanl.gov/; ***http:
//www.empc.com/novice.php; ****http://geant4.cern.ch/) For instance, the Geant4-based
Monte-Carlo simulation tool MULASSIS (The version of MULASSIS used in this article is
v1.26) [15] (multi-layered shielding simulation software) can calculate the actual ionizing
dose after shielding with any material. Therefore, this study investigates the differences
between the areal density aluminum equivalent method and the material Monte-Carlo
simulation method in dose calculation. This article utilizes MULASSIS version 1.26, which
is built upon the Geant4 toolkit version 4.10.1p3. MULASSIS is an application developed
based on the Geant4 toolkit, and it automatically selects the appropriate physics processes.
For electrons, it uses the “em_opt3” physics process, while for protons, it employs the
“QBBC” physics process. MULASSIS exhibits a statistical error of less than 1% in ionization
dosimetry calculations, which is within an acceptable range. Utilizing the Geant4-based
Monte-Carlo simulation tool MULASSIS, the study conducts simulation research on the
dose of single-energy electrons and protons under the same mass thickness shielding of
different shielding materials. It is found that the areal density aluminum equivalent method
may overestimate or underestimate ionizing dose for device exposure, depending on the
particle energy. This research provides a theoretical basis for payload shielding design
optimization.

2. Materials and Methods

MULASSIS is a one-dimensional, multi-layered radiation shielding simulation pro-
gram based on the Geant4 Monte-Carlo transport software, developed through collabo-
ration between QinetiQ, BiRA, and ESA. It allows for the simulation and calculation of
the shielding effectiveness and flux analysis of various shielding materials against space
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radiation environments. Users can establish models by defining parameters such as particle
sources, different shielding materials, and their respective thicknesses.

In this study, the commonly used 3 mm Al equivalent shielding thickness for space-
craft was set as the material constraint. Six materials most commonly used in satellite
payloads (aluminum, lead, tantalum, tungsten, molybdenum, and titanium) were chosen as
validation targets. The simulation was conducted to calculate the absorbed dose in a silicon
detector under equivalent areal density shielding conditions. The material information is
presented in Table 1 below.

Table 1. Shielding material information [16].

Material
Atomic

Number (Z)
Density
(g/cm3)

Equivalent
Areal Density

(g/cm2)

Geometric
Thickness

(mm)

Electron
Density

(1023 e/g)

Aluminum 13 2.699 0.8097 3.000 2.901
Titanium 22 4.540 0.8097 1.783 2.719

Molybdenum 42 10.220 0.8097 0.792 2.636
Tantalum 73 16.654 0.8097 0.486 2.429
Tungsten 74 19.300 0.8097 0.420 2.424

Lead 82 11.350 0.8097 0.713 2.383

The simulation model established for this study is a planar slab model. The first
layer is set as the shielding material with a thickness of the equivalent 3 mm aluminum
areal density (0.8097 g/cm2), using different materials. The second layer represents the
absorbing body of the silicon detector, and the third layer is a 5 mm thick layer of aluminum.
This setup is designed to simulate the potential backscattering effects from materials such
as circuit boards, instrument bases, and outer shells located beneath the device during
on-orbit satellite operation. For a 2 MeV electron, the impact of backscattering on the
absorbed dose in a silicon detector is significant. When shielded by aluminum, the ionizing
dose generated by backscattering accounts for 34.92% of the total dose. It also allows for a
convenient comparison with the aluminum shielding material. Regarding the choice of the
thickness for the second layer (sensitive area), the MULASSIS internal algorithm computes
the average energy deposition for each layer as a whole. Therefore, it is essential to select
an appropriate thickness to ensure more accurate dose calculations. As shown in Figure 1,
after applying 0.8097 g/cm2 mass shielding, the dose distribution for 2 MeV electrons
with a 200 μm thick silicon detector is displayed. At the interface, there is a significant
gradient in the dose distribution, with higher doses closer to the shielding material. Thus,
a thinner silicon layer makes the detector more sensitive. Considering that the sensitive
region thickness of the silicon detector is on the order of micrometers, a thickness of 20 μm
is chosen to ensure the accuracy of the silicon absorption dose.

The schematic diagram of the shielding model is illustrated in Figure 2 (the entire
structure needs to be modeled in MULASSIS). In this diagram, the silicon detector rep-
resents the sensitive volume for ionizing total dose damage of the electronic device, and
we calculated the energy deposition at each layer. However, the absorbed dose at this
location is the primary focus of the study. Taking aluminum as an example, the model
begins with a 3 mm Al shielding layer, followed by a 20 μm thick silicon detector, and,
finally, a 5 mm Al layer. The simulation calculates the absorbed dose in the silicon detector
under these conditions. Table 2 presents the parameters of incident particles. To facilitate
the comparison of differences between different materials at different energies, the energy
spectrum was set as monoenergetic electrons and monoenergetic protons. The energy
selection is mainly based on the fact that the energies of electrons and protons in the space
environment are less than 7 MeV and 300 MeV, respectively. For low-energy electrons
(energy less than 2 MeV) and protons (energy less than 25 MeV), its range in Al is less than
3 mm. Therefore, we chose this energy range.
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Figure 1. Depth–dose relationship of 2 MeV electron incidence in 200 μm silicon material.

Figure 2. Schematic diagram of the shielding model.

Table 2. Particle parameters.

Particle
Number of Primary

Particles

Fluence/(Flux)
Intensity

(cm−2s−1)
Energy (MeV)

Electron 1.0 × 107 1.0 × 1012 cm−2s−1 2–7
Proton 1.0 × 107 7.6 × 109 cm−2s−1 25–300

3. Results

3.1. Monoenergetic Electrons

As shown in Figure 3, the relationship between absorbed dose in the silicon detector
and incident electron energy was obtained for different materials under the equivalent
areal density shielding (3 mm Al). A smaller absorbed dose in the silicon detector indicates
a better shielding effectiveness of the material against the ionizing total dose effect caused
by electrons. Overall, within the discussed range of electron energy in Figure 3, high atomic
number materials such as tantalum, tungsten, and lead showed a continuous increase
in ionizing dose. On the other hand, low atomic number materials such as aluminum,
titanium, and molybdenum exhibited a trend of initial increase followed by a decrease
in ionizing dose, with a peak point observed. For example, in the case of aluminum
shielding, a distinct peak absorbed dose was observed around 4 MeV electron energy,
and this peak point shifted to the right with an increase in the atomic number (Z) of the

77



Electronics 2023, 12, 4181

material. Furthermore, there were significant differences in the ionizing dose between
the areal density aluminum equivalent method and Monte-Carlo simulation for the same
material at the same energy. When the electron energy was less than 4 MeV, the areal
density aluminum equivalent method significantly overestimated the absorbed dose in the
silicon detector for the other shielding materials. In Figure 4a, for a 2 MeV electron, it can
be observed that aluminum shielding resulted in the highest absorbed dose in the silicon
detector, while lead shielding resulted in the lowest absorbed dose, with approximately
a 96% difference from aluminum. At this point, the shielding effectiveness of lead is
24.8 times that of aluminum. Indeed, for lead, the areal density aluminum equivalent
method would overestimate the ionizing dose by a factor of 24.8. It would be 17.8 times for
tungsten, 16.8 times for tantalum, 5.9 times for molybdenum, and 1.8 times for titanium.
Until 4 MeV, the areal density aluminum equivalent method would begin to underestimate
the shielding dose of other materials. In Figure 4b, for 7 MeV electron incidence, the ionizing
dose after aluminum shielding is the smallest. At this point, the areal density aluminum
equivalent method would underestimate the ionizing dose for tantalum, tungsten, and lead
by approximately 72%, for molybdenum by 74%, and for titanium by 88%. Hence, when
using the areal density aluminum equivalent method to calculate the total ionizing dose
effect of electrons for other materials, there may be differences compared to Monte-Carlo
simulations. These differences are closely related to the incident electron energy.

 
Figure 3. The absorbed dose in the silicon detector for six different materials (aluminum, lead,
tungsten, tantalum, molybdenum, and titanium) under the same equivalent areal density shielding
(3 mm Al) at various incident electron energies.

To comprehensively evaluate the shielding effectiveness of different materials with
an equivalent areal density of 3 mm Al, the ionizing dose at each energy point from
Figure 3 was integrated over energy. Based on the results from Table 3, when shielding with
0.8097 g/cm2 areal density, the differences between the areal density aluminum equivalent
method and the Monte-Carlo simulation in ionizing dose calculations was significantly
reduced for a wide range of electron energy spectra. For lead, the areal density aluminum
equivalent method overestimates the dose by 27.9%, for tungsten by 22.3%, for tantalum by
20.9%, for molybdenum by 7.6%, and there is almost no difference for titanium. Indeed,
the areal density aluminum equivalent method for calculating ionization dose possesses
certain rationality. However, there is room for further optimization and improvement.
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Figure 4. The absorbed dose in the silicon detector for six different materials (aluminum, lead,
tungsten, tantalum, molybdenum, and titanium) after equivalent 3 mm Al shielding at an incident
electron energy of 2 MeV (a) and 7 MeV (b).

Table 3. Integration of ionizing dose for 2–7 MeV electrons.

Material Al Ti Mo Ta W Pb

Dose 1.97 × 105 1.97 × 105 1.82 × 105 1.56 × 105 1.53 × 105 1.42 × 105

Dx/DAl 1 0.999 0.924 0.792 0.777 0.721

3.2. Monoenergetic Protons

Figure 5 illustrates the relationship between the absorbed dose in the silicon detector
and the proton energy for six different materials after being shielded with an equivalent
3 mm Al thickness. Simultaneously, for ease of observation of the differences, we have
inserted ionizing dose graphs for proton energies below 50 MeV. It can be observed that
when the proton energy is less than 50 MeV, there are significant differences in the shielding
effects among different materials. At this energy range, the areal density aluminum
equivalent method significantly deviates from the absorbed dose obtained with actual
shielding materials, leading to an overestimation of the shielding dose. The absorbed
dose in the silicon detector increases as the atomic number (Z) of the materials decreases.
In Figure 6, the absorbed dose in the silicon detector is shown for different materials
after shielding with the same areal density at 25 MeV proton energy. Among the various
materials, the absorbed dose after shielding with Ta, W, and Pb is approximately 65%
higher than that after shielding with Al, while Mo shows a difference of 58%, and Ti has a
difference of 43%. The absorbed dose in the silicon detector after the same surface density
shielding shows an inverse relationship with the atomic number Z, and there are noticeable
differences among different materials. As the proton energy increases beyond 50 MeV, the
absorbed dose in the silicon detector gradually decreases and levels off at the same value
for all materials. This indicates that at higher energies, the deposited dose in the sensitive
area becomes independent of the atomic number of the shielding materials. Both the areal
density aluminum equivalent method and the Monte-Carlo method yield similar results
for calculating the shielding dose effectiveness at this energy range. Just like in electronic
analysis, ionizing dose integrated over 25–300 MeV protons after shielding results in the
data shown in Table 4. It can be observed that for a broad energy spectrum, the areal
density aluminum equivalent method for calculating ionizing dose exhibits relatively small
differences. This also indicates the method’s reasonable validity.
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Figure 5. The comparison of absorbed dose in the silicon detector for different materials after
single-energy proton irradiation under a shielding thickness of 0.8097 g/cm2.

 
Figure 6. The comparison of absorbed dose in the silicon detector for different materials after
shielding with a thickness of 0.8097 g/cm2 under 25 MeV proton irradiation.

Table 4. Integration of ionizing dose for 25–300 MeV protons.

Material Al Ti Mo Ta W Pb

Dose 2.20 × 105 2.06 × 105 1.98 × 105 1.93 × 105 1.93 × 105 1.92 × 105

Dx/DAl 1 0.936 0.902 0.879 0.878 0.875

4. Discussion

4.1. Monoenergetic Electrons

For electrons, their energy loss within the shielding material is primarily through
ionization and bremsstrahlung radiation processes [17]:(

−dx

dt

)
=

(
−dx

dt

)
e
+

(
−dx

dt

)
r

(1)
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In the above equation, the first term
(
− dx

dt

)
e

represents the ionization energy loss,

and the second term
(
− dx

dt

)
r

represents the bremsstrahlung energy loss. The sum of these
two terms gives the total energy loss of the electron. An increase in ionization energy loss
within the shielding material leads to a reduction in the total dose in the silicon detector,
while an increase in bremsstrahlung energy loss results in an increase in the total dose in the
silicon detector. At lower energies, the contribution of bremsstrahlung is relatively small,
and the absorbed dose in silicon is mainly caused by ionization of the residual electrons
that penetrate the shielding material. The ionizing dose of the residual electrons in silicon
can be calculated using the following formula:

De =
∫ Emax

E0

∅

(
dE
dx

)
Si

dE (2)

where ∅ represents the electron flux, and
(

dE
dx

)
Si

denotes the collision stopping power of
electrons in silicon, which characterizes the ionization energy loss of electrons in silicon.
E0, Emax correspond to the minimum and maximum energy of the electrons, respectively.
By utilizing the particle flux calculation function in MULASSIS, we obtained the residual
electron energy spectra (Figure 7) for 2 MeV electron incidence on three different materials,
Al, Mo, and Pb, after passing through an areal density of 0.8097 g/cm2 shielding (as shown
in Table 2, the flux of electrons before the shielding is 1.0 × 1012 cm−2s−1). It is evident
from Figure 7 that the remaining electron flux in Al is significantly higher than in Mo and
Pb, with Pb exhibiting the lowest flux. This trend is inversely proportional to the atomic
number (Z) of the materials. Consequently, at lower energies, the areal density aluminum
equivalent method tends to overestimate the ionizing dose.

 
Figure 7. The remaining electron energy spectra after 2 MeV electron incidence on three different
materials.

As the electron energy increases, the bremsstrahlung becomes more pronounced
within the shielding material. In Figure 8, the radiative stopping power of 2 MeV to 7 MeV
electrons in Al, Mo, and Pb materials was calculated using the ESTAR tool developed by
the National Institute of Standards and Technology (NIST). It is evident that as the incident
electron energy increases, the radiative stopping power also increases, with higher atomic
number materials exhibiting a faster increase. The bremsstrahlung X-ray photons generated
within the shielding material transfer energy to electrons in silicon through processes such
as the photoelectric effect, Compton scattering, and electron–positron pair production,
resulting in ionizing dose. As the radiation loss within the shielding material increases, the
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absorbed dose in silicon also increases. The ionizing dose caused by X-ray photons can be
calculated using the following formula:

Dr =
∫ Emax

0
Ψ

μen

ρ
dE, (3)

where Ψ represents the photon energy flux, μen
ρ denotes the mass energy absorption co-

efficient of photons in Si material (μen is the coefficient of linear energy absorption, and
ρ is the density of the material through which the rays pass), and Dr stands for dose,
which represents the dose deposited in silicon by secondary bremsstrahlung produced by
electrons in the shielding material. This dose can be obtained by integrating Ψ μen

ρ over the
energy range.

 
Figure 8. The radiative stopping power of 2 MeV to 7 MeV electrons in Al, Mo, and Pb materials.

Through the MULASSIS particle flux calculation function, with other parameters held
constant, simulations were conducted for electron incident energies of 2 MeV and 7 MeV,
obtaining the X-ray energy spectra after passing through Al, Mo, and Pb shielding materials,
as shown in Figure 9. At both energy levels, high atomic number shielding materials produce
more secondary X-rays. Integrating the energy E over the energy spectrum yields the photon
energy fluence spectra (Figure 10), and integrating Ψ μen

ρ over the X-ray photon energy E
provides the dose deposited by X-rays in Si material (Figure 11). Notably, the dose from
bremsstrahlung increases by two orders of magnitude for Pb shielding material from 2 MeV
to 7 MeV (from 3.07 × 102 rad(Si) to 1.328 × 104 rad(Si)), whereas for Al, it only increases
by one order of magnitude (from 1.313 × 102 rad(Si) to 2.584 × 103 rad(Si)). The difference
in bremsstrahlung dose between these two materials increases by 59.1 times. Mo shielding
material lies between the two (increasing from 2.573× 102 rad (Si) to 8.041× 103 rad (Si)). Thus,
for different metal materials, higher atomic numbers lead to a greater increase in secondary
X-ray ionizing dose. This is due to the fact that cross-sections for the photoelectric effect
(σk ∝ Z5), Compton scattering (σc ∝ Z), and electron–positron pair production (σp ∝ Z2)
are proportional to the atomic number Z raised to the fifth power, first power, and square,
respectively [17]. Larger atomic numbers result in higher probabilities for these three energy
transfer processes, leading to stronger bremsstrahlung. The subsequent decrease in total dose
in the peak region may be attributed to the increase in electron velocity to a certain value,
reducing the number of collisions with outer-shell electrons of target atoms in the shielding
material. Additionally, the influence of the sensitive region’s thickness contributes to the
reduction in ionizing dose in the 20 μm Si detector.
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Figure 9. X-ray fluence spectra for 2 MeV (a) and 7 MeV (b) electrons after passing through Al, Mo,
and Pb materials with the same mass shielding.

  

Figure 10. X-ray photon energy-fluence spectra for 2 MeV and 7 MeV electrons after passing through
Al, Mo, and Pb materials.

  

Figure 11. The ionizing dose produced by X-ray photons in Si material.

4.2. Monoenergetic Protons

For protons, their interaction with the target material involves a process of energy loss
and deceleration. Upon entering the target material, protons undergo collisions with the
atomic nuclei or the outer-shell electrons of the target material, leading to a continuous loss
of energy and a gradual reduction in their velocity. This process continues until the proton’s
energy is reduced to zero, and it comes to a stop, becoming stationary within the material.
The primary mechanism responsible for proton ionization effects is the energy loss resulting
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from collisions between the protons and the outer-shell electrons of the target material. As
protons lose energy through these collisions, they transfer energy to the electrons, leading
to the ionization of atoms in the material. Figure 12 shows the depth–dose curves of 25 MeV
protons in Al, Mo, and Pb metals, with the areal density used as the horizontal axis for
comparison. In Figure 13, all three materials exhibit a distinct peak in the depth–dose
distribution, known as the Bragg peak. The formation of the Bragg peak is due to the
reduction in proton velocity as it penetrates deeper into the target material. As the proton’s
velocity decreases, its energy loss through collisions with the outer-shell electrons of the
target material increases, leading to an increase in ionizing dose. At the end of the proton’s
trajectory, it comes to a stop, resulting in the maximum deposition of energy and the highest
ionizing dose, forming the peak. The ionizing dose is larger on the left side of the Bragg
peak and decreases with an increase in atomic number Z. For 0.8097 g/cm2 Al shielding,
it is closest to the Bragg peak, resulting in the highest ionizing dose in the Si material
downstream of the shielding. As the proton energy increases, the 0.8097 g/cm2 shielding
thickness moves further away from the Bragg peak. Additionally, due to the increasing
proton energy, its energy loss within the 0.8097 g/cm2 thickness decreases. Figure 13 shows
the depth–dose distribution after 100 MeV proton irradiation in Al, Mo, and Pb materials.
At this energy, the 0.8097 g/cm2 shielding for all three materials is located in the plateau
region, far from the Bragg peak. Consequently, in Figure 10, with increasing energy, the
dose after 3 mm equivalent Al shielding gradually decreases and eventually levels off to
the same level.

 

Figure 12. The depth–dose distribution of 25 MeV protons in three different materials.

 

Figure 13. The depth–dose distribution of 100 MeV protons in three different materials.
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5. Conclusions

In this study, we utilized the Monte-Carlo simulation tool MULASSIS in Geant4 to
investigate the shielding effects on ionizing total dose in microelectronic devices for single-
energy electrons or protons after shielding with lead, tungsten, tantalum, molybdenum,
and titanium materials. We compared the absorbed doses and the areal density aluminum
equivalent method shielding dose calculations at areal density for the materials. Our
findings are as follows:

1. For single-energy electrons (2–7 MeV), significant differences exist between the
areal density aluminum equivalent method and the Monte-Carlo (MULASSIS) method
when calculating the absorbed dose in the silicon detector after shielding with different
materials at an equivalent 3 mm Al areal density. At lower energies, the areal density
aluminum equivalent method severely underestimates the shielding effectiveness of the
other five materials against total ionizing dose, and the difference in absorbed dose in the
silicon detector increases with larger atomic number differences. For instance, at 2 MeV
electron energy, the absorbed dose in the silicon detector after lead shielding differs by
96% compared to aluminum shielding. For electron space environments with energies
below 5 MeV, materials with higher atomic numbers seem to provide better shielding
effects against ionization in microelectronic devices under the same areal density shielding.
However, for electrons with energies above 5 MeV, the absorbed dose in the silicon detector
is lower after aluminum shielding compared to other materials. Therefore, when evaluating
the total dose effects caused by electrons, using the areal density aluminum equivalent
method for dose assessment will overestimate the shielding effectiveness of other materials.

2. For protons, under a 0.8097 g/cm2 areal density shielding, the areal density alu-
minum equivalent method overestimates the shielding effectiveness of the other five
materials when proton energy is below 50 MeV. For example, after shielding with materials
such as Pb, W, and Ta, the absorbed dose is around 35% of the dose obtained with aluminum
shielding. However, as the proton energy increases, when the proton energy is greater
than 50 MeV, the absorbed dose gradually converges to the same level. Therefore, for the
ionizing effects caused by protons in microelectronic devices, the areal density aluminum
equivalent method is not sufficiently accurate when the proton energy is below 50 MeV.

In conclusion, in radiation shielding design for payload protection, using only the
areal density aluminum equivalent method to evaluate the total dose effects caused by
single-energy electrons and protons may lead to inaccuracies in dose assessment. Radiation
shielding and passive protection must consider the differences in dose among different
materials. This approach helps accurately evaluate the radiation dose in sensitive areas
of the payload and allows for targeted radiation protection designs for different regions.
Strengthening the radiation resistance of devices and electronic equipment in orbit can
increase the on-orbit lifetime of satellite space missions. Furthermore, in this study, single-
energy electrons and protons were chosen as the subjects for comparing the differences in
the ionizing total dose effects among different metal materials. However, for continuous
spectrum radiation in space with various types of particles, further research is needed to
investigate the variability in shielding effectiveness.
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Abstract: This paper presents an experimental study on the high-dose-rate transient ionizing radiation
response and influencing factors of a Nano-Scale Fully Depleted Silicon-On-Insulator (FDSOI) D
flip-flops (DFFs) circuit. Results indicate that data errors occur in DFFs at the lowest dose rate of
4.70 × 1011 rad(Si)/s in experiments, and the number of data errors shows a nonlinear increasing
trend with the increase in dose rate and supply voltage. Three-dimensional technology computer-
aided design (TCAD) simulations were conducted to analyze the transient photocurrent and charge
collection mechanism at advanced process. The simulation results indicated that the charge collection
efficiency is heightened with an increase in supply voltage, resulting in the higher photocurrent.
This plays a major role in the process of charge collection for Ultra-Thin Body and Buried oxide
(UTBB) FDSOI technology. The investigation into the high-dose-rate transient ionizing radiation
effect (HDR-TIRE) in Nano-Scale FDSOI DFFs will aid in the assessment and application of advanced
integrated circuits in aerospace.

Keywords: high-dose-rate transient ionizing effect; FDSOI; TCAD simulation; supply voltage

1. Introduction

Exposure to various radiation environments may result in diverse radiation effects
on Integrated Circuits (ICs), such as high-dose-rate transient ionizing radiation effect
(HDR-TIRE), total ionizing dose effect (TID) and single-event effect (SEE). HDR-TIRE is
a phenomenon in which circuits experience signal upset and strong disturbance when
exposed to high-dose-rate radiation environments. This effect is primarily caused by the
generation of transient photocurrents in semiconductor devices due to ionizing effects. The
stability of the supply voltage is crucial for the proper functioning of ICs. Unfortunately,
HDR-TIRE causes significant disruptions to the supply voltage, which directly affects the
normal operation of circuits [1–5]. Currently, experimental studies of HDR-TIRE depend on
large ground-based devices to build up the radiation environment, while relevant research
is carried out by using “Qiangguang-I” accelerator.

As the feature size of Nano-Scale ICs continues to scale down, short-channel effects
(SCEs) limit the performance of traditional bulk planar technology. To extend CMOS scaling
beyond the sub-28 nm node, Fin Field-Effect Transistor (FinFET) and FDSOI technology
routes have been proposed. Nano-Scale FDSOI technology has overcome the performance
of traditional planar bulk transistors due to improved electrostatic control, and it is scalable
according to Moore’s Law. In addition, it provides best the performance-power trade-
offs using the body biasing [6]. Moreover, FDSOI has great potential for military and
space applications.
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SOI, as a modern type of semiconductor device structure, has also attracted consider-
able attention in the field of radiation hardening [7–10]. To achieve a complete dielectric
isolation structure, a thin layer of SiO2 is inserted into the substrate of SOI devices, which
eliminates the latch-up effect commonly found in traditional bulk devices [11]. Addition-
ally, the buried oxide (BOX) layer prevents a significant amount of charge generated in
the substrate from being collected by the top silicon film, leading to a lower intensity
of photocurrent generated by SOI circuits compared to bulk circuits in a high dose rate
irradiation environment [12–14]. A previous study showed that SOI presents a bipolar
parasitic transistor, which may amplify the charge injected by irradiation [15]. Under
the same process conditions, the tolerance to HDR-TIRE of an SOI device is substantially
improved [16]. SOI devices can be divided into PDSOI (Partially Depleted) and FDSOI
(Fully Depleted), in which the FDSOI structure gains high tolerance against radiation [17].
The structure comparison between FDSOI and a planar bulk device is shown in Figure 1.

Drain Source

Gate

Drain Source

Gate

BOX

BULK FDSOI

 

Figure 1. Schematic diagram of the device structure of bulk and FDSOI processes.

A study has investigated the HDR-TIRE of SOI CMOS RF ICs [18]. A radiation-
hardened FPGA chip based on a 0.5 μm SOI process has been shown to tolerate a dose
rate of over 1.5 × 1011 rad(Si)/s [19]. For a radiation-hardened SRAM chip with a 0.8 μm
SOI process, although the stored data remained intact and the read/write function worked
normally after being exposed to a dose rate of 2.45 × 1011 rad(Si)/s, there was an increase
in current after irradiation from the experiment results [20]. However, related research into
advanced integrated circuits based on Ultra-Thin Body and Buried oxide (UTBB) FDSOI
technology has not been reported.

Flip-flops are one of the fundamental and widely used components in digital circuits.
Therefore, it is essential to discover the radiation response of flip-flops. This paper focuses
on an experimental and simulation study to investigate the impact of supply voltage and
dose rate on the high-dose-rate transient ionizing radiation response of FDSOI-based D
Flip-Flops (DFFs). In the following Sections 2 and 3, the test circuit based on Nano-Scale
FDSOI and experiment setups is described. Additionally, experimental and simulation
results are discussed in Section 4. Finally, the conclusion of the analyzed data is provided
in Section 5.

2. Circuit Samples

The test sample was a customized Nano-Scale UTBB FDSOI DFFs circuit, which was
developed to test and verify the radiation tolerance performance of FDSOI technology. Figure 2
shows the structure schematic of conventional DFF [21]; it is composed of two latches, each
designed with back-to-back connect inverters, where D is the input, clk is the clock signal,
and Q is the output.
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D

clk

clkb

clkb

clk

clkb

clk

clk

clkb

Q

Figure 2. Schematic of Conventional DFF.

3. Radiation Experiments

The high-dose-rate transient ionizing radiation experiments were carried on the
“Qiangguang-I” accelerator at Northwest Institute of Nuclear Technology. This accelerator
is capable of simulating a variety of pulsed radiation environments formed by nuclear
explosions. Experiments were performed by simultaneously bombarding multiple sam-
ples. In order to shield electromagnetic interference, the devices under the test board and
configuration board were placed in aluminum boxes. The dose rate values required were
obtained by placing the sample at a certain position from the gamma ray radiation source.
Additionally, two power supply voltages (0.8 V and 0.88 V) were set up, respectively, in
this experiment for observing the radiation characteristics of supply voltage effect.

4. Experimental Analysis and Discussion

The relationship between data errors of FFs and dose rate values for different supply
voltages is represented in Figure 3, where the number of data errors is normalized to the
value at 0.88 V supply voltage and 1.80 × 1010 rad(Si)/s dose rate. The supply voltage was
set to 0.8 V in Figure 3a, and it can be calculated that the normalized error increased by
4.2% as the dose rate was raised from 4.70 × 109 rad(Si)/s to 5.90 × 1010 rad(Si)/s; the
dose rate is increased by a factor of 12.6. It increased by 16.8% as the dose rate was raised
from 4.70 × 109 rad(Si)/s to 4.10 × 1011 rad(Si)/s, and the dose rate increased by a factor
of 87.2. Additionally, the normalized error was increased by 12.1%, with the dose rate
increasing by a factor of 6.9 from 5.90 × 1010 rad(Si)/s to 4.10 × 1011 rad(Si)/s. When the
supply voltage was 0.88 V, as shown in Figure 3b, the normalized error was raised by 13.0%
and 99.0% with the dose rate increased from 1.80 × 1010 rad(Si)/s to 1.60 × 1011 rad(Si)/s
and 1.80 × 1010 rad(Si)/s to 6.90 × 1011 rad(Si)/s, respectively; the dose rates increased
by a factor of 8.9 and 38.3. Test results have confirmed a nonlinear increase in data errors
induced by transient ionizing radiation as the dose rate increased. It is noted that though
the dose rate value could be roughly expected according to the distance from the radiation
source, the same order of magnitude of dose rate values could not be completely equivalent
during multiple trials.

Supply voltage acted as a global influence factor on the high-dose-rate transient
ionizing radiation response in the circuit. As illustrated in Figure 4, the number of the
normalized error was lower for the 0.8 V and 4.10 × 1011 rad(Si)/s combination than the
0.88 V and 1.60 × 1011 rad(Si)/s combination, which indicates that even with a lower dose
rate a higher supply voltage results in a higher number of errors in DFFs.

The impact of the supply voltage on the high-dose-rate transient ionizing radiation
response of FDSOI circuits is closely related to the circuit structure and power supply
network. This complexity is reflected in the behavior of the electron-hole pairs. Some work
has been based on circuit level simulation [22], but this is not adequate for research on the
microphysical mechanism. Therefore, this paper presents TCAD simulation in order to
analyze the HDR-TIRE on Nano-Scale FDSOI devices for different supply voltages. The
width of the transistor was 324 nm and 396 nm, corresponding to NMOS and PMOS,
respectively. The buried oxide layer thickness was 20 nm. The top silicon film thickness
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was 6 nm. Three-dimensional TCAD models were developed using the Synopsys Sentaurus
suit of TCAD tools.
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Figure 3. The relationship between normalized data errors and dose rate for different supply voltages.
(a) Supply voltage is 0.8 V; (b) supply voltage is 0.88 V.
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Figure 4. Comparison of normalized errors with different dose rates and supply voltages. The unit of
DoseRate is 1 × 1011 rad(Si)/s.

The initial device models of NMOS and PMOS were established and the electrical char-
acteristic curves were simulated. The gate voltage was swept from 0 V to 0.8 V for NMOS
and from −0.8 V to 0 V for PMOS. Additionally, the electrical characteristic curves of NMOS
and PMOS in the SPICE model were obtained. The results of the electrical characteristics
calibration are shown in Figure 5. It can be seen that the electrical characteristic curves of
the two models could be matched nicely with an average error of less than 5%, indicating
that the established FDSOI device models can be used for HDR-TIRE simulations.
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Figure 5. FDSOI device model calibration results. (a) NMOS; (b) PMOS.
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As depicted in Figure 6, the 3D model of the Nano-Scale FDSOI inverter was estab-
lished based on NMOS and PMOS devices. The logic function of the inverter was correct
and the inverter gate switching time was less than 60 ps. Therefore, it could be operated
normally at the frequency of 15 GHz.

PMOS

Top Silicon

BOX

NMOS

BOX

Top Silicon

 

Figure 6. TCAD model of nano-scale FDSOI inverter.

Supply voltage is a key factor for both SEE [23] and HDR-TIRE [24]. As ICs technol-
ogy advances, Moore’s law describes ICs development accurately, namely, performance
improvement and power consumption reduction. For Nano-Scale FDSOI, the standard
core supply voltage has been reduced to 0.8 V. Additionally, since the thickness of the top
silicon film is on the order of a few nanometers, the mechanism of HDR-TIRE for different
supply voltages is quite complicated. Therefore, this paper presents a simulation study of
the FDSOI inverter in order to explore the effect of power supply voltage on high-dose-rate
transient ionizing radiation response and charge collection mechanism. The simulations
were carried out for two supply voltages (0.8 V, 1.2 V) and two dose rates (1 × 1012 rad(Si)/s,
1 × 1011 rad(Si)/s).

HDR-TIRE results in the appearance of photocurrent pulses in the device. To facilitate
the observation of the leakage current variation, the ΔIpeak for different supply voltages
is compared in Figure 7a. ΔIpeak is defined as the difference between photocurrent peak
and initial leakage current since raising the supply voltage can increase the initial static
leakage current of the device. The ΔIpeak was normalized with a 0.8 V supply voltage and a
dose rate of 1 × 1012 rad(Si)/s condition, which was 8.24 × 10−8 A. It can be illustrated
that an increase in supply voltage leads to an increase in ΔIpeak, as the dose rate is fixed.
For instance, the ΔIpeak increased by a factor of 5.5 when the supply voltage was increased
from 0.8 V to 1.2 V at the dose rate of 1 × 1012 rad(Si)/s. And the ΔIpeak at a dose rate
of 1 × 1012 rad(Si)/s was 5× larger than that of 1 × 1011 rad(Si)/s for the 0.8 V supply
voltage. Moreover, compared with the 0.8 V@1 × 1012 rad(Si)/s case in Figure 7a, the
supply voltage increased to 1.2 V, although the dose rate reduced to 1 × 1011 rad(Si)/s. The
ΔIpeak increased by a factor of 2.2, which indicates the dominant effect of supply voltage on
the photocurrent.

Coupled with the photocurrent integral, the charge collection (Qcol) was obtained and
the comparison is shown in Figure 7b. It can be concluded that the supply voltage increased
from 0.8 V to 1.2 V, and Qcol increased by a factor of 13.8 at a dose rate of 1 × 1012 rad(Si)/s
and increased by a factor of 30.3 at a dose rate of 1 × 1011 rad(Si)/s. This suggests that the
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increase in supply voltage leads to a broadening of the photocurrent pulse width, which
results in a greater increase in Qcol than ΔIpeak.
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Figure 7. Comparison of normalized photocurrent peak and charge collection with different supply
voltages and dose rates of inverter. (a) ΔIpeak; (b) Qcol.

Increasing the supply voltage resulted in an enhanced internal electric field, which
led to an increase in the amount of charge collection and a rise in the body potential, as
shown in Figure 8. As a result, the parasitic bipolar amplification became more efficient,
leading to an increase in the photocurrent peak. It should be noted that increasing the
supply voltage can contribute to the increase in the restore current and the competitive
factor may mitigate the photocurrent, while from the simulation results the bipolar effect is
the dominant mechanism.
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Figure 8. Effect of supply voltage on electrostatic potential distribution. The dose rate is 1 × 1012 rad(Si)/s.

5. Conclusions

In order to investigate the high-dose-rate transient ionizing radiation response of a
Nano-Scale FDSOI circuit with an ultra-thin top silicon film under different dose rates
and supply voltages, this paper presents an experimental study of a Nano-Scale FDSOI
DFFs circuit. The results indicated that HDR-TIRE causes a data error at the dose rate of
4.70 × 109 rad(Si)/s, and the number of errors increases nonlinearly with the increase in
dose rate value.

For the 0.8 V supply voltage, the dose rate increased 6.9-fold and 12.6-fold, from
5.9 × 1010 rad(Si)/s to 4.1 × 1011 rad(Si)/s and 4.7 × 109 rad(Si)/s to 5.9 × 1010 rad(Si)/s;
the normalized error increased by 12.1% and 4.2%, respectively. An increase in the dose
rate led to a higher number of generated electron-hole pairs. This impacted the electrostatic
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potential and charge collection mechanisms such as drift process and parasitic bipolar
amplification. There was a synergistic effect, resulting in the nonlinear relationship be-
tween dose rate value and data errors. The experimental results showed that even with
a lower dose rate, a higher supply voltage results in a higher number of data errors in
DFFs. Three-dimensional TCAD simulations of the devices were performed. It was found
that the number of charges collected increases with the increase in supply voltage for
the enhancement of the parasitic bipolar amplification effect in the Nano-Scale FDSOI
device. Understanding the high-dose-rate transient ionizing radiation response of the
Nano-Scale FDSOI circuit and the impact of factors such as supply voltage is important
when considering radiation-hardening techniques.
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Abstract: This work presents an experimental study of heavy-ion irradiation with different particle
linear energy transfer (LET), gate biases, and drain biases. The results reveal that when the irradiation
biases are low, the SiC MOSFET does not experience single event effect (SEE) and the electrical
properties remain unchanged (the devices are in the safe operating area (SOA)). However, the oxide
breakdown voltage of the device is significantly decreased due to the latent damage generated by
the irradiation. The experimental results, along with TCAD simulations, suggest that the latent
damage induced by the irradiation in the gate oxide is closely related to the peak electric field in the
gate oxide at the time of particle incidence. This peak electric field is determined by the potential
difference between the two sides of the gate oxide, which is affected by the particle LET, gate biases,
and drain biases together. The high potential is determined by the combined effect of the LET and
the drain-source voltage. The impact ionization of the particle by the applied electric field causes the
accumulation of holes in the JFET oxide, which leads to a decrease in the doping of the N− epitaxial
layer and eventually causes a rise in the high potential near the JFET oxide. The low potential
is determined by the gate bias, and the negative bias applied to the gate can further increase the
potential difference between the two sides of the oxide, causing an increase in the peak electric field
in the gate oxide and aggravating the gate oxide damage.

Keywords: SiC MOSFET; heavy-ion irradiation; oxide reliability; TCAD

1. Introduction

Silicon carbide (SiC) MOSFETs are a new generation of power devices based on wide
bandgap semiconductor materials with excellent high-voltage, high-temperature, and
high-frequency characteristics. SiC MOSFETs can significantly improve system efficiency
and power density while reducing system size and weight and have gained widespread
attention and application in various fields, including for electric vehicles, high-voltage
power grids, photovoltaic inverters, and railroad traction [1–3]. Furthermore, there is a
growing demand for new power devices with high performance and high reliability in
aerospace, nuclear power, and other radiation fields [4,5]. However, the performance of
Si-based power devices has reached its physical limit and cannot be further enhanced; thus,
researchers have also turned their attention to SiC power devices. Rays and particles in
the radiation environment can affect the characteristics of SiC power devices and pose a
threat to the performance and reliability of the devices; therefore, there is an urgent need to
investigate the radiation effect and reliability degradation mechanisms of SiC MOSFETs in
the radiation environment [6].

Because of the thick gate oxide, power MOSFETs are susceptible to the total ionizing
dose (TID) effects in the space radiation environment, causing the degradation of electrical
parameters such as the threshold and blocking voltages [7,8]. In addition, the power devices
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are sensitive to single-event effects due to the high-rated drain voltage and ease of particles
passing through the sensitive region of the device. The most severe challenges currently
faced by SiC MOSFETs in the space radiation environment are single-event burnout (SEB)
and single-event gate rupture (SEGR) caused by high-energy particles [9–16]. Single-event
effects can lead to the instantaneous catastrophic failure of the device, impacting the
reliability of the spacecraft. To ensure the reliability of SiC MOSFETs in space applications,
high-energy particle irradiation experiments are conducted on the devices to determine
their failure threshold voltage and establish the SEE safe operating area for devices [6,17].
It has been demonstrated that the safe operating area of SiC MOSFETs under heavy-ion
irradiation is closely correlated to VDS, as illustrated in Figure 1 [18,19]. In Region 3, high
VDS was applied during heavy-ion irradiation, and SEB occurred in the device [11]. At
this stage, the PN junction between the source and drain burnt out, and the device lost the
blocking characteristics. In Region 2, with medium VDS, damage or latent damage occurred
in the source-drain PN junction and gate oxide of the SiC MOSFET. These damages caused
a significant increase in the leakage current of the device, resulting in the degradation of
the characteristics. It is worth noting that the increased gate-source leakage current IGSS in
this region indicated that the device had undergone the SEGR effect. It was concluded that
the oxide damage induced by heavy-ion irradiation could be attributed to multiple particle
impacts [14,20], high electric fields generated by accumulated holes [21], or localized high-
power density [15,19,22]. In Region 1, devices were irradiated at low VDS, the electrical
parameters of the device did not change significantly, and the devices were considered to
be in the safe operating area [6].

Figure 1. Current response at different VDS during heavy-ion irradiation.

The above study found that the determination of the safe operating area for SiC
MOSFETs in the space environment pertains to the effect of drain bias. However, SiC
MOSFETs are high-voltage, high-power devices that typically require the application of
negative gate voltage to prevent improper conductivity during operation. Therefore, the
effect of gate bias (VGS) must also be considered when determining the safe operating area
of the device through experiments. Moreover, the long-term reliability of devices in the
safe operating area must be taken into account. The gate oxide reliability of SiC MOSFETs
has been a significant concern [23,24]. Although the gate oxide reliability of SiC MOSFETs
in conventional environments has been largely solved [25], the damage in the gate oxide
caused by heavy-ion irradiation in region 2 has raised concerns regarding the long-term
reliability of SiC MOSFETs in space radiation environments. Therefore, the variation of
oxide reliability in the safe operating region must be further investigated.
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In this study, heavy-ion irradiation experiments were conducted at low biases (both
the VDS and VGS) to ensure that the devices operated within the safe operating area. The
irradiated devices were subjected to accelerated stress experiments on gate oxide to obtain
the changes in oxide reliability. Based on the experimental results, the effect of gate and
drain bias on the oxide reliability is summarized, and the mechanism of the oxide damage
is analyzed by combining the experimental results and TCAD simulation.

2. Experimental Setup

The devices under test (DUT) used in this study were commercial 1200 V, 60 mΩ
N-channel SiC MOSFETs (CGE1M120060). The recommended gate-source voltage of the
device was −5/+20 V and the measured drain-source breakdown voltage V(BR)DSS was
approximately 1500 V (test condition was IDS = 1 mA). The thickness of the oxide layer was
approximately 50 nm, and the thickness of the epitaxial layer was approximately 10 μm.
The die of this device was selected to allow heavy ions to penetrate the sensitive region
of the device. The die was encapsulated for the bias experiments. Heavy-ion irradiation
experiments were conducted at the China Institute of Atomic Energy and the Lanzhou
Heavy Ion Accelerator National Laboratory. The irradiated heavy ions were 35Cl, 73Ge,
and 181Ta, and the corresponding LETs in SiC were 15.89, 39.6, and 78.7 MeV/(mg/cm2),
respectively. The flux in the experiments was 1 × 104 ions/cm2/s, and the fluence was
1 × 106 ions/cm2. Low drain and gate biases were used to ensure that no single-event
effect occurred in the device. The experimental configurations are shown in Table 1. The
incidence depths of three ions in the device were greater than 20 μm, indicating that all
could pass through the sensitive region (10 μm epitaxial layer); thus, the effect of incidence
depth could be excluded in the subsequent analysis.

Table 1. Particle information and irradiation bias.

Ions
Energy
MeV

LET in SiC
MeV/(mg/cm2)

Depth in SiC
μm

Flux
ions/cm2/s

Fluence
ions/cm2 Irradiation Bias

Cl 110 15.89 20.31

104 106

VGS = 0 V, VDS = 60 V

Ge 210 39.6 20.19 VGS = 0 V, VDS = 60 V

181Ta 2005.5 78.7 79.29

VGS = 0 V, VDS = 60 V

VGS = 0 V, VDS = 30 V

VGS = −3 V, VDS = 30 V

VGS = −5 V, VDS = 30 V

The Keithley Source Measure Unit models 2636 and 2410 were connected to a PC
to record the changes in the gate-source leakage current (IGS) and drain-source leakage
current (IDS) during irradiation in real time, and the connection is shown in Figure 2. In the
test, the high-voltage Source Measure Unit model 2410 applied a drain-source voltage and
monitored the leakage current at this voltage; the Source Measure Unit model 2636 applied
a negative gate-source voltage to ensure channel shutdown and monitored the leakage
current corresponding to this negative gate voltage in real-time. In order to ensure that the
source meter would not be damaged during the experiment, the current limit of the source
meter was set to 1 μA. Only one device could be irradiated at a time with this system, and
to ensure the accuracy of the experimental results, three devices were irradiated for each
bias condition (see Table 1).
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Figure 2. Online current monitoring system for SiC MOSFETs during irradiation.

The change in the subthreshold transfer characteristic curve of the SiC MOSFET was
measured before and after irradiation using a Keithley 4200-SCS semiconductor parametric
instrument. The I–V curve was tested with the drain voltage VDS = 50 mV, and the gate
voltage swept from −5 V to 10 V. The blocking voltage of the device was measured using
BC3193 at IDS = 1 mA. Heavy-ion irradiation can induce latent damage in the gate oxide
as a precursor to oxide breakdown [14]. Some of the latent damage in oxide can be easily
activated by the applied gate stress and cause oxide breakdown. Therefore, post-irradiation
gate stress (PIGS) tests were conducted on the devices using Keithley 4200-SCS after
irradiation. In the PIGS test, the gate-source voltage VGS was scanned from 0 V to 20 V, and
the variation of the gate oxide leakage current IGSS was monitored.

Since the activation energy of the latent damage in the oxide is unknown, the PIGS
test from 0 to 20 V did not guarantee the activation of the gate oxide latent damage to fully
characterize the change in gate oxide reliability. Therefore, a ramp voltage stress (RVS) test
with higher gate voltage was performed on the device. In the RVS test, the gate voltage
started from 20 V and increased by 200 mV every 20 s until oxide breakdown occurred, and
the gate voltage at the time of oxide breakdown was recorded. Both irradiation and tests
were performed at room temperature.

3. Results and Analysis

3.1. Heavy-Ion Experiment Results

During the heavy-ion irradiation test, biases were applied to the gate-source and
drain-source terminals simultaneously. The variations of the gate-source leakage current
(corresponding to VGS = 0 V, −3 V, and −5 V) and drain-source leakage current (correspond-
ing to VDS = 30 V and 60 V) of the devices are shown in Figure 3. During the irradiation
period, the leakage current jumped significantly, while after the irradiation ceased, the
current no longer displayed significant jumps, and only minor fluctuations were observed.
The analysis suggested that the jump in leakage current during irradiation was caused by
the interaction between heavy ions and the extranuclear electron of the material. The high
flux of heavy ions during irradiation generated a large number of electron-hole pairs within
the material, leading to carrier fluctuations inside the material, which were ultimately
manifested as jumps in the leakage current. This effect ceased after the irradiation was
terminated, resulting in the current returning to its initial value.
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Figure 3. Variation of SiC MOSFET leakage current during irradiation: (A) IGSS; (B) IDSS.

The transfer characteristic curves of the SiC MOSFETs did not exhibit significant drift
after irradiation, as depicted in Figure 4A. According to the maximum transconductance
method, the threshold voltage of the device was extracted in the I–V curve, and the VTH
of the device was approximately 2.4 V before and after irradiation, without significant
changes. This indicated that the equivalent total ionizing dose produced by heavy-ion
irradiation was low and did not accumulate trapped charges in the oxide of the device,
causing a change in the threshold voltage. The change in the blocking voltage of the device
before and after irradiation is shown in Figure 4B. The blocking voltage was approximately
1500 V, and no degradation occurred. This result indicates that heavy-ion irradiation does
not produce significant defects in the SiC material that causes degradation of the reverse
blocking characteristics of the PN junction composed of N-epitaxy and P-well.

Figure 4. Changes in the electrical parameters of SiC MOSFETs after heavy-ion irradiation: (A) sub-
threshold transfer characteristic curves; (B) blocking voltage (BVDSS).

The results of the PIGS test (0–20 V) of the irradiated devices under different conditions
are depicted in Figure 5. The oxide leakage current of the irradiated device did not exhibit
significant changes in comparison to the unirradiated device. This suggests that the
irradiation biases used in the test were within the SEE SOA of the device. Although no
SEGR occurred in the gate oxide of the device under these irradiation biases, the heavy-ion
irradiation may have produced latent damage in the gate oxide that was difficult to activate.
Therefore, the RVS experiments with higher gate voltage were continued for the device.
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Figure 5. Experimental results of post-irradiation gate stress.

Figure 6A illustrates the changes in the oxide breakdown voltage of the device after
heavy-ion irradiation with different LET at VGS = 0 V and VDS = 60 V. Figure 6B presents
the degradation of the oxide breakdown voltage of SiC MOSFETs after irradiation with
different gate and drain biases. It can be observed that as the LET, drain voltage, and gate
voltage increased, the oxide breakdown voltage of the device degraded drastically.

Figure 6. Variation of oxide breakdown voltage after heavy-ion irradiation: (A) Different LETs;
(B) Different irradiation biases.

The degradation of the oxide breakdown voltage in irradiated devices is suggested to
be closely associated with the transient high electric field in the oxide during irradiation.
The high electric field can cause a rapid rise in the generation rate of defects in SiO2 [26],
resulting in a higher density of latent damage in the oxide. The latent damage does not
affect the characteristics when it is not activated but can seriously affect the oxide reliability
once activated.

3.2. Degradation Mechanism of Oxide Reliability

The experimental results discussed above reveal that heavy-ion irradiation leads
to a decrease in oxide breakdown voltage, influenced by the LET, gate bias, and drain
bias. When heavy ions penetrate the device, a significant number of electron-hole pairs
can be generated along its traces, affecting the carrier concentration in the device and,
consequently, altering the potential distribution. Due to the extremely short response
time of heavy-ion incidence, the instantaneous potential and field changes in the oxide
could not be monitored experimentally using the equipment in the experiment. Therefore,
TCAD simulations were used to analyze the electrical parameters at the moment of particle
incidence.
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The irradiated device used in this study was a planar gate SiC MOSFET, and the cross-
section of the devices is depicted in Figure 7. Based on this structure, a two-dimensional
model was constructed in TCAD. The simulation parameters were obtained from previously
published papers [11,12,27,28], as shown in Table 2. In the simulation, the incident position
of the heavy ions was located above the JFET region, which is the most sensitive area of the
oxide. The heavy-ion incidence path is shown as the red dashed line in Figure 7, which
penetrated through the gate oxide and epitaxial layer. The number of electron-hole pairs
generated by the particle along its incident path was related to the LET, and unit conversion
was required in the simulation: 1 pC/μm(SiC) = 151 MeV/mg/cm2. The electric field in the
oxide reached its peak value of approximately 10 ps of ion incidence, followed by a rapid
decrease in the electric field in the gate oxide. Hence, the distribution of potential barriers
and electric fields at 10 ps for the irradiated device under different conditions was extracted
during the simulation. The models used in the simulations included the drift-diffusion
model for transport, the Shockley–Read–Hall model for generation-recombination, the
doping dependence model, and a high field saturation model for mobility.

Figure 7. Cross-sectional view of the device.

Table 2. Parameters used in TCAD simulations.

Parameter Value

N-Epi Doping/Depth 1 × 1016 cm−3, 10 μm

N+ Substrate 1 × 1019 cm−3

Body Doping/Depth 2 × 1017 cm−3, 1.5 μm

N+ Drain Doping 1019 cm−3

Oxide Thickness 50 nm

Ion Track Radius/Length 50 nm, 15 μm

Heavy ions generate electron-hole pairs along their incident traces. The applied voltage
during irradiation induces an electric field in the device, and the collisional ionization of
carriers under the electric field produces a lot of electron-hole pairs. At the same time,
the electrons and holes move in opposite directions under the action of the electric field.
The electrons are more mobile than the holes in SiC [29]; this causes holes to move and
accumulate at the SiC/SiO2 interface. As shown in Figure 8, the concentration of holes
inside the device varies with LETs. Heavy ions with high LET result in a much higher
hole concentration inside the device than the low LET particle. The analysis suggested
that the irradiation bias was the same in both figures, indicating that the electric field
inside the device was the same. However, the incident particle with high LET produced a
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higher number of electron-hole pairs along its path, leading to more intense carrier collision
ionization, which, ultimately, makes a higher density of accumulated holes.

Figure 8. Concentration of holes in the device after the incidence of heavy ions with different LETs:
(A) LET = 20 MeV/(mg/cm2); (B) LET = 60 MeV/(mg/cm2).

In general, SiC MOSFETs have low doping in the N-type epitaxial region to increase
the blocking voltage. Therefore, the accumulated holes from heavy-ion irradiation can
severely reduce the doping in the N-type epitaxial region near the incident path. The
change in doping concentration further affects the potential distribution inside the device.

The simulations of potential distributions inside the device for different LETs are given
in Figure 9A,B. The potential distribution near the JFET oxide is more intensive with high
LET heavy ions. The analysis suggested that this was due to the high density of holes
generated by the high LET heavy ions causing a reduction in N− epitaxial doping near
the JFET oxide. The doping of the N− epitaxial region is closely related to the blocking
characteristics of the device, and the drain voltage drops mainly in the depletion layer of
the lower-doped N− epitaxial region during the blocking state. Therefore, the reduced N−
doping near the JFET oxide led to a more intensive potential distribution near it.

Figure 9B,C show the simulated potential distribution in the device when irradiated
at different VDS. The potential near the JFET oxide increased remarkably when irradiated
with heavy ions at high VDS. The analysis suggested that the increase in high potential was
closely related to the high electric field generated by the VDS. At the high electric field, the
impact generation rate of the carriers increased, which generated more electron-hole pairs
in the device. The simulations of the impact generation rate in irradiated devices at different
VDS are depicted in Figure 10. The impact generation rate near the JFET oxide of the devices
irradiated at high VDS was significantly higher than those irradiated at low VDS. The high
impact generation rate could generate more electrons and holes. The accumulation of holes
further decreased N− doping near the JFET oxide, which also increased the potential.

A comprehensive analysis of the influence mechanisms of LET and VDS suggested
that they jointly determine the high potential value on the SiC side of the JFET gate oxide
layer at heavy-ion incidence.

Comparing Figure 9C,D, it is found that the potential distribution near the JFET oxide
was approximately the same when irradiated at the same LET and drain bias. However,
the negative gate bias could affect the low potential of the metal oxide. As the negative
gate bias voltage increased, the low potential value on the metal side of the gate oxide
decreased. The difference between the high and low potential values on both sides of the
gate oxide determined the peak electric field in the oxide.
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Figure 9. The potential distribution in the device when irradiated under different conditions:
(A) LET = 20 MeV/(mg/cm2), VDS = 60 V, VGS = 0 V; (B) LET = 60 MeV/(mg/cm2), VDS = 60 V,
VGS = 0 V; (C) LET = 60 MeV/(mg/cm2), VDS = 30 V, VGS = 0 V; (D) LET = 60 MeV/(mg/cm2),
VDS = 30 V, VGS = −5 V.

Figure 10. Variation of impact generation rate due to particle incidence at different VDS:
(A) VDS = 30 V; (B) VDS = 60 V.

In order to provide a more intuitive analysis of the effects of LET, VDS, and VGS on the
peak electric field in the gate oxide, the potential distribution along the particle trace was
extracted in the simulation, and the results are shown in Figure 10. For the unirradiated
device, the high voltage applied at the drain uniformly dropped in the epitaxial layer of
approximately 3 μm. However, for the irradiated device, the drain bias experienced a
significant drop near the gate oxide. By examining the enlarged plot in Figure 11A, it is
evident that the LET mainly affected the high potential value on the SiC side of the gate
oxide. The proportion of the drain voltage coupled to the oxide increased continuously
with the increase in the LET. The simulation of the potential distributions in the irradiated
device at different VDS and VGS are given in Figure 11B. The high potential of the gate oxide
in the irradiated device at different VDS was significantly different, and the potential in the
irradiated device at high VDS was much higher than that at low VDS. This discrepancy is
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mainly attributed to the intensified collisional ionization resulting from the high electric
field at high VDS. The VDS and LET jointly affected the high potential of the gate oxide.
There was no significant difference in the high potential of irradiated devices under different
VGS, but the low potential varied with VGS. The potential difference between the high and
low potentials determined the peak electric field in the gate oxide.

Figure 11. Changes in potential along the particle traces when irradiated with heavy ions under
different conditions: (A) Different LETs; (B) Different irradiation biases.

The gate oxide thickness of the device in the simulation was 50 nm, and, as can be
concluded from Figure 11, the potential difference between the two sides of the gate oxide
reached more than 20 V, even at a lower bias. Therefore, it can be calculated that the
instantaneous peak electric field in the gate oxide was greater than 4 MV/cm, which was
even close to the critical breakdown electric field of SiO2 (10 MV/cm) at higher VDS. The
increase in the transient peak electric field greatly increased the defect generation rate, thus
creating more defects in the gate oxide and affecting the reliability of the gate oxide.

4. Conclusions

This study investigated the effect of the peak electric field in the gate oxide on the gen-
eration of oxide latent damage during heavy-ion irradiation. The irradiated SiC MOSFETs
were found to have no single-event effect and good functional characteristics, but the oxide
reliability was degraded. The experimental results show that the degree of oxide reliability
degradation is affected by a combination of LET, VGS, and, VDS.

The analysis and simulation concluded that the degradation of the oxide reliability of
SiC MOSFETs is caused by the defects generated by the peak electric field during heavy-ion
irradiation. The particle LET and VDS can affect the high potential coupled to one side
of the gate oxide during irradiation, while the applied VGS affects the low potential on
the other side of the oxide. The potential difference between the two determines the peak
electric field in the gate oxide.

The results of this study suggest that even if irradiation biases are in the SEE safe
operating area, heavy-ion irradiation can severely limit the reliability and lifetime of the
device, which poses a new challenge for the space application of SiC MOSFETs. In summary,
for the study of the adaptability of SiC MOSFETs in the space environment, in addition to
the tricky SEE study of SiC MOSFETs, the gate oxide reliability must be considered.
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Abstract: High-energy particles in space often induce single event effects in CMOS image sensors,
resulting in performance degradation and functional failure. This paper focuses on the formation and
morphology of transient bright spots in CMOS image sensors and analyzes the formation process of
transient bright spots by conducting heavy ion irradiation experiments to obtain the variation law of
transient bright spots with heavy ion linear energy transfer values and background gray values; in
addition, we classify the single event upset that occurred in the experiments according to the state
of transient bright spots and extract the characteristics of different single event upsets. The failure
mechanisms of different single event upsets are analyzed according to their characteristics and are
combined with the information given by transient bright spots. This provides an essential reference
for rapidly evaluating single event effects and the reinforcement design of CMOS image sensors.

Keywords: single event effects; CMOS image sensor; transient bright spot; single event upset

1. Introduction

Complementary metal oxide semiconductor (CMOS) image sensors (CISs) are widely
used in spacecraft imaging systems such as remote sensing imaging and star-sensitive
vehicles due to their excellent system performance in terms of power consumption, size,
and quality [1,2]. However, the high-energy particle radiation environment in space, such
as high-energy protons and heavy ions, can induce single event effects (SEEs) in CISs,
which can affect the performance of CISs and even cause functional failure [3–5].

Due to the frequent occurrence of SEEs in CISs in the space environment, a series of
studies have been carried out in China and abroad about single event transient (SET) and
single event upset (SEU) [6–14]. Hopkinson et al. found SET in the pixel arrays during
heavy ion evaluation of the radiation-resistant STAR-250, which appear as transient white
bright spots that disappear in the following image [6]. Lalucaa et al. investigated the charge
collection process of bright spots by conducting heavy ion irradiation experiments and
discussed the effect of blooming, whereby the additional charges of the saturated diode
diffuse into neighboring diodes [7]. Yang et al. discovered that the distribution of the total
collected charge of each bright spot could be well-fitted by Landau distribution [8]. SEU
is a single high-energy particle incident on a semiconductor device that causes a flip in
the logic state of that sensitive unit [9]. Beaumel et al. conducted heavy ion irradiation
experiments on the HAS2 CIS, which illustrated potential SEU-sensitive cells in the readout
circuit of this CIS [10]. Virmontois et al. tested more than 30 registers in the readout circuit
in a heavy ion experiment. They found that not all registers triggered image anomalies,
and only a few registers (e.g., gain or integration time registers) corrupted the image [11].

The main focus of the current study is on the description and failure explanation of
single transient phenomena (SET or SEU). However, SETs and SEUs often occur simulta-
neously in the experiment, but these two anomalies have yet to be linked and analyzed
simultaneously in previous studies. In this paper, by analyzing the morphological size
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of the transient bright spots, the SEU phenomena that appeared in the experiment are
classified into bright spots that disappeared, were unaffected, and were affected. The
failure mechanism of the SEU is analyzed accordingly, and the anomalous phenomena that
appeared in this experiment are elaborated on and classified, providing an experimental
basis and a theoretical foundation for the systematic study of SEUs in CISs.

2. Samples and Irradiation Conditions

The sample in this experiment is a four-transistor active pixel sensor (4T-APS) with
a resolution of 2048 × 2048 and a pixel size of 5.5 μm × 5.5 μm. Figure 1 shows the
block diagram of the selected CIS, whose readout circuit includes the analog front-end,
addressing circuit, Serial Peripheral Interface (SPI) registers, and LVDS block. The driver
board has a 10-bit pixel depth and eight data output channels.

Figure 1. CIS architecture block diagram.

The experiment setup is shown in Figure 2a. The CIS is mounted on a test board and
fixed to the irradiation board, which is moved to the particle beam irradiation position by
laser positioning and guide rails during the experiment. The rest of the test board was
protected with a shield layer, except for the exposed irradiated CIS. The CIS is remotely
controlled by a signal line, such as a camera-link cable, and the online test operation is
performed outside the irradiation room. During the test, the CIS was in global exposure
mode with a frame rate of 180 frames/s and an exposure time set to 1000 lines. Figure 2b
shows the schematic diagram of 4T-APS, whose pixel unit mainly consists of a pinned
photodiode (PPD), a reset transistor (Trst), a source follower (SF) transistor, a selector
transistor (Tsel), a transmission gate (TG) transistor, and a floating diffusion (FD) area.

The heavy ion irradiation experiments were conducted at the HI-13 Tandem Acceler-
ator at the China Institute of Atomic Energy Science [15]. The encapsulated optical glass
window was removed in advance. The heavy ions were incident vertically, and the heavy
ion beam spot was 30 mm × 30 mm, which could simultaneously cover the entire surface of
the CIS chip. Table 1 shows the ion species, range, and linear energy transfer (LET) values
used in the experiment.

Table 1. Experimental heavy ion types and energies.

Accelerator Ion Species Initial Energy (MeV) LET (MeV cm2 mg−1) Range (μm (Si))

HI-13 16O 100 3.01 95.2
28Si 135 9.3 50.7
35Cl 150 13.4 42.8
48Ti 160 22.2 32.9

74Ge 205 37.37 29.95
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Figure 2. (a) Experimental setup; (b) 4T-APS circuit schematic diagram.

3. Results and Discussion

3.1. SET Bright Spots

The SET bright spot is a transient phenomenon unique to optoelectronic imaging
devices. It manifests as a bright white spot at the particle incidence location of the acquired
image, and the bright spot at that location disappears in the following image.

In order to understand the formation process of the SET bright spot, it is necessary
first to understand the signal readout process of the pixel, as shown in Figure 3. Before
exposure, Trst and TG are on to reset the PPD so that the PPD is depleted and in reverse
bias; during exposure, Trst and TG are off and the light signal is irradiated at the PPD
to generate a photogenerated charge, which is collected by the depletion zone; after a
period of integration, Trst is turned on to reset the FD to clear the residual charge before
the photogenerated charge is transferred to the FD via TG; immediately afterwards, TG
is turned on and the photogenerated charge accumulated on PD is transferred to FD, and
TG is turned off after the charge transfer is completed; then, the photogenerated charge
transferred to FD is converted into a voltage by the parasitic capacitor of FD, which is
amplified by SF and output to the column output bus; the output reset voltage and the
optical signal voltage are passed through the CDS circuit to eliminate the noise, and then
through the amplifier for signal amplification; the amplified voltage signal is turned into a
digital signal by the AD converter, which is processed by a specific image signal inside the
sensor and finally output to the external [16].

 

Figure 3. The basic process of pixel readout.

The appearance of SET bright spots occurs during the exposure period. The electron-
hole pairs generated by heavy ions in the sensitive layer of the sample are collected by the
photodiode depletion region, causing a change in the potential in the PPD region, followed
by a readout of the changed potential through the transistor, which is expressed in the
image as a bright spot with a gray value greater than the background value. One particle
incidence changes the current potential in the PPD. After the current potential change
in the PPD is read out, the potential in the PPD is reset to a high level before the subse-
quent integration. Therefore, the bright spots in the current image will disappear in the
following image.
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As shown in Figure 4, the SET bright spot is not a dot, but a circular-like cluster formed
at the center of the incident point, with the maximum gray value at the center and the
decreasing gray value at the edges as the distance from the center increases. The reason
is that the neighbor pixels in the pixel array are interconnected and isolated only by a
shallow trench (STI). Therefore, the electron–hole pairs incident on the particle traces in the
sensitive layer of a pixel, in addition to being collected by the PPD of that pixel unit, will
also move to neighbor pixels by drifting and diffusion and thus appear on the image as a
bright spot instead of a dot. A single-pixel unit charge collection sensitive body is a region
that collects charge into an integrating capacitor. The sensitive body of the photodetection
region consists of the depletion region of the p-n junction and the epitaxial layer part. The
PPD collects the electron–hole pairs generated in the depletion layer by drifting under
the action of the electric field. The electron–hole pairs generated in the epitaxial layer
outside the depletion region are partially collected by random diffusion to the adjacent
PPD through thermal diffusion, and the rest are compounded or captured. Moreover, at the
edge of the bright spot, due to the blooming effect, the diffusion of charges is not collected
in the saturated photodiode into the neighboring photodiodes.

 

Figure 4. Transient bright spot at different LET values: (a) 16O; (b) 28Si; (c) 35Cl; (d) 48Ti; (e) 74Ge.

3.2. Effect of Different Conditions on SET Bright Spots

Previous works have described the SET bright spot size concerning the conditions of
integration time, process, and incident angle [8–10], and this paper focuses on the size of the
SET bright spot concerning the LET value of the incident heavy ions and the background
gray value.

The collected charge increment and size are two critical characteristic parameters of
SET bright spots. The collection charge increment is obtained by subtracting the background
gray value from the total gray value of all covered pixel cells of the SET bright spot. The
size refers to the total number of covered pixels. During the test, the collected image signal
value is the gray value, and its unit is DN (digital number), which indicates the digital
signal value obtained directly by AD conversion.

ΔNe = (μDN − μDN.dark)/CVG (1)

The formula ΔNe denotes the collected charge increment, μDN.dark denotes the total
gray value of the background, and μDN denotes the total gray value of an SET bright spot.
CVG (charge voltage gain) indicates the gain of the charge collected in the photodiode into
a digital signal through the readout circuit.

3.2.1. LET Value

To reasonably characterize this energy transfer, the physical quantity LET (linear
energy transfer) is introduced [17], which is the energy transferred per unit distance of the
incident particle in the target material,

LET = −1
ρ

dE/dx (2)

where ρ is the density of the incident material, E is the energy, and x is the transmis-
sion distance. Different LET values were obtained by changing the heavy ion species in
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the experiment. In Si materials, the ionization energy of Si, the energy required for an
electron outside the nucleus to leave the nucleus of a silicon atom to be a free electron,
ESi = 3.6 eV/pair, so that the number of electrons and holes produced by an incident particle
per unit path is expressed as:

dNe

dx
=

dNh
dx

=
1

ESi

dE
dx

= LET· ρ

3.6eV
(3)

Ne and Nh are the numbers of electrons and holes produced by ionization, respectively.
From Equations (2) and (3), it can be seen that as the value of LET is larger, more electron–
hole pairs are generated per unit distance.

As shown in Figure 4, the size of the SET bright spot increases as the LET value
increases. Figure 5 shows that the size and charge collected by the SET bright spot increase
rapidly and then slowly with the LET value of the heavy ions. The more extensive the LET
value, the larger the energy loss per unit distance of the incident heavy ions. Therefore, the
larger the number of charges generated, the increasing size and charge collected by the SET
bright spot. However, it eventually saturates because it is limited by the carriers’ diffusion
length and the pixel’s full well charge (FWC).

×

×

×

×

×

×

×

×

×

×

Figure 5. Correlation curve of LET value and bright spot parameters.

3.2.2. Background Gray Value

Figures 6 and 7 show the variation of the bright spot size and the collected charge
for different background gray values under 35Cl irradiation. It can be seen that the size
of the SET bright spot increases with the increase of the background gray value in a
nearly proportional relationship. In contrast, the total collected charge increases first and
then decreases.

 

Figure 6. Transient bright spots at different background gray values: (a) 80 DN; (b) 170 DN;
(c) 630 DN; (d) 800 DN.

By the Fick law of diffusion [18]:

dΔn
dt

∣∣∣∣
x
= −Dn

dΔn
dx

(4)
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Ld =
√

Dτ (5)

For large injections, the carrier lifetime is:

τn = τp =
1(

Gth/n2
i
)·Δn

(6)

×

×

×

×

×

Figure 7. Correlation curve of background gray value and bright spot parameters.

In Equations (4)–(6), Δn is the injected electron concentration, Dn is the electron
diffusion coefficient, Ld is the diffusion length, τn is the electron lifetime, Gth is the heat
generation rate, and ni is the intrinsic electron concentration.

Since the charge generated by the incident heavy ions are much larger than the
number of photogenerated charges in the current environment, it meets the large injection
condition (Δn = Δp > n and p). As the background gray value increases, the number of
charges required to saturate the pixel unit decreases, and the excess charge density becomes
larger. Since the diffusion coefficient D is proportional to the concentration gradient,
D becomes larger; since Δn remains constant, the carrier lifetime remains almost unchanged.
In summary, the diffusion length becomes larger. Therefore, the bright spot size keeps
increasing with the background gray value.

The total collected charge is affected by the amount of charge generated by the incident
heavy ions and the lifetime of a few carriers. When the background gray value is small, it
is limited by the diffusion length, resulting in the diffused charge being compounded and
challenging to be collected effectively; when the background gray value is large enough,
the saturation level of the readout circuit is smaller than the saturation level of the PPD,
resulting in the calculated charge on the image being smaller than the actual amount, so
the total number of collected charges increases and then decreases with the background
gray value.

3.3. Classification of SEU Phenomenon by SET Bright Spot

As the most common type of SEE, SET bright spots often coexist with other anomaly
phenomena, such as SEUs. Since the features of SET bright spots are easy to extract and
the morphology of transient bright spots is correlated with readout circuits, evaluating the
SEU events that occur in experiments is meaningful.

According to the description above, the transient white bright spots appearing on
the image are due to electron–hole pairs generated by the ionization of heavy ions across
the pixel units. The pixel unit collects and spreads these charges to form circular bright
spots of similar size. Its size is related to the exposure time, background brightness, and
heavy ion LET value. Several SEUs, such as the row, column, and output anomalies, were
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seen during the experiment. We classify some of the SEU phenomena according to the
morphological size of the transient bright spots on the images and discuss each type of
SEU failure mechanism based on the bright spot information.

3.3.1. Disappeared Bright Spot

The disappeared bright spot means that the transient bright spots in the image dis-
appear and can be restored only after power-off and restart. As shown in Figure 8, pixel
outputs on the image were from 135 DN (gray value) to zero, and all bright spots disap-
peared in three consecutive pictures.

 

Figure 8. The gray value from 135 DN to 0 and bright spots disappeared (three consecutive pictures):
(a) Normal image; (b) Next frame image; (c) Global gray value reduced to 0.

The global disappearance of the transient bright spot in the figure and the fact that the
outputs were zero indicated an output anomaly. The reason may arise from the process of
pixel cell signal readout. According to the process of transient change in Figure 8b, it can be
seen that the row readout mainly causes the anomaly. Hence, this phenomenon is induced
by heavy ion bombardment of the row address decoder within the CIS. When a row of
pixels in the array is selected, the row address decoder can control the pixel operation of the
row by controlling the selection of the transfer gate, reset transistor, and selector transistor.
However, when a heavy ion hits the row address decoder and SEU occurs, it may cause the
transfer gate, reset transistor, and selector transistor to be generally on or off. Therefore,
the pixels of that row each output the same signal during the signal sampling and reset
phases. After the associated double-sampling process, the output value after subtracting
the two is zero. Therefore, no transient bright spots appear on these images, and the global
gray value is zero.

3.3.2. Unaffected Bright Spot

The unaffected bright spot means that after the SEU phenomenon, the size and shape
of the bright spot in the image remain the same as usual, and there is no change. As shown
in Figure 9, the global gray value of the image dropped from the original 170 to about 30,
and the bright spots did not disappear. Comparing the bright spots in the before and after
images, as shown in Figure 9c,d, it can be found that the size of the bright spots does
not change, having sixty saturated pixels. Since the size of the transient bright spot is in
connection with the average gray value of the background, but the figure shows the parallel
size of the bright spot, it means that the cause of the abnormality has nothing to do with
the row or column readout circuit. Therefore, the gray value of the background dropped
due to a flip in one of the registers in the analog front end, causing a change in the global
gray value, not due to external light leakage or other reasons.

According to the failure characteristics, this global gray value drop was caused by the
failure of the offset register. The function of the offset register in CISs is to calibrate the
output to compensate for the output signal dark level value [19], as shown in Equation (7).

Dark-level output = 70 + setting − 16,383 (7)
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Figure 9. Global gray value drop (two consecutive images): (a) Normal image; (b) Global gray value
drop; (c) Bright spot pattern in normal image; (d) Bright spot pattern in anomalous images.

When heavy ions bombard the register and SEU occurs, the offset register setting will
no longer be the correct value. When the offset register setting value decreases from the
original 16,323, it causes the gray values of all pixels to decrease, as shown in Figure 9.
There are still bright spots on them because heavy ions generate a large amount of ionized
charge on the incident traces to be collected, increasing the pixel output dark level. Because
enough charge is collected, the pixel output reaches 1023 DN (maximum value) at the
bright spot location. The ionizing charge formed by a single heavy ion can affect multiple
pixels near the incident location by diffusion, drift, and the funnel effect. Hence, the bright
spot still exists under this anomaly.

3.3.3. Affected Bright Spot

The affected bright spot means that the size of the bright spot in the image is af-
fected, mainly as the bright spot becomes larger or smaller. The impact on the bright spot
mainly occurs in the row and column anomalies, as shown in Figure 10; we can observe
two white vertical stripes with a constant gray value of 934 DN, much higher than the aver-
age gray value of 159 DN in the background. The positions of the two anomalous vertical
stripes are X127 and X255. We can get more information through the transient bright spot
situation, such as the misalignment problem at the anomalous column. The X127 column
is down one wrong, and the X255 column is up one wrong, precisely equivalent to the
two columns in the middle of the data line signal value read out in the following line.
Secondly, comparing the bright spot size, it is found that the cut bright spots on the left
and right add up to the same size as the typical bright spot, which indicates that the
X127 column and X255 column data are invalid data, and the value is locked. Zooming in
at Y = 0, as shown in Figure 11, verifies that the signal value in the middle of the abnormal
column is panned down one row.

 

Figure 10. Column anomalies and transient bright spots on anomalous columns.
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With the abnormal characteristics described above, it can be inferred that the abnor-
mality is due to an abnormality in the signal output. This CIS has 18 LVDS output channels,
including 16-pixel output channels, one clock channel, and one control channel. The driver
board used in the test had eight output channels. The anomalous column in Figure 4
is located in the last of the two parallel segments of 128 pixels on LVDS channel one in
columns 127 and 255. This anomaly may be due to SEU occurring on LVDS channel one
during pixel data transfer, causing an anomaly in the row addressing register and resulting
in a misalignment of the output values between them.

 

Figure 11. Complete image of the misaligned row anomaly in Figure 10.

Figure 12 illustrates one type of row anomaly; the gray value on the anomalous row
(90 DN) is smaller than the regular row (125 DN), as shown in Figure 12b. The transient
bright spot in the anomalous row is smaller than the bright spot on the normal background
outside the row, caused by the lower gray value of the background.

 
Figure 12. Transient bright spots on row anomalies: (a) row anomaly image; (b) variation curve of
column gray value.

This anomaly is similar to one SEU phenomenon reported by Beaumel in 2013 [10],
which is thought to be a flip in the row reset register or row read register. The read or reset
register pointer jumped to a non-corresponding line, resulting in visible disturbances in the
integration time of some lines on the image. As a result, the gray values at the disturbed
rows are abnormal, as shown in Figure 12.

In conclusion, a summary of the classification of bright spots in SEU phenomena is
shown in Table 2.
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Table 2. The classification of SEU events with the bright spots.

Category Characteristic SEU Phenomenon Failure Localization

Disappeared Bright spot which disappeared Global gray value drop to 0 Row address decoder

Unaffected No change in bright spot size Global gray value drop
Offset register

Affected Change in bright spot size Column anomalies,
row anomalies

LVDS block,
row reset register,

or row read register

4. Conclusions

This paper investigated the relationship between the variation of SET bright spots with
different experimental conditions by conducting CIS heavy ion irradiation experiments.
The size of the SET bright spot increases with the heavy ion LET value and then tends to
saturate; it gradually increases with the increase of the background gray value. Meanwhile,
a variety of SEU events were observed in the experiment, and the SEU events were classified
into three categories: disappeared bright spot, affected bright spot, and unaffected bright
spot, by feature extraction of the SET bright spots in the SEU events. The above classification
narrowed down the failure location of SEU. The disappearance of the bright spot indicates
a failure at the readout circuit of the CIS; the unaffected bright spot indicates a failure at the
analog front-end; and the change of the bright spot indicates an abnormality in the readout
circuit of the CIS or the LVDS block.

In summary, this paper proposes to identify and classify SEUs using SET bright spot
characteristics and establishes a fast identification method to analyze SEU patterns and
sensitive areas based on transient bright spot size, background gray value, and other
parameters. It provides an essential reference for the rapid evaluation and reinforcement
design of the SEE of CISs. In the future, this analysis method can be combined with machine
learning methods to collect relevant SEE experiment data, which can be used for online
identification analysis and failure localization of SEEs in optical imaging devices.
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Abstract: The nuclear industry and other high-radiation environments often need remote monitoring
equipment with advanced cameras to achieve precise remote control operations. CMOS image
sensors, as a critical component of these cameras, get exposed to γ-ray irradiation while operating in
such environments, which causes performance degradation that adversely affects camera resolution.
This study conducted total ionizing dose experiments on CMOS image sensors and camera systems
and thoroughly analyzed the impact mechanisms of the dark current, Full Well Capacity, and
quantum efficiency of CMOS image sensors on camera resolution. A quantitative evaluation formula
was established to evaluate the impact of Full Well Capacity and quantum efficiency of the CMOS
image sensor on camera resolution. This study provides a theoretical basis for the evaluation of the
radiation resistance of cameras in environments with strong nuclear radiation and the development
of radiation-resistant cameras.

Keywords: CMOS image sensor; TID; radiation effects; camera resolution

1. Introduction

The nuclear industry is crucial to national security, but the presence of strong nu-
clear radiation in the environment poses significant risks with regard to the operation,
maintenance, and emergency response of nuclear facilities. These radiation environments
are extremely harmful to human health; therefore, to ensure the safety of staff and facil-
ities, it is necessary to use remote monitoring equipment and radiation-resistant robots
for refined remote control operations [1,2]. However, both remote monitoring equipment
and radiation-resistant robots rely on cameras to acquire target information, and the en-
vironment contains high levels of neutrons and α-, β-, and γ-rays with high dose rates
and total doses. The neutron dose levels are generally low outside the operating reactor,
and α and β radiation can be effectively shielded by relatively thin housing. γ-rays have
strong penetration ability, and their impact on cameras cannot be ignored. The effects of
strong nuclear radiation on electronic systems can cause significant camera performance
degradation. The degradation of the camera resolution will lead to the loss of information
with potentially disastrous consequences. As such, mitigating the impact of γ-rays on
cameras is critical for effective remote monitoring and control in nuclear facilities.

Several studies have investigated the impact of radiation on camera resolution in the
past. These include studies by KIM et al. in 2004 and 2007, who evaluated the resolution
of scintillator-coupled CMOS sensors under X-rays based on the Modulation Transfer
Function (MTF) and its sensitivity to dark signals [3,4]. In 2010, Jie Yu et al. conducted an
analysis of the effect of CCD (Charge-Coupled Device) camera transient noise on imaging
resolution in neutron photography, taking into account specific shielding requirements [5].
However, these studies mainly focused on the relationship between the radiation dose,
ray type, and CMOS image sensor (Complementary Metal Oxide Semiconductor Image
Sensor, CIS) noise or total ionizing dose (TID) effects on the CCD system, without a detailed
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analysis of the mechanism by which radiation-sensitive parameters in the CIS affect camera
resolution. Furthermore, these studies did not establish quantitative relationships between
CIS radiation-sensitive parameters and camera resolution.

This paper focuses on investigating the degradation mechanism of camera resolution
under a γ-ray radiation environment. Specifically, it establishes a quantitative evaluation
formula for the impact of the CMOS image sensor’s Full Well Capacity (FWC) and quan-
tum efficiency (QE) on camera resolution. This study provides a theoretical foundation
for evaluating camera radiation resistance in strong nuclear radiation environments and
developing radiation-resistant cameras.

2. Materials and Methods

The test camera follows a modular design and comprises three main components:
an optical lens, an image sensor, and a peripheral circuit. The optical lens is connected
to the CIS, while the peripheral circuit is linked to the CIS device through a flexible
cable. For this test, an ON Semiconductor AR series commercial image sensor with
2.1 million pixels and a single pixel size of 3 μm × 3 μm utilizing RGB Bayer array
color filters was used as the image sensor. The image sensor utilized rolling exposure
mode, while a commercial automatic zoom lens was employed to capture high-quality
images. Additionally, the camera features a self-designed anti-radiation circuit encom-
passing a power supply module, a digital signal processing module, and a network
transmission module.

The irradiation test was carried out on the 60Co-γ radiation source of the Xinjiang
Institute of Physics and Chemistry, Chinese Academy of Sciences. The camera system
irradiation test is shown in Figure 1. The camera system was connected to the PC outside
the irradiation room via a network cable.

 

Figure 1. Schematic diagram of the camera irradiation test.

The irradiation test involved two parts: the camera system irradiation test and the
CIS irradiation test. Firstly, the camera system was subjected to irradiation at a dose rate
of 28 rad(Si)/s while in an online working state. After reaching the dose points of 70,
110, 140, 180, 210, and 280 krad(Si), the resolution of the camera was tested. When the
radiation dose of the camera system exceeded 280 krad(Si), the performance index of the
camera dropped significantly, and the working state became abnormal, so the irradiation
test was stopped. As the TID of the camera increased, the light transmittance of the camera
lens decreased. Thus, during the displacement test of a portion of the dose of the camera
system, a supplementary test was conducted by replacing the unirradiated lens. In the CIS
irradiation test, only the CIS was irradiated while the peripheral circuit was shielded and
protected. The device worked normally during the irradiation process at a dose rate of
28 rad(Si)/s, with irradiation doses of 70, 110, 140, 180, 210, and 280 krad(Si). After reaching
the corresponding dose, the key parameters of the CIS and the combined camera system
were tested using the photoelectric imaging device radiation damage test system at the
Xinjiang Institute of Physics and Chemistry, Chinese Academy of Sciences.

119



Electronics 2023, 12, 2667

3. Results

3.1. Camera System Resolution Degradation

Camera resolution is the ability to distinguish the number of line pairs per unit length,
and it serves as an important parameter to determine the clarity of camera imaging. This
is crucial for the human eye to discern whether the actual image is clear and effective.
MTF is a function that varies with spatial frequency, and its value ranges from 0 to 1 with
constant spatial frequency. A higher MTF value indicates better imaging quality, as it
represents higher restoration of the contrast between the object and the image [6]. In this
study, the imaging system resolution has been evaluated by calculating the MTF value,
which possesses the property of being cascadable. The formula for calculating the MTF in
this experiment is given in Equation (1).

MTF = MTFcis ∗ MTFPeripheral Circuits ∗ MTFOptical Lens =
Imax − Imin
Imax + Imin

(1)

When image noise is low, the Spatial Frequency Response (SFR) test method recom-
mended by ISO 12233 yields stable results. However, if the image noise surpasses the
algorithm’s threshold value, the test outcomes will change dramatically. This discrepancy
with human perception during actual use can lead to inaccurate assessment of the impact
of radiation-induced noise on the camera system’s performance. To precisely assess noise’s
effects on the camera’s actual performance in high-radiation environments, this study
employed wedge diagrams to evaluate the camera’s resolution, along with Imatest Master
to determine the value of Aliasing onset and MTF10.

MTF10 is a classical theoretical value used to describe the resolution of an optical
system, while Aliasing onset is the spatial frequency at which the number of bars detected
by the software is lower than the total number of wedges. The results obtained from
Aliasing onset are not affected by signal processing, such as sharpening or noise reduction,
making it suitable for evaluating the resolution of different types of cameras. In practical
camera usage, Aliasing onset is more in line with manual subjective discrimination than the
theoretical limit value of MTF10. Therefore, it can better solve the problem of evaluating
camera resolution in a strong nuclear radiation environment. When pictures taken by the
camera have noise, the MTF calculation formula can be deduced from Equation (1) [5].

MTF =
(I max + Ilight−noise

)
− (Imin + Idark−noise)

(I max + Ilight−noise

)
+ (Imin + Idark−noise)

=
(I max + σlightng2

)
− (Imin + σdarkng1)

(I max + σlightng2

)
+ (Imin + σdarkng1)

(2)

The maximum and minimum grayscale values of the image target region under ideal
conditions are represented by Imax and Imin, respectively. The noise captured by the camera
after irradiation can significantly impact the resolution. Thus, the ratio of the number
of noise to the total number of pixels in the maximum gray value region of the image
target area is σlight, the ratio of the number of noise to the total number of pixels in the
minimum gray value region of the image target area is σdark, the average gray value of the
noise in the minimum gray value region is g1, and the number of pixels is n. Then, the
increment of the gray value of the image in the region of maximum gray value where noise
exists is represented by Ilight−noise, and the average gray value of the noise in this region of
maximum gray value is g2, while its value is σlightng2. Similarly, the increment of the gray
value of the image in the region of minimum gray value where noise exists is represented
by Idark−noise, and its value is σdarkng1. Finally, the MTFcamera−radiation formula in the size
of Imax + σlightng2 and Imin + σdarkng1 has been obtained, which represents the maximum
and minimum gray values of the image measured.

Figure 2a shows the change in the calculated MTF value of the camera with the TID. As
the irradiation dose increases, the calculated MTF value of the camera decreases. The trend
of the camera system’s resolution after irradiation with the TID is presented in Figure 2b.
The measured values of the camera resolution are consistent with the trend of decreasing
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MTF calculated values with the increase of the TID. Moreover, after the irradiation dose
reaches 210 krad(Si), the rate of decrease in the camera resolution becomes faster.
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Figure 2. The camera resolution varies with the TID under γ-ray irradiation: (a) MTF calculation
value; (b) resolution of camera varies with the TID under γ-ray irradiation.

For the camera system with only the irradiated CIS, the degradation of the MTF and
the resolution is caused by the radiation damage of the CIS. Figure 3 illustrates the trend
of camera resolution with the TID for a camera system with only the irradiated CIS. The
CIS radiation damage has little effect on the resolution before reaching 210 krad(Si), but it
sharply decreases after that.
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Figure 3. The camera resolution varies with the TID under γ-ray irradiation.

3.2. The Key Parameters of CIS Degradation

Dark current, Full Well Capacity, and spectral response are key parameters that
evaluate the imaging performance of the CIS after irradiation, and their degradation has
a significant impact on the overall performance of the camera system. Dark current is
the current generated by the pixel cell of an image sensor when it absorbs spontaneously
generated electrons due to the presence of defects (interface defects and body defects)
under dark conditions, and it is usually measured in e−/s [7]. When the CIS is exposed
to ionizing radiation, the dark current signal mainly comes from the pixel cell and the
peripheral circuit, with the peripheral circuit dark current being a fixed value independent
of exposure time. Figure 4 presents the test results of the dark current of the CIS. The
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dark current of the image sensor increases with the increase of the TID, and it significantly
increases at 75–100 and 175–210 krad(Si).
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Figure 4. The changes of the dark current with the TID under irradiation at the dose rate of
28 rad(Si)/s.

The FWC is the maximum number of electrons that can be stored in the pinned
photodiode (PPD) in a saturated state. Figure 5 illustrates the change in the FWC of the
CIS with the increase of the TID during γ-ray irradiation at different dose rates. The
variation of the FWC at different doses shows some differences: before 100 krad(Si),
there is no significant change in the FWC of the CIS, while after 100 krad(Si), the FWC
shows a significant decreasing trend. Moreover, the decreasing rate of the FWC increases
significantly after 210 krad(Si).
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Figure 5. The FWC varies with the TID under γ-ray irradiation at the dose rate of 28 rad(Si)/s.

The spectral response of the CIS is an important parameter for evaluating its ability to
convert incident photons of different wavelengths into electrical signals, and it is crucial for
assessing color reproduction in color cameras. QE is used to characterize the responsiveness
of the CIS to light signals of specific wavelengths. Figure 6 shows the degradation ratios of
the spectral response curve of the CIS under γ-ray irradiation at 28 rad(Si)/s for incident
light wavelengths of 420, 450, 516, 550, and 630 nm. The degradation of the CIS is greater
in the short wavelength band, as indicated by the degradation ratios in Figure 6. The
degradation ratio decreases gradually with increasing wavelength, and a larger dose is
required to show significant degradation.
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Figure 6. Degradation ratio of the CIS spectral response under γ-ray irradiation at the dose rate of
28 rad(Si)/s.

4. Discussion

For the CIS, the comprehensive MTF can characterize its detail resolution capability,
which is composed of three types of MTF: geometric MTF, transfer MTF, and diffusion MTF.
Usually, the comprehensive MTF function is obtained by multiplying these three types of
MTF in the frequency domain. For the CIS in radiation cameras, because the internal pixel
structure of the CIS remains unchanged, the geometric MTF remains unchanged as well.
The transfer MTF refers to the charge loss generated during the charge transfer between
pixels. The TID effect causes trap positive charges to be generated in the STI region near
the Transfer Gate (TG), which induces the production of negative charges on the Si–SiO2
surface of the STI due to the appearance of trap positive charges. The accumulation of
these negative charges increases the regional electron density, reduces the TG channel
potential barrier, and, ultimately, allows some photoelectrons in the PPD to transfer to
the FD through the channel sidewalls without voltage applied to the TG [8], which leads
the transfer MTF and the FWC to decrease with the increase of dose. The diffusion MTF
refers to the difference in position of photogenerated carriers caused by the difference
in the depth of incidence of incident light for different spectral bands after the incident
light enters. The photogenerated carriers that are far away from the depletion region will
diffuse freely before entering the depletion region. With increasing TID, the interface trap
charge density formed at the SiO2 layer surface due to the TID effect also increases. The
energy level of interface trap charges is close to the center of the bandgap, and they can
act as effective recombination centers, increasing the net recombination rate and reducing
the lifetime of photogenerated carriers in this region. This directly reduces the diffusion
length of carriers and, ultimately, lowers the efficiency of collecting photogenerated carriers
in the depletion region. As such, the diffusion MTF also decreases with the increase of
dose. Because incident lights of different wavelengths have different penetration depths,
longer-wavelength light generates fewer photogenerated carriers near the interface and is
less affected by the interface trap charge density [9,10]. Consequently, the degradation of
the QE after irradiation is lower for longer-wavelength light.

According to Equation (2), the maximum and minimum gray values of the image
before and after irradiation will have a certain impact on the MTF value, where the change
in the minimum gray value is mainly affected by the CIS dark current noise, and the change
in the maximum gray value is mainly affected by the FWC. The radiation-induced increase
in interfacial trap charges at the Si–SiO2 interface of the 4T pixel structured CIS, especially
at the periphery of the shallow trench isolation (STI) region, the TG–PPD overlap region,
and the PPD surface [11], which is the main mechanism behind the gradual increase in the
CIS dark current with increasing radiation dose. During the γ-ray irradiation process, the
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Si–SiO2 interface precipitated in the STI region generates broken suspension bonds and
forms interface defects [12]. Unstable gaseous substances, such as silicon monoxide, gener-
ated by incomplete reactions between silicon and oxygen at the interface can be emitted
from the oxide layer at high temperatures, creating dangling bonds at the interface [13].
Therefore, during ionizing radiation, the density of dangling bonds and point defects will
continue to increase with the increase of the TID, becoming one of the main sources of in-
creased dark current after irradiation [14,15]. The dark current increases more significantly
at 75–100 and 175–210 krad(Si), and Figure 4 reflects the introduction of different dark cur-
rent sources with the increase of irradiation dose. By substituting the corresponding gray
value parameters of the entire irradiation experimentally collected image measurement
area into Equation (2) to calculate the post-irradiation MTF value, the effects of the CIS dark
current noise and the FWC on camera resolution are compared and analyzed. Figure 7a
shows the MTF value calculated by substituting the maximum gray value measured in the
target area of the image under different doses and the minimum gray value measured in
the target area of the image under unirradiated conditions, while Figure 7b shows the MTF
value calculated by simultaneously substituting the maximum and minimum gray values
measured in the target area of the image under different doses.
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Figure 7. The MTF calculation values vary with the TID under γ-ray irradiation (a) based on maxi-
mum gray value measurements; (b) based on maximum and minimum gray value measurements.

From Figure 7, it can be seen that the overall trend of the MTF calculation value
decreases as the dose increases, and the degree of MTF reduction gradually increases as the
dose reaches a certain level. At the same time, whether the minimum gray measurement
value under different doses is substituted into Equation (2) has a certain impact on the MTF
calculation value, but there is no significant difference in the overall trend. Therefore, the
CIS dark current noise has a certain impact on the MTF, but the degradation of the CIS
FWC after irradiation has a more significant impact on the MTF.

The test card image captured by the camera is a combination of effective signal and
noise, where the noise can be mainly divided into image signal noise and background noise.
The image signal noise is caused by scattered photons from external incident light, while
the background noise includes the CIS noise and noise from the camera’s peripheral circuit.
Under light and dark fields, the RGB three-channel noise value of the CIS calculated using
Imatest Master changes with the dose, as shown in Figure 8.
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Figure 8. The noise of the CIS varies with the TID under γ-ray irradiation.

From Figure 8, the noise of the CIS increases with the increase of the TID, and the
increase in the CIS noise under the light field condition is much larger than that under the
dark field condition. This is because under sufficient light conditions, photon scatter noise
is much greater than the dark current noise. In addition, the higher the dose rate, the more
obvious the increase in noise. Finally, after 140 krad(Si), the growth rate of the CIS noise
increases significantly.

Figure 9 shows the gray level values of the test card images captured by the test
cameras with CIS combinations at different dose rates measured using Imatest Master
software (imatest, 2020.2, Boulder, CO, USA). The gray level value with serial number 1
represents the maximum gray level value in the image, which is mainly affected by the
degradation of the CIS FWC parameter after irradiation.

Figure 9. The gray values of grayscale vary with the TID under γ-ray irradiation.

Based on Figures 8 and 9, it can be seen that different gray level values show varying
degrees of change after CIS irradiation. Meanwhile, the change in the CIS noise in Figure 8
results in a change value of less than 0.2 DN compared to the actual gray level value,
indicating that the effect of the CIS noise on gray level values is not significant. The impact
on the minimum gray level value of the image is greater than on the brightest gray level
value. Therefore, combined with the previous analysis of the specific performance of the
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MTF calculation values in Figure 9, it can be seen that the CIS noise has a certain impact on
the MTF values, but it does not change the overall trend of MTF change.

The change in the diffusion MTF is affected by the change in the number of photo-
generated carriers caused by QE degradation after irradiation. Therefore, the degradation
of the image brightness Y after irradiation is calculated to estimate the degradation of the
diffusion MTF. In addition, the camera resolution is determined by the software based on
processing of the test card image using brightness Y, which is calculated from the RGB
image using Equation (3).

Y0 = 0.299 × R0 + 0.587 × G0 + 0.114 × B0 (3)

In Equation (3), Y0 is the gray level value of the transformed image captured by the
camera before irradiation, R0 is the red component of the image captured by the camera
before irradiation, G0 is the green component of the image captured by the camera before
irradiation, and B0 is the blue component of the image captured by the camera before
irradiation. The degradation of the R, G, and B values of the image in the camera before
and after irradiation is related to the QE degradation of the CIS in the corresponding red,
green, and blue light bands after irradiation. Substituting the irradiation degradation rate
of the CIS in the corresponding red, green, and blue incident light bands into Equation (3)
yields Equation (4).

Y1 = 0.299 × R0 × m + 0.587 × G0 × n + 0.114 × B0 × l (4)

In Equation (4), Y1 is the gray level value of the transformed image captured by the
camera after irradiation, m is the QE degradation rate of the CIS in the red light band, n is
the QE degradation rate of the CIS in the green light band, and l is the QE degradation rate
of the CIS in the blue light band. The coefficients for R, G, and B are the influence weights
of the change rate of the QE in the corresponding band on the Y value.

Based on the above analysis, the change in the FWC directly affects the maximum
gray level value of the image before and after irradiation; the minimum gray level value
is affected by the CIS noise, but the effect of noise on the minimum gray level value does
not change the overall trend of MTF change. The ratio of brightness Y before and after
irradiation reflects the degree of degradation of the diffusion MTF. Considering these
factors, Equation (2) is modified to obtain Equation (5), where K represents the conversion
gain, which refers to the output image gray level value increase of the unit effective photo-
generated electrons after system processing. According to relevant studies, the conversion
gain is not a sensitive parameter for TID effects and can generally be regarded as a constant
value in parameter calculations for the same device [16].

MTFcamera−1 = MTFcamera ×
[(

FWC1 × K − I0

FWC1 × K + I0

)
/
(

FWC0 × K − I0

FWC0 × K + I0

)]
× (Y1/Y0) (5)

In Equation (5), MTFcamera is the camera resolution before irradiation, MTFcamera−1 is
the calculated camera resolution after irradiation in LW/PH, FWC0 is the Full Well Capacity
when the camera is not irradiated, FWC1 is the Full Well Capacity after irradiation in e−,
and K is the camera conversion gain in DN/e−. I0 is the minimum grayscale value of the
captured image when the camera is not irradiated, and the unit is DN; Y0 is the converted
grayscale value of the captured image before irradiation, and the unit is DN; and Y1 is the
converted grayscale value of the captured image after irradiation, and the unit is DN. After
substituting the experimental values into Equation (5), the theoretical calculation results
of the camera resolution were consistent with the actual camera irradiation measurement
values. This also indicates that the defects generated by radiation have a significant impact
on the CIS photodetector signals, which is an important reason for the decrease in camera
resolution. In the subsequent development of radiation-resistant cameras, STI and PPD
reinforcement technologies can be used to strengthen the CIS against radiation, thereby
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reducing the generation of radiation-induced defects, inhibiting the impact of radiation-
induced defects on the photodetector signals, and reducing the influence of radiation on
camera resolution.

5. Conclusions

After γ-ray radiation, the QE and FWC of the CMOS image sensor degrade with the
increase of the TID. Through CMOS image sensor irradiation experiments, camera system
irradiation experiments, and result analysis, combined with theoretical deduction, it was
found that the degradation of the QE and FWC of the CMOS image sensor is the main
cause of the decrease in camera resolution. By revealing the impact mechanism of radiation
damage to the CMOS image sensor on camera resolution, a quantitative evaluation formula
for the influence of the FWC and QE on camera resolution was established, laying a theo-
retical foundation for the assessment of camera radiation resistance and the development
of radiation-resistant cameras in strong nuclear radiation environments.
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Abstract: SiC power devices require resistance to both single-event effects (SEEs) and total ionizing
dose effects (TIDs) in a space radiation environment. The split-gate-enhanced VDMOSFET (SGE-
VDMOSFET) process can effectively enhance the radiation resistance of SiC VDMOS, but it has
a certain impact on the gate oxide reliability of SiC VDMOS. This paper investigates the impact
mechanism and regularity of using the SGE process to determine the radiation resistance and
long-term reliability of SiC VDMOS under other identical processes and radiation conditions. Our
experimental results show that after 60Co γ-ray irradiation, the degradation degrees of the static
parameters of SGE-VDMOSFET and planar gate VDMOSFET (PG-VDMOSFET) are similar. The
use of the new process leads to more defects in the oxide layer, reducing the long-term reliability
of the device, but its stability can recover after high-temperature (HT) accelerated annealing. This
research indicates that enhancing the resistance of SEEs using an SGE-VDMOSFET structure requires
simultaneously considering the demand for TIDs and long-term reliability.

Keywords: split-gate-enhanced VDMOSFET; planar gate VDMOSFET; total ionizing dose effect;
long-term reliability

1. Introduction

As the aerospace industry rapidly develops towards deep space exploration, electronic
devices are facing increasingly diverse working environments, making it particularly
important to ensure the stability of device operation in complex space environments. A
space radiation environment is filled with a large number of high-energy particles such
as electrons, protons, gamma-rays, and heavy ions, which pose a threat to semiconductor
components in spacecrafts [1,2]. Silicon carbide power field effect transistors (SiC VDMOS)
have significant advantages, including high temperature, high power, high efficiency, and
reduced volume, meeting the requirements of the new generation of spacecraft power
semiconductor devices. Therefore, SiC-based power semiconductor devices have great
potential for application in space radiation environments [3,4].

Currently, the radiation effects of SiC metal-oxide semiconductor field-effect transis-
tors (SiC MOSFETs) have gained attention [5–8]. In 2012, Akturk et al. conducted a TID
experiment on 1200 V SiC MOSFET power devices using 60Co γ-radiation. The results
showed that the device still had good performance when the accumulated dose exceeded
100 krad (Si). When the accumulated dose exceeded 300 krad (Si), the capacitance be-
tween the gate and drain changed, which significantly affected the device’s switching
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performance [9]. In 2014, Alexandru et al. examined the influence of proton and electron
irradiation on the electrical parameters of 4H-SiC nMOSFETs [10]. The results showed
that the threshold voltage decreased after proton irradiation and tended to stabilize over
time. With an increase in proton dose, the threshold voltage showed a decreasing trend.
Similar changes were observed before and after electron irradiation. Meanwhile, the gate
leakage current remained almost unchanged under the highest flux proton irradiation and
the maximum dose of electron irradiation [11]. In 2019, TID radiation experiments were
conducted on different SiC power devices by Hazdra and Popelka. The results showed that
SiC devices with an oxide layer were more susceptible to TIDs after radiation [12].

In recent years, the radiation damage effects and radiation hardening techniques of
SiC VDMOS devices have gradually become a research hotspot due to their sensitivity
to radiation-induced damage in the oxide layer. Among them, the function disablement
characteristic of SEE radiation damage has received extensive attention both domestically
and abroad [13–16]. Increasing the thickness of the VDMOS oxide layer is a commonly
employed measure to strengthen resistance against SEEs. This method can effectively
enhance the device’s resistance to single-Event gate rupture (SEGR) and has already been
extensively studied in silicon-based VDMOS. As early as 1986, A. E. Waskiewicz et al.
first proposed the SEB effect of power VDMOS devices [17]. In 1987, T. Fischer proposed
the SEGR effect of power VDMOS devices [18]. Cascio, A et al. proposed a method of
thickening the gate dielectric, where they reinforced the device by separately depositing a
thick oxide layer in the gate oxide region of the JFET region. The purpose of this structure
is to increase the breakdown voltage of the gate dielectric layer by increasing the thickness
of the oxide dielectric layer, thereby improving the device’s resistance to SEEs [19]. The
LOCOS (Local Oxidation of Silicon) structure adopted by Tang Zhaohuan and colleagues
is also a reinforcement measure based on the principle of thickening the gate oxide layer.
However, unlike the method of depositing a thick gate oxide layer alone, this structure
consumes some of the silicon thickness in the JFET region [20]. Currently, conventional
reinforcement technology improves the SEE resistance in power MOSFET, which can result
in performance loss to factors such as conductivity and reliability. Therefore, determining
how to improve SEE resistance while meeting the basic operating characteristics of the
device has long been a focus of research for experts in radiation hardening.

Specific on-resistance (Ronsp) is an important indicator for evaluating the performance
of unipolar power devices. Its physical meaning is the product of the on-resistance of
the device and the active conducting area of the chip. A smaller value indicates a higher
technical level, meaning that products with the same on-resistance value require smaller
chip areas. In 1993, J.W. Palmour proposed a vertical UMOSFET structure based on an
immature ion implantation process in a silicon carbide material. As a result, this structure
eliminated lattice loss caused by ion implantation through epitaxy, enabling the device to
withstand voltages up to 330 V with a Ronsp of 33 mΩcm2. Due to various issues in the
UMOS structure process, more researchers have focused on research on VDMOS devices
in recent years. However, VDMOS devices have a large gate-drain capacitance, which
greatly reduces their frequency response and performance when the device operates under
a high-frequency state, leading to performance losses [21,22]. To optimize the working
performance of VDMOS devices under high-frequency conditions, the split-gate structure
(split gate) emerged as a solution, dividing the gate structure in two. This structure
significantly reduced gate leakage capacitance and improved the performance of trench-
gate VDMOS devices.

Modifying the oxide layer structure of VDMOS can effectively enhance the radiation
tolerance of SiC VDMOS, but this complex process could potentially affect the reliability of
the gate oxide. With the use of a new split-gate structure oxide process, defects of different
types and spatial distributions will occur inside the gate oxide layer, which will affect the
TID sensitivity of SiC VDMOS. Therefore, investigating the quality of the oxide layer of the
split-gate structure and studying the changes in TID radiation damage are crucial.
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This paper presents a comparative study on the TID sensitivity and long-term re-
liability of the traditional PG-VDMOSFET structure and the SG-VDMOSFET structure.
The transfer characteristics curves (IDS–VGS), threshold voltage drift (ΔVTH), on-resistance
(RDS(on)), leakage current (IGSS), interface state density (Nit), and current density–electric
field strength characteristic curves (J-E characteristic curves) were analyzed before and after
radiation exposure. This research is based on the improvement of electrical parameters and
reliability degradation of SiC VDMOS, providing experimental data to optimize the gate
oxide process and mitigate TID damage for SiC VDMOS.

2. Samples and Experimental Setup

This experiment utilized two domestically produced 1200 V N-channel SiC VDMOS
devices with a planar gate structure, both packaged in TO-247-3 packages and processed
using the same process flow. P-type wells and N+ source regions were doped via ion
implantation on a 10 um epitaxial layer to form the MOSFET channel region. The gate
oxide layer was then grown via thermal oxidation and annealed in a NO atmosphere after a
HT treatment to activate the carriers. The two devices featured the same cell structure and
had a tox of 50 nm. Specifically, the split-gate structure SiC VDMOS has two symmetrical
gate electrodes placed at an interval on top of the gate insulation layer, with a single
gate length of 1.2–1.25 um and a distance of 1.3 um between the two gates. Figure 1
shows the schematic of two different structures of VDMOSFETs: (a) SGE-VDMOSFET;
(b) PG-VDMOSFET.

 

Figure 1. Typical-size VDMOSFET structure diagram: (a) PG-VDMOSFET; (b) SGE-VDMOSFET.

The experiment was carried out at the Xinjiang Institute of Physics and Chemistry,
Chinese Academy of Sciences. The irradiation source was 60Co, and the dose rate was
100 rad (Si)/s. The samples were irradiated to 300 krad (Si) with a positive gate bias
(VGS = 20 V, drain and source grounded) at room temperature (RT).

An Agilent B1500 A semiconductor device analyzer was used to measure the IDS–VGS
curve before irradiation. Linear extrapolation was performed on the IDS–VGS curve to
obtain the threshold voltage (VTH) of the device. The RDS (on) was tested using a semicon-
ductor isolation device testing system (BC3193) based on the device datasheet, and IGSS was
tested at VGS =20 V and VDS = 0 V. Some devices were subjected to TID irradiation followed
by 168 h annealing at 100 ◦C, with the same bias as the radiation process maintained on all
pins. The device characteristics were then retested after annealing.
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3. Results and Analyses

3.1. The Influence of TID Radiation on the Static Characteristics of SGE-VDMOSFET
and PG-VDMOSFET

Figure 2 shows the relationship between the IDS–VGS curves and cumulative dose for
the two types of SiC VDMOS transistor. For the IDS–VGS curve, we mainly focus on its sub-
threshold region, so the size of VD does not affect the area we need to observe. At the same
time, when testing the IDS–VGS curve using the Agilent B1500 A semiconductor device
analyzer, if VD is greater than 0.1 V and the device is conducting, the equipment will cause
current limiting and cannot be tested. Therefore, to obtain the complete IDS–VGS curve of
the device, VD needs to be set to less than or equal to 0.1 V. As the same process and cell
size were used, the investigation of TIDs was mainly focused on the oxide thickness (tox)
of the devices. In terms of radiation damage, the SGE-VDMOSFET exhibited less severe
damage than the PG-VDMOSFET. Figure 3 shows the threshold voltage degradation curves
of the two devices, with good consistency observed among multiple tested devices in terms
of threshold voltage performance. As the cumulative dose increased, the threshold voltage
decreased uniformly for both devices. The threshold voltage of the PG-VDMOSFET had a
negative drift of 1.62 V at a cumulative dose of 300 krad (Si), while the SGE-VDMOSFET
already exhibited a threshold voltage drift of 1.36 V at the same cumulative dose.

Figure 2. Transfer characteristic curve: (a) PG−VDMOSFET; (b) SGE−VDMOSFET.

 
Figure 3. Threshold voltage shifts ΔVTH as a function of TIDs for PG-VDMOSFET and SGE-VDMOSFET.

Radiation causes ionization in the gate oxide, resulting in the generation of a large
number of electron–hole pairs. Although there are a small number of electron traps formed
by carbon residues during the thermal oxidation growth process in the gate oxide, their
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density is extremely low, and the electrons with high mobility will be quickly swept out
of the gate oxide layer under the influence of an electric field. The holes with lower
mobility are more likely to be captured by hole traps in the oxide layer, becoming positively
charged oxide traps. Oxide traps (mainly hole traps generated during the thermal oxidation
process) will capture more positively charged holes after irradiation, leading to an increased
inversion degree of the NMOS channel and a negative shift in the transfer characteristic
curve towards the negative x-axis. The oxide trap charges that affect the threshold voltage
of the device are mainly located above the channel, with a smaller influence on the gate
oxide layer in the JFET region. Therefore, theoretically, under the same gate oxide thickness
for both devices, the degradation of the threshold voltage should be almost the same.
However, it can be clearly seen from the data of multiple devices that the threshold voltage
degradation of the SGE-VDMOSFET is weaker. This phenomenon often occurs due to
defects in the interface between the gate oxide layer and the silicon carbide substrate caused
by changes in the gate oxide layer fabrication process. Therefore, in Section 3.2 of this
article, this inference is validated.

Subthreshold Swing (SS) refers to the change in IDS with a one-decade increase in VGS.
It represents the change in gate voltage required for the IDS to vary by a factor of 10 and is
also known as the S factor. A smaller S value indicates a faster ON/OFF switching speed.

S =
dVGS

d(lgIDS)
= ln 10

dVGS
d(ln IDS)

= ln 10
dψs
dIDS

IDS
dVGS
dψs

(1)

dψs
dIDS

IDS =
kT
q

(2)

η =
dVGS
dψs

=
Cox + Cdep + Cit

Cox
(3)

SS =
kT
q
η ln 10 =

kT
q

Cox + Cdep + Cit

Cox
ln 10 (4)

In this equation, KT
q represents the thermal voltage, η is referred to as the body factor,

and ψs is the surface potential. Cox is the capacitance of the top-gate oxide layer, Cdep is the
depletion capacitance, Cit is the interface trap capacitance, k is the Boltzmann constant, T is
the temperature, and q is the electronic charge.

The factors affecting subthreshold swing are as follows: (1) An increase in temperature
leads to an increase in subthreshold swing. (2) An increase in gate oxide capacitance leads
to a decrease in subthreshold swing; the use of high-k dielectric materials or a reduction
in the gate oxide thickness can result in a decrease in subthreshold swing. (3) A decrease
in Si depletion layer capacitance results in a decrease in subthreshold swing; factors that
may increase the depletion layer width, such as a decrease in substrate concentration Na or
an increase in substrate bias voltage, lower the subthreshold swing. (4) Interface defects
between the gate oxide layer and the substrate silicon can store charge and can effectively
increase the capacitance, leading to an increase in the subthreshold swing. (5) A shorter
channel length weakens the gate control capability, and hence, leads to an increase in
subthreshold swing. (6) An increase in gate voltage results in stronger surface inversion,
leading to weaker gate control of the channel and an increase in subthreshold swing.

Figure 4 shows the relationship between the S and the total irradiation dose for the two
SiC VDMOS transistors. After TID radiation, the S value of the SGE-VDMOSFET changes
slightly from 282 to 301, while the S of the PG-VDMOSFET remains almost unchanged.
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Figure 4. Subthreshold Swing as a function of TIDs for PG-VDMOSFET and SGE-VDMOSFET.

3.2. Differences in Threshold Voltage Degradation between SGE-VDMOSFET
and PG-VDMOSFET

According to possible charge states, interface states are divided into acceptor-type
interface states and donor-type interface states. Regarding acceptor-type interface traps,
they are negatively charged when they are filled with electrons and electrically neutral
when electrons are lost. For donor-type interface states, they are electrically neutral when
they are filled with electrons and positively charged when electrons are lost. When the
Fermi level at the interface coincides with the center of the bandgap (mid-gap), the interface
states are approximately electrically neutral, and do not cause mid-gap voltage changes.
Since the distribution of interface states in the bandgap is complex, it can only be assumed
that the interface states are approximately electrically neutral at the mid-gap. Other factors
affecting threshold voltage, such as work function difference and semiconductor space
charge, do not change due to irradiation; therefore, the change in mid-gap voltage caused
by irradiation is mainly due to the change in oxide trap charge [23–25].

Figure 5 shows the voltage changes caused by oxide trap charge-induced changes
(ΔVot) and interface state-induced changes (ΔVit) as separated using the mid-gap voltage
method [26]. It can be seen that ΔVot is the main cause of the threshold voltage change.
During the thermal oxidation process, the oxide layer hole traps generated by oxygen
defects and the near-interface hole traps formed during nitrogen passivation can capture a
large number of holes generated via ionizing radiation. The trapped holes mainly affect
the threshold voltage drift of the device. After being exposed to total ionizing radiation,
the ΔVTH of PG-VDMOSFET decreased by 1.6 V, and the ΔVTH of SGE-VDMOSFET de-
creased by 1.4 V, with weaker degradation in the ΔVTH of SGE-VDMOSFET. The ΔVot of
PG-VDMOSFET decreased by 1.9 V, and the ΔVot of SGE-VDMOSFET decreased by 1.8 V,
with weaker degradation in the ΔVot of SGE-VDMOSFET. The ΔVit of PG-VDMOSFET
increased by 0.3 V, and the ΔVit of SGE-VDMOSFET increased by 0.4 V, with stronger
degradation in the ΔVit of SGE-VDMOSFET. Our analysis indicates that there are two
reasons for the weaker degradation in the ΔVTH of SGE-VDMOSFET: (1) from the ΔVot
perspective, the SGE-VDMOSFET utilizing the new process has fewer oxide defect po-
tential hole traps in the oxide layer produced during the thermal oxidation process com-
pared to PG-VDMOSFET, leading to weaker degradation in the ΔVot of SGE-VDMOSFET;
(2) from the ΔVit perspective, PG-VDMOSFET has fewer interface states at the gate oxide
interface due to less etching, resulting in fewer captured electrons during the radiation
process and weaker degradation in the ΔVit. Overall, reason 2 is the main reason for the
weaker degradation in the ΔVTH of SGE-VDMOSFET.
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Figure 5. ΔVTH, ΔVot, and ΔVit as functions of TIDs for PG-VDMOSFET and SGE-VDMOSFET.

When designing a switching power supply or driving circuit using MOSFET, it is
generally necessary to consider the on-resistance of the MOSFET. Because energy is con-
sumed on this resistance when current flows through the drain and source, this energy
consumption is called conduction loss. Choosing a MOSFET with a lower on-resistance
can reduce conduction loss to a certain extent. If a higher breakdown voltage is required,
the internal structure needs to be made thicker, so the on-resistance of a MOSFET with a
higher breakdown voltage will be larger.

Meanwhile, gate leakage current is also a very important parameter in semiconductor
devices. It describes the insulation effect of the transistor and has an important impact on
the service life and stability of the device. The gate leakage current refers to the leakage
current between the gate and drain of a transistor when it is in the off state. By measuring
the leakage current value of the device, we can evaluate the insulation quality. As an
important component of semiconductor devices, the gate leakage current of a transistor
has a significant impact on its performance.

There are three factors that affect gate leakage current: 1. Temperature is an impor-
tant factor that affects gate leakage current. As the temperature increases, the leakage
current between the gate and drain of the transistor gradually increases. Therefore, when
conducting temperature tests, it is necessary to ensure that the operating temperature of
the transistor does not exceed its allowable maximum temperature. At the same time, it
is also necessary to compare different devices under the same temperature conditions to
determine the magnitude of their gate leakage current. 2. Voltage is also one of the factors
that affect the magnitude of the transistor’s gate leakage current. At a certain operating
temperature, as the acceleration voltage increases, the gate leakage current of the transistor
also shows an increasing trend. Therefore, when conducting gate leakage current tests,
attention should be paid to the selection of the test voltage and the duration of the test.
3. The quality of insulation materials also affects the magnitude of the gate leakage current.
Higher-quality insulation materials can effectively suppress the gate leakage current of
the transistor. Therefore, when designing semiconductor devices, it is necessary to select
high-quality insulation materials to ensure the stability and reliability of the device.

Figure 6 shows the changes in the electrical parameters of two SiC VDMOS transistors
as a function of accumulated radiation dose. After irradiation, the gate oxide of the two
devices accumulated positive charges in oxide traps to varying degrees. Defects that carry
a positive charge attract electrons onto the semiconductor surface, increasing the surface
electron concentration, and hence, reducing the device RDS (on). When the accumulated
dose reaches 300 krad (Si), the IGSS of SGE-VDMOSFET increases slightly but remains at
the nA level. TIDs do not significantly affect the IGSS of either device. The examination
of gate leakage current is often carried out by observing whether it undergoes a sudden
change from the nA level to the μA level. The variation in Figure 6 is very small, which is
highly likely to be due to measurement errors caused by the equipment.
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Figure 6. RDS (on) and IGSS as a function of TIDs for samples (a,b).

3.3. The Influence of TID Radiation on Electron Tunneling in Gate Oxide

It is generally accepted that Fowler–Nordheim (F-N) tunneling becomes one of the
main reasons for charge transport through the oxide layer when the oxide layer is thick or
the gate voltage is high. F-N tunneling is an electron tunneling phenomenon caused by an
electric field. As shown in Figure 7, when a high voltage is applied to the polycrystalline
silicon/oxide/carbon structure, the barrier in the oxide layer becomes very steep, and
electrons in the SiC conduction band face a triangular barrier that depends on the external
electric field. When the voltage is high enough, the barrier becomes extremely narrow,
and electrons can tunnel through the barrier, entering the oxide conduction band from the
SiC conduction band, thus inducing F-N tunneling. The tunneling current density can be
expressed as follows using a self-consistent electron model and WKB approximation [27]:

JFN =
q3E2

16π φB
exp(−4

√
2m∗φB3

3q E
) (5)

Figure 7. An energy band diagram of P-type substrate silicon carbide under positive gate bias.

The expression can be adjusted using a correction factor that includes � as the reduced
Planck constant, φB as the barrier height, m∗ as the effective mass of electrons in the oxide
layer, and E as the electric field strength in the oxide layer. The correction factor can reflect
the effect of the mirror potential as well as the influence of temperature on the tunneling
process [28].

Figure 8 shows changes in the gate oxide J-E curves of two SiC VDMOS transistors
as a function of accumulated total dose. For the PG-VDMOSFET device, the gate oxide
current density increases uniformly when the accumulated dose reaches 300 krad (Si), but
the characteristic gradually recovers after 168 h HT accelerated annealing. The J-E charac-
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teristic of non-irradiated SGE-VDMOSFET exhibits hysteresis at an electric field strength
of 4 MV/cm. When the accumulated dose for SGE-VDMOSFET reaches 300 krad (Si), the
tunneling characteristic of the device tends to be stable, and the device has better gate oxide
characteristics after subsequent 168 h HT accelerated annealing. Further investigation is
required to ensure the long-term reliability of the device.

 
Figure 8. Current density–electric field strength (J-E) characteristic curves for devices irradiated with
60Co γ-rays up to 300 krad (Si) at a dose rate of 100 rad(SiO2)/s, and annealed for 168 h at 100 ◦C.

4. Conclusions

With an increase in accumulated dose during 60Coγ-ray irradiation, both PG-VDMOSFET
and SGE-VDMOSFET experience varying degrees of radiation damage. For VTH, SGE-
VDMOSFET experiences weaker degradation compared to PG-VDMOSFET. This is mainly
due to the presence of more defects at the interface during the growth and etching of gate
oxide in SGE-VDMOSFET, and an increase in interface states after irradiation. The electrical
performance consistency of SGE-VDMOSFET devices is poor. At the same time, there are
reliability problems with the gate oxide. The initial samples had more deep-level defects
inside the gate oxide, which facilitated electron tunneling from the substrate through F-N
tunneling under electric stress. The SGE process may lead to the generation of more deep-
level defects in the gate oxide when solving the SEE problems of SiC VDMOS. J-E can be
significantly improved after irradiation and 168 h high-temperature annealing. Improving the
SEE resistance of SiC VDMOS via the SGE process requires consideration of the long-term
reliability degradation of the devices.
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Abstract: The reliability of nanoscale electronic systems is important in various applications. How-
ever, they are becoming increasingly vulnerable to atmospheric neutrons. This research conducted
spallation neutron irradiations on a Xilinx Zynq-7000 system on a chip using the China Spallation
Neutron Source. The results were analyzed in combination with a Monte Carlo simulation to explore
the impact of atmospheric neutrons on the single event effects of the target system on chip. Mean-
while, the contribution of thermal neutrons to the chip’s single event effect susceptibility was also
assessed. It was found that absorbing thermal neutrons with a 2 mm Cd sheet can protect against
the single event effect on the system on the chip by about 44.4%. The effects of B and Hf elements,
inside the device, on a single event effect of the Xilinx Zynq-7000 system on chip were evaluated too.
Additionally, it was discovered that 10B interacting with thermal neutrons was the primary cause
of the thermal neutron-induced single event effect in the system on chip. Although Hf has a high
neutron capture cross section, its presence does not significantly affect the sensitivity to single event
effects. However, during atmospheric neutron irradiation, the presence of Hf increases the possibility
of depositing the total dose in the tested chip.

Keywords: spallation neutron; thermal neutron; Monte Carlo; system on chip; single event effect

1. Introduction

The atmospheric neutron comes from the interaction of cosmic rays with the atmo-
spheric nuclei. These neutrons have a wide range of energies, ranging from thermal
neutron to GeV [1]. In the past decades, this has been serious concern in the field of
avionics, regarding atmospheric neutrons resulting in single event effects (SEE) [2,3]. As
semiconductor manufacturing technology rapidly develops, concerns have also shifted
to the potential of atmospheric neutrons to cause single event effects (SEE) in terrestrial
electronic systems [4–6].

The sensitivity of electronic systems to atmospheric neutrons can be explored in two
ways [7]. One involves conducting high altitude tests in real atmospheric environments.
For instance, Xilinx’s Rosetta experiment assessed the soft errors of various technology
field programmable gate arrays in different locations globally in the past few years [8–10].
Similarly, in China, Chen et al. investigated the real-time atmospheric neutron induced soft
errors on different static random access memories at the Yangbajing international cosmic
ray observatory of the Chinese Academy of Science in Tibet, China [11–13]. However, the
major drawback of this method is that it can be quite time consuming, even though the
results obtained are the most authentic.
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The other method involves performing irradiation tests using various irradiation
equipment to evaluate the effects of years of exposure in real surroundings in just a few
hours with intense flux [7]. This can be achieved by using sources such as a reactor,
monoenergetic neutrons, and spallation neutrons [14]. Among these, spallation neutrons
are considered to be closer to the real situation and are the ideal surrogate for accelerating
atmospheric neutron SEE tests when compared to the former two [15]. In addition, by
spallation neutron irradiation, it is possible to conduct a more comprehensive analysis
on the total single-event effects (SEE) caused by atmospheric neutrons, including the
assessment of the contribution of different energy ranges of neutrons [16]. For instance,
the assessment of SEE soft errors comes from the thermal neutron, the neutron above 1 or
10 MeV. In particular, it is more convenient to further investigate the impact of thermal
neutrons on an atmospheric environment.

In 2001, R. C. Baumann was the first to report that 10B interacting with the thermal
neutron is a dominant factor in soft errors for deep-submicron static random access memory
with borophosphosilicate glass (BPSG) packages [17]. Since then, advanced integrated
circuit development has led to chip packages no longer requiring the BPSG package [18–20].
However, for the nanoscale electronic systems, even though the BPSG package is no longer
used, they still face the threats of 10B interacting with thermal neutrons [21–24]. This is
because 10B contamination might occur in the semiconductor contact and doping processes,
and the rapidly developed semiconductor manufacturing technology pushes the supply
voltage and SEE critical charges lower and lower.

In [21], M. Cecchetto et al. pointed out that the thermal neutron can induce almost
90% of upset events in some cases. In [22], C. Weulersse et al. analyzed the SEE soft
errors for 90, 65, and 28 nm technology memories under thermal and high energy neutron
conditions, and confirmed that 28 nm technology devices are strongly impacted by the
thermal neutron. Recent research has investigated the influence of 10B contamination on
SEE susceptibility by exposing a 65 nm technology microcontroller unit to thermal and
high-energy neutrons at the China Spallation Neutron Source [25]. The results showed
that 10B interacting with thermal neutrons dominated the atmospheric neutron SEE in the
device, with a SEE ratio of 1.89:1 induced by thermal and higher energy neutrons on the
65 nm technology microcontroller unit [25].

The 65 nm technology microcontroller unit test results in our previous work also
indicate that the interaction of 10B with thermal neutrons is still a serious concern for
advanced integrated chips. Additionally, the obtained results have also further motivated
us to explore the thermal neutron impact on the smaller technology system on chip us-
ing China spallation neutron source, for instance, the Xilinx Zynq-7000 system on chip
(SoC) which is manufactured with the 28 nm complementary metal oxide semiconductor
(CMOS) technology.

For the Xilinx Zynq-7000 SoC thermal neutron SEE analysis, in addition to the possible
boron contamination, another element should also be considered. This element is the
hafnium (Hf) element. Compared to boron (B), the neutron capture cross section with Hf
is higher at several eV intervals. Figure 1 displays the neutron cross section spectra of
10B (19.9% abundance), 178Hf (27.1% abundance), and 28Si (92.2% abundance) [26]. It can
be seen that the peak cross section of 178Hf even reaches 105 barns. The cross sections of
178Hf with thermal neutrons are also higher than those of 28Si by two orders of magnitude.
Another significant fact is that the element boron exists in the Xilinx Zynq-7000 SoC as
a result of contamination from manufacturing processes; however, its region cannot be
confirmed by measurements such as secondary ion mass spectrometry. Hafnium is different
from the element boron, and does indeed exist in the high-K dielectric materials used in the
manufacturing of the Xilinx Zynq-7000 SoC. This makes the atmospheric neutron-induced
SEE assessment on the Xilinx Zynq-7000 SoC even more complicated.
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Figure 1. The cross sections of the neutron with 10B (19.9% abundance), 178Hf (27.1% abundance),
and 28Si (92.2% abundance) [26].

The atmospheric neutron-induced SEE on the Xilinx Zynq-7000 SoC was examined
via an irradiation test conducted at the China Spallation Neutron Source (CSNS)-BL09 [27].
In the irradiation test, the Xilinx Zynq-7000 SoC chip was directly exposed to the ejected
neutron beam without any shielding, which covered both thermal and high-energy compo-
nents. To achieve a deeper understanding of the atmospheric neutron SEE on the Xilinx
Zynq-7000 SoC, a second irradiation was conducted with the inclusion of a 2 mm cadmium
(Cd) sheet to absorb the thermal neutrons in front of the chip. By comparing the results of
the two irradiation tests, it is possible to investigate the contribution of thermal neutrons
to the tested SoC. Furthermore, the impact of elements such as B and Hf can be analyzed
through both irradiation and Monte Carlo simulations.

2. Irradiation Tests

As mentioned above, performing an actual atmospheric neutron SEE test would be
time consuming, and the spallation neutron source is the closest to the real atmospheric
neutron spectrum. The implementation of the China Spallation Neutron Source in 2018 has
made it convenient to conduct atmospheric neutron SEE tests in China using the spallation
neutron source [28]. We have obtained some SEE test results from [25,27]. Figure 2 illustrates
the calculated differential flux of the neutron beam from the China Spallation Neutron
Source (CSNS) (109 for the Beijing terrestrial system). The CSNS spectrum is very similar to
that of the atmospheric neutron spectrum at sea level, as observed for the Beijing terrestrial
system, though larger by a factor of 109. In the actual environment, even though the neutron
spectrum impinging on a chip will be different from the spallation neutron beam due to
the surrounding factors, the detected results are close to the actual situation.
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Figure 2. The differential flux of the neutron beam at CSNS [25,27,29].

Two separate irradiation tests were performed on the same series Xilinx Zynq-7000
SoC using the CSNS-BL09 facility. In the first test (described in reference [27]), the tested
SoC was exposed to the neutron beam without any shielding. In the second test, which
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is the main effort of this work, a 2 mm thick Cd sheet was inserted between the beam
ejection stop and the tested chip to absorb thermal neutrons. The effectiveness of the sheet
in absorbing neutrons with energies below 0.5 eV is demonstrated in Figure 3, which shows
a comparison of the neutron spectrum at the terminal with and without the Cd sheet.
In Figure 3, the spectrum of CSNS-BL09 + 2 mm Cd is measured behind the 2 mm Cd
sheet before the irradiation test. Even though the thermal neutron that interacts with the
Cd might produce some new neutrons, the figure indicates that the neutron fluence was
reduced by two to three orders of magnitude with the 2 mm Cd sheet shielding in place at
energies lower than 0.5 eV.

Figure 3. Neutron fluence with and without 2 mm Cd sheet [25].

The on-chip memory (OCM) block of the Xilinx Zynq-7000 SoC (Xilinx-Zynq 7020
CLG484) was examined in the first irradiation. For comparison, it was tested in this work
again. The 64 kB data stored in the OCM were dynamically tested; the checked pattern data
were written into the OCM addresses and subsequently read back by the SoC. The read
back data were compared with the check pattern data to identify any SEE. The comparison
results were transferred to a PC and displayed in a terminal. To allow for comparison with
the first irradiation, which examined the normal condition without any SEE mitigation
techniques, the same conditions were replicated in this effort.

The test setups for both irradiation tests were almost identical, except for the addition
of a 2 mm Cd sheet in the second test to absorb thermal neutrons. The test board was pow-
ered by a 2260B programming DC power supply, and the real-time current was monitored
and recorded by a remote host computer. Additionally, potential single event latch-up was
monitored during the tests. Communication between the host computer and test board
was established through a universal serial bus cable, and running messages were recorded
in real-time.

3. Results and Discussions

During both irradiations, four types of soft errors were detected: single bit upset (SBU),
dual cell upset (DCU), multi-cell upset (MCU), and single event functional interruption
(SEFI). No abnormal current was detected, indicating that no latch-up event occurred
during the atmospheric neutron SEE irradiation tests of the chip. However, there were
discrepancies between the two irradiations in terms of SEE cross section, suggesting that
thermal neutrons had an impact on the Xilinx Zynq-7000 SoC during the atmospheric
neutron irradiation tests.

3.1. Detected Events

In the current irradiation test, 19 events were detected. Table 1 presents the number
of each type of error, with SBU events being the most frequent, which is similar to the

142



Electronics 2023, 12, 2057

first irradiation. During the current irradiation, the neutron flux above 1 MeV was approx-
imately 6.85 × 105 n·cm−2·s−1, and the corresponding fluence was 2.47 × 1010 n·cm−2.
As a result, the SBU cross section was calculated to be (5.26 ± 0.26) × 10−10 cm2 and
(1.00 ± 0.05) × 10−15 cm2·bit−1 for the irradiation with few thermal neutrons.

Table 1. The detected SEE in irradiation with few thermal neutrons.

SBU DCU MCU SEFI

13 2 2 2

Figure 4 displays the detected SEE during the first irradiation [27]. The figure shows
the number of SBU 21, which is the highest among all types of events. Table 1 and Figure 4
show that SBU events dominate the detected soft errors in both irradiations.

 

5 (15.625%)

2 (6.25%)

4 (12.5%)

21 (65.625%)
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 DCU
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 SEFI

Figure 4. The detected numbers of different SEE in the first irradiation test at CSNS-BL09 [27].

Table 2 presents the SBU cross sections for two different irradiations.

Table 2. The SBU cross sections in two irradiations [27].

Neutron
Beam

Fluence
1010 cm−2 SBU

Cross Section
10−10 cm2

Bit Cross Section
10−15 cm2·bit−1

CSNS-BL09 [27] 2.22 21 9.46 ± 0.47 1.80 ± 0.09
CSNS-BL09 + 2 mm Cd 2.47 13 5.26 ± 0.26 1.00 ± 0.05

In the current irradiation, the neutron fluence is 2.47 × 1010 n·cm−2, which is 11.26%
higher than in the first irradiation. Surprisingly, the number of SBU events is only 13 in the
current irradiation, whereas it was more in the first irradiation, achieving 21. In general,
a high fluence should correspond to a high number of SEE, this anomaly indicates that
thermal neutrons may be contributing to the atmospheric neutron SEE on the tested SoC.
The difference in bit cross sections between the two irradiations is 0.8 × 10−15 cm2·bit−1,
which could be attributed to the shielding of thermal neutrons in the second irradiation.
According to Formula (1), this indicates that shielding thermal neutrons with a 2 mm Cd
sheet could make the SEE cross section smaller by about 44.4%. These findings demonstrate
that the impact of thermal neutrons cannot be disregarded when it comes to SEE caused by
atmospheric neutrons in the Xilinx Zynq-7000 SoC, even though the tested chips no longer
employ BPSG in their packaging.

d =
σ− ξ

σ
(1)

where d is the discrepancy, σ and ξ are the bit cross section of the first and the current
irradiation test with cm2·bit−1.
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3.2. B Influence

The atmospheric neutron irradiation test results of the 65 nm technology microcon-
troller unit showed that secondary particles from thermal neutrons interacting with 10B
could cause SEU in advanced electronic systems and make a significant contribution to the
SEE cross section. When compared to the 65 nm technology memory cell, the SEU critical
charge of the 28 nm complementary metal oxide semiconductor technology memory cells
is lower, making the Xilinx Zynq-7000 SoC memory cells more susceptible to soft errors
induced by thermal neutrons.

10B + nth→7Li(1.01 MeV) + α(1.78 MeV) (2)

10B + nth→7Li(0.84 MeV) + α(1.47 MeV) + γ(0.48 MeV) (3)

The sum of the energies of generated secondary α and 7Li is constant. They are located
within a determined region in the pulse amplitude distribution spectrum. Formulas (2) and (3)
describe the mechanisms of the thermal neutron (nth) interacting with 10B. The probability
of (2) is 6%, while that of (3) is 94% [30,31]. In (3), although 0.48 MeV γ is also produced,
unlike the generated 7Li and α ions, it is uncharged. It needs to generate secondary electrons
or other ionization particles to trigger SEE; this case’s probability is rather low. In addition,
the γ ray has a high penetration depth, making it deposit energy over a long trajectory,
while the size of the sensitive volume of 28nm technology memory cells is extremely small.
This means the sensitive volume cannot collect as many charges to induce SEE when a
gamma ray passes. Thus, SEE induced by the produced gamma ray can be disregarded
here. Given the above analysis, it could be speculated that the key factors of SEE cross
section discrepancy on the tested SoC are generated by the secondary α and 7Li. Table 3
illustrates the ranges and linear energy transfers (LETs) of the generated ionized secondary
particles in silicon [32].

Table 3. The ranges and LETs of secondary particles of 10B with the thermal neutron.

Range in Silicon/μm LET/MeV·cm2·mg−1

7Li α 7Li α

0.84 MeV 1.01 MeV 1.47 MeV 1.78 MeV 0.84 MeV 1.01 MeV 1.47 MeV 1.78 MeV

2.50 2.80 5 6.36 2.10 2.16 1.15 1.06

Due to the significant discrepancy between Formulas (3) and (2), the following anal-
ysis will primarily focus on the secondary particles of (3), which are similar to (2). The
α (1.47 MeV) and 7Li (0.84 MeV) ions have ranges of only 5 μm and 2.5 μm in silicon,
respectively. These are much lower than the thickness of the Xilinx Zynq-7000 SoC from
its top passive layers to the substrate’s surface [33]. This phenomenon suggests that 10B
contamination indeed exists within the chip, which is approaching the sensitive volumes
of the memory cell of the SoC. The SEE LET threshold of the 28 nm CMOS memory cell is
approximately 0.50 MeV·cm2·mg−1 [34]. This is because the LETs are about 2.10 and 1.15
MeV·cm2·mg−1 for the 7Li (0.84 MeV) and α (1.47 MeV), respectively, meaning they are
higher than the threshold. This means that both secondary particles can induce SEE in the
tested SoC.

The current tested Xilinx Zynq-7000 SoC also includes the Hf element in the high-K
dielectric materials. Furthermore, the cross section of the Hf element with the thermal
neutron is greater than that of silicon. As a result, it is not yet possible to conclude that the
disparity between the two can be attributed solely to the presence or absence of 10B.

3.3. Hf Influence
10B interacts with thermal neutrons, leading to SEE primarily caused by nuclear

reactions. Meanwhile, the main interaction between the thermal neutron and the Hf
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element is the (n, γ) reaction, as depicted in Figure 5, which produces γ-rays that typically
result in the total ionizing dose rather than SEE in the device [35]. As mentioned above, the
possibility of SEE occurring from the interaction between generated γ-rays is relatively low.
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Figure 5. Neutron cross section spectrums of (n, γ) and elastic reactions with 178Hf [26].

The cross sections of 178Hf interacting with eV-level neutrons are remarkably high,
reaching 105 barns when compared to high-energy neutrons. Therefore, it is crucial to
thoroughly evaluate whether the presence of hafnium in the tested SoC contributes to
atmospheric neutron-induced SEE.

While the contribution of the (n, γ) reaction to the induction of SEE in the SoC is
relatively low, there is a potential for the transfer of energy from neutrons to hafnium nuclei
in elastic interactions, which may increase the likelihood of causing SEE. The maximum
transfer energy to the Hf nuclei from a neutron can be calculated using Formula (4) [36].

Et =
4MnMt

(Mn + Mt)2 En (4)

Et is the max energy transfer to Hf nuclei with keV; Mn is the mass of the neutron,
which is 1.67 × 10−27 kg; Mt is the Mass of Hf and it is 2.96 × 10−25 kg; and En is the
energy of neutron with keV.

The focus of this article is on SEE soft errors for the Xilinx Zynq-7000 SoC induced
by thermal neutrons reacting with boron and hafnium elements. As stated in Section 2,
neutrons with an energy lower than 0.5 eV are absorbed by the inserted 2 mm Cd sheet.
For the 0.5 eV neutron, the maximum energy transferred to the Hf atom is approximately
0.01 eV. The resonance in the Hf cross section has a high peak, while being intensely nar-
row. Additionally, even with an extension of the neutron energy to the rightmost peak,
the corresponding maximum energy transferred is lower than 0.03 keV. Based on their
corresponding LET values (which are lower than 0.50 MeV·cm2·mg−1), it is unlikely that
they would result in SEE on the tested SoC. Therefore, the high cross section elastic interac-
tion between Hf and thermal and eV neutrons does not have an impact on atmospheric
neutron-induced SEE in the Xilinx Zynq-7000 SoC. It can be concluded that the difference
in SEE cross section between the two irradiations is mainly caused by the presence of
10B contamination, which indeed exists within the chip. It verifies the thermal neutron’s
influence on the nanoscale device’s SEE susceptibility again.

3.4. Monte Carlo Simulation

The thickness and materials of the passive layers on the cut cross section of the chip
were obtained [27,33]. The 28 nm high-K metal gate technology consists of TiN (8 nm),
HfO2 (10 nm), and SiON (1.2 nm) [37]. Additionally, the ultra-thin SiON layer in the high-k
metal gate technology can also be an ultra-thin SiO2 layer [38]. Based on this information,
two Geant4 Monte Carlo simulation models were developed to examine the influence of the
Hf element [39,40]. In Figure 6a, only the TiN and ultra-thin SiO2 layers were considered
in the first model, while in Figure 6b, the TiN, HfO2, and ultra-thin SiO2 layers were
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considered simultaneously in the second model. The remaining parameters for the two
simulation models are the same. As trace amounts of boron impurities may be introduced
by manufacturing processes or other means, and their abundance and region cannot be
determined precisely, boron was not considered in the simulation.

(a) (b)

Figure 6. The two built Geant4 simulation models. (a) TiN and ultra-thin SiO2 layers above the
substrate, (b) TiN, HfO2, and ultra-thin SiO2 layers above the substrate.

In the simulation, the spectrum of neutron sources accurately reflects that of the first
irradiation test, comprising both thermal and high energy neutrons. The model’s surface
area measures 10 μm × 10 μm, and contains a total of 107 neutrons. To detect single event
upsets (SEUs), 32 × 32 sensitive volumes (SVs) have been strategically placed throughout
the geometry, with each SV measuring 130 nm × 130 nm × 130 nm. An SEU is detected
when the deposited energy in an SV exceeds the critical charge of 0.18 fC.

Table 4 presents the recorded number of the detected SEU events in the cells and
the deposited doses in the ultra-thin SiO2 layer in both simulations. The results show
that the number of upset events and the cross section remain consistent between the two
simulations. However, the deposited total dose in the ultra-thin SiO2 layers differs by
almost five times. This confirms that the presence of the Hf element does not impact
the Xilinx Zynq-7000 SoC atmospheric neutron’s SEE vulnerability. Nevertheless, the
existence of hafnium may increase the total deposited dose during atmospheric neutron
SEE irradiation, as highlighted by the high (n, γ) cross section shown in Figure 5. The larger
number of γ rays implies a greater potential for total ionization dose on the examined SoC.
These simulation results support the need for total dose threat monitoring in future high
fluence atmospheric neutron SEE irradiation tests for similar series SoC.

Table 4. The upset number and deposited doses in two simulations.

Upset Number Bit Cross Section/cm2·bit−1 Deposited Dose/rad

First Model Second Model First Model Second Model First Model Second Model
5 5 5 × 10−16 5 × 10−16 12.6 63.3

Based on the first model, the gamma ray striking simulation has also been executed,
but no SEE events were detected. This confirms that the SEE cross section discrepancy
between the two irradiations is produced by B interacting with thermal neutron.

The current two built models aimed to examine the influence of Hf on the SEE sensi-
tivity of the Xilinx Zynq-7000, and this was achieved (five times total dose discrepancy was
observed). In the future, if the information about the boron contamination could also be
further confirmed in the SoC, the update models could be constructed and more detailed
simulations could be executed. In addition, if possible, different energies of gamma ray
striking experiments could be performed to investigate gamma influence on the SEE and
confirm the findings of the current effort further.
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4. Conclusions

The Xilinx Zynq-7000 SoC manufactured with 28 nm CMOS technology was exposed
to two rounds of spallation neutron irradiation at CSNS-BL09. In the first irradiation, the
spectrum covered both thermal and high-energy neutron components, while the second
irradiation shielded thermal neutrons. The analysis of both irradiation tests revealed
discrepancies. These discrepancies should be attributed to the interaction of 10B with
thermal neutrons. To mitigate the sensitivity of the Xilinx Zynq-7000 SoC to atmospheric
neutron single event effects, a 2 mm Cd sheet can be employed to shield thermal neutrons
against SEE sensitivity by approximately 44.4%. Although hafnium indeed exists in the
Xilinx Zynq-7000 SoC and has a high interaction cross section with thermal neutrons, it
does not affect atmospheric neutron SEE. However, it is important to pay attention to the
total dose hazard during simulated atmospheric neutron SEE irradiation, as hafnium can
increase the probability of a deposited total dose.
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Abstract: Star sensors are widely used by satellites for their precise pointing accuracy. However,
protons in space will cause cumulative effects and single-event transients in the imaging systems of
star sensors. These effects will affect the success rate of star map recognition of star sensors. In this
paper, proton irradiation experiments and field tests were carried out in turn, and three typical star
recognition algorithms were used to recognize the star maps. The results showed that cumulative
effects led to a decrease in the number of identifiable stars, which greatly affected the recognition
success rate of the grid algorithm. Hot pixels caused by displacement damage effects increased the
star centroid positioning error, leading to a decrease in the recognition success rate of the triangle
algorithm and pyramid algorithm. Single-event transients produced by protons hitting the image
sensor are similar to the grayscale value and shape of a star, and were recognized as “false stars”,
which had a significant impact on the success rate of the three recognition algorithms. In general, the
pyramid algorithm was more effective than the other two algorithms in identifying the affected star
map, and the recognition success rate of the grid algorithm was significantly reduced.

Keywords: CMOS image sensor; star sensor; hot pixel; single-event transient; star map recognition
algorithm

1. Introduction

A star sensor is an optical measurement device that takes stars as observation targets
and outputs the attitude information of its measurement coordinate system in the inertial
coordinate system, and it is the most accurate attitude sensor at present [1,2]. The imaging
system is an important component of a star sensor, and it determines the stellar detection
sensitivity and attitude measurement accuracy of the star sensor. Since complementary
metal oxide semiconductor image sensors (CMOS image sensors) have the advantages of
high integration and low power consumption, most star sensors use CMOS image sensors
as imaging devices [3–5]. However, CMOS image sensors in star sensors are subject to
cumulative effects and single-event transients by the widespread presence of protons in
space. The cumulative effects cause the degradation of image sensor parameters such as
dark current, uniformity, and full well capacity [6–8]. Moreover, protons can cause bulk
defects inside the image sensor, resulting in hot pixels in the image. As the radiation fluence
increases, the detection performance and accuracy of the star sensor decrease [9]. Single-
event transients produced by protons hitting CMOS image sensors appear as clusters in an
image. Some of the clusters are similar to the grayscale value and shapes of stars, resulting
in “false stars” in the field of view of the star sensor. The star sensor in JASON-1 can only
be temporarily turned off when it is disturbed by transient clusters, and the satellite uses a
gyroscope for attitude positioning [10,11].

Star map recognition is the matching of stars in the current field of view of the star
sensor with reference stars in the existing star catalogue, being an important prerequisite
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for the accurate determination of the space attitude of the spacecraft. At present, the most
widely used star map recognition algorithms can be divided into sub-graph isomorphism
recognition algorithms and pattern recognition algorithms [12]. After years of development,
star map recognition algorithms have greatly improved in terms of recognition accuracy
and speed. However, the improvement in and research on these star map recognition
algorithms are based on ideal conditions. Proton irradiation in space will degrade the
performance of the image sensor and affect the recognition success rate. This will affect
the output of high-precision attitude information from the star sensor. The specific impact
mechanism of proton irradiation on different star map recognition algorithms has not yet
been studied.

In this paper, we researched the mechanism of the cumulative effects and single-event
transients caused by proton irradiation of CMOS image sensors on the star map recognition
algorithm. The paper first introduces the test details and star map recognition algorithms
used in this paper, then analyzes the effects of proton irradiation on the star map recognition
algorithm of a star sensor such as reducing the identifiable number of stars due to the
degradation of device performance caused by cumulative effects, star centroid positioning
error increase by hot pixels, and “false stars” caused by single-event transients. This paper
provides theoretical support for the improvement in star map recognition algorithms for
long-term on-orbit star sensors.

2. Test and Algorithms

2.1. Test Details

The CMOS image sensor used in the experiment is a global exposure image sen-
sor produced by CMOSIS; the number of pixels is 2048 × 2048, and the pixel size is
5.5 μm × 5.5 μm. Proton irradiation experiments were divided into the cumulative ra-
diation test and single-event effects test. Cumulative irradiation test was carried out at
Peking University. This test was an offline test, and the energy of proton irradiation was
3 MeV. Three image sensors were subjected to irradiation fluences of 3.68 × 109 p/cm2,
1.47 × 1010 p/cm2, and 3.6 × 1010 p/cm2, separately. The single-event effects test was
carried out at the Northwest Institute of Nuclear Technology, and the energy of proton
irradiation was 60 MeV. This test was an online test, the image sensor was kept working
during the irradiation, and 10-bit RAW format images containing transient bright clusters
were obtained from the image sensor driver board to the computer through the camer-
alink cable. The characteristics of single-event transient bright clusters were extracted and
analyzed after the test. After all the irradiation experiments were completed, the field
test was carried out at the Lijiang Observatory. Three CMOS image sensors with different
irradiation fluences and one unirradiated CMOS image sensor were installed into the star
sensor test system in turn. The integration time of the CMOS image sensor was adjusted
to 95.6 ms after the calibration of the principal point and focal length of the test system in
the laboratory, and the platform was kept stable while pictures were taken of the Orion
sky area.

2.2. Star Map Recognition Algorithms

The star map recognition algorithm relies on accurate locations of stars in a star
map, but the star map captured by CMOS image sensor also contain noise besides stars,
and thus the star map needs to be filtered to obtain identifiable stars through threshold
segmentation. In this paper, a low pass filter was used, and the threshold segmentation
value was the average grayscale value of the star map plus three times the standard
deviation of the grayscale value. The classic star map recognition algorithms, including
the triangle algorithm, pyramid algorithm, and grid algorithm, were used to complete the
star map recognition. Although many new recognition algorithms have been proposed
since these algorithms were first introduced, most of the new recognition algorithms were
improved on the basis of these algorithms. Therefore, it is very meaningful to use these
three algorithms as research objects. Among them, the triangle algorithm and the pyramid
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algorithm belong to the sub-graph isomorphism algorithms, and the grid algorithm is a
pattern recognition algorithm.

The triangle recognition algorithm works by creating triangles out of three stars
from the star map, and utilizing the diagonal distances between these stars as matching
features [13]. The identification process involves filtering the star catalogue based on the
star sensor’s limit magnitude, then calculating the cosine value of the diagonal distance
between each pair of filtered stars; the calculation formula is shown in Equation (1). Finally,
a star pair information catalogue is constructed, which includes the numbers of the two
stars and the cosine value of the angle between them.

θThe = VA·VB

=

⎛
⎝cos δA· cosαA

cos δA sinαA
sin δA

⎞
⎠·

⎛
⎝cos δB· cosαB

cos δB sinαB
sin δB

⎞
⎠ (1)

In Equation (1), θThe indicates the cosine of the theoretical diagonal distances between
star A and B in the star catalog; VA and VB represent the direction vectors of stars A and B
in the celestial coordinate system; and (αA, δA) and (αB, δB) signify the right ascension and
declination of stars A and B, respectively. Equation (2) determines the diagonal distance of
the triangle in the star map structure.

θMea = Vα·Vβ

=

⎡
⎣−xα − x0
−yα − y0

f

⎤
⎦/rα·

⎡
⎣−xβ − x0
−yβ − y0

f

⎤
⎦/rβ

ri =
√
(xi − x0)

2 + (yi − y0)
2 + f 2, i = α or β

(2)

In Equation (2), θMea represents the cosine of the measured diagonal distance between
stars α and β in the star map. The direction vectors of stars α and β in the star sensor
coordinate system are denoted as Vα and Vβ, respectively. (xα, yα) and (xβ, yβ) represent
the coordinate positions of stars α and β in the star map, respectively. The principal point of
the star sensor is represented by (x0,y0), and the focal length of the star sensor is represented
by f . The matching process is depicted in Figure 1a. If stars i, j, and k can be found from
a star pair information catalogue such that their relationships with stars α, β, and γ in
the star map satisfy Equation (3), and the result is unique, then the matching process is
considered successful. ⎧⎪⎪⎨

⎪⎪⎩

∣∣∣θt
ij − θm

αβ

∣∣∣ ≤ ε∣∣θt
ik − θm

αγ

∣∣ ≤ ε∣∣∣θt
jk − θm

βγ

∣∣∣ ≤ ε

(3)

In Equation (3), θt
ij, θ

t
ik, andθt

jk represent the cosine of the theoretical diagonal distance
between stars i, j, and k in the star catalog, and θm

αβ, θm
αγ, and θm

βγ represent the cosine of
the measured diagonal distance between stars α,β, and γ in the star map. The value of
ε represents the threshold for the allowable error. Based on the previous algorithm, the
pyramid algorithm has been enhanced by employing a pyramid structure for matching that
involves using four stars. Compared with the triangle algorithm, this algorithm not only
determines three more sets of diagonal distances during recognition but also verifies the
previous recognition results when identifying new stars. The pyramid algorithm schematic
is shown in Figure 1b [14].
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(a) 

 
(b) 

(c) 

Figure 1. Schematic diagram of several different star map recognition algorithms. (a) Diagram of the
triangulation algorithm. (b) Diagram of the pyramid algorithm. (c) Diagram of the grid algorithm.

The grid algorithm is different from the above-mentioned types of algorithms. The
main idea of this algorithm is to select a star in the field of view as the reference star S1, and
use “R” as the radius to determine the influence range, finding the nearest star as the closest-
neighbor star S2. Then, a coordinate system with the connection line between star S1 and S2
serving as the positive x-axis is established and a grid network is constructed to project all
the stars within the influence range into this grid, with the grid with stars recorded as 1 and
the grid without stars recorded as 0. Following this, the pattern vector of the reference star
is constructed in order. It is matched with the navigation star pattern vector constructed by
stars in the star catalog, and the navigation star with the greatest consistency is the star. A
schematic diagram of the grid algorithm is shown in Figure 1c [12,15].

Since these recognition algorithms usually only output the final recognition results,
in order to explore the reasons for the decrease in the success rate of star map recognition
caused by proton irradiation, these three algorithms were modified in this paper. In
addition to outputting the final recognition results, the matching results between all the
star pairs also outputted. For example, after identifying three stars, the original triangle
algorithm will remove these three stars from the identification queue and replace other
unidentified stars for recognition. The algorithm used in this paper keeps these three stars
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in the identification queue, allowing other unrecognized stars to be matched with them
until the matching results of all triangular structures are outputted.

Three kinds of recognition algorithms were used to recognize the star map taken by
the unirradiated CMOS image sensor, and the parameters of the star map recognition
algorithm were optimized under the condition of considering the recognition success rate
and recognition speed. The allowable error ε for the triangle algorithm and the pyramid
algorithm was set to 0.000025, of the grid algorithm was set to 50 × 50, and the influence
radius set to 1200 pixels. These three identification algorithms can correctly identify
the eight stars in the star map. The star map recognition results are shown in Figure 2.
The numbers in the figure correspond to the numbers of the stars in SAO Star Catalog
(Smithsonian Astrophysical Observatory Star Catalog). The same parameters were used to
identify and analyze star maps taken by the CMOS image sensors with different irradiation
fluences and star maps taken by unirradiated CMOS image sensors with the addition of
single-event transient clusters.

Figure 2. Recognition result of the star map taken by the non-irradiated CMOS image sensor. The
numbers in the picture are the serial numbers of these stars in the SAO Star Catalog. In the zoomed
version, DN (Digital Number) is the unit of gray value.

3. Results

Figure 3a,b show respectively images of the Orion’s Belt captured by star sensor
test systems with unirradiated CMOS image sensor and irradiated with a fluence of
1.47 × 1010 p/cm2. The nonuniformity of the image taken by the irradiated CMOS image
sensor was significantly greater compared to that of the unirradiated CMOS image sensor.
Figure 3c,d show 3D point maps constructed from star maps that have been processed
with low-pass filtering. The star map acquired by the unirradiated CMOS image sensor
was smooth, except for the stars’ region, while the star map taken by the CMOS image
sensor with an irradiation fluence of 1.47 × 1010 p/cm2 still had many spikes, even after
the filtering process.
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(a) (b) 

  
(c) (d) 

Figure 3. Star maps containing Orion’s Belt and 3D point maps. (a) Star map captured with unirradi-
ated CMOS image sensor; (b) star map captured with CMOS image sensor irradiated with a fluence
of 1.47 × 1010 p/cm2. (c) 3D point map constructed from low-pass filtered unirradiated image; (d) 3D
point map constructed from low-pass filtered irradiated image.

The above three algorithms were used to identify star maps captured by the CMOS
image sensors with different irradiation fluences. It was observed that as the irradiation
fluence increased, the threshold segmentation value used in the pre-processing of star maps
gradually increased and the number of stars entering the identification procedure decreased.
This means that the final number of stars that could eventually be correctly identified
decreased. When proton irradiation fluences were 3.68 × 109 p/cm2, 1.47 × 1010 p/cm2,
and 3.6 × 1010 p/cm2, the numbers of stars identified were six, four, and three, respectively.
Moreover, the three recognition algorithms had different success rates. When the irradiation
fluence was 1.47 × 1010 p/cm2, the grid algorithm was no longer able to output the
correct recognition result. When the proton irradiance was 3.6 × 1010 p/cm2, the pyramid
algorithm was unable to output a result because it requires a number of identifiable star
points greater than four. The outputs of each triangular and pyramidal structure were
compared with the correct SAO catalog number for each star; when the proton irradiation
fluence was 1.47 × 1010 p/cm2, some of these two structures outputted the wrong results.

An image containing single-event transient bright clusters captured by the CMOS
image sensor is shown in Figure 4a. The shapes and gray values of these transient bright
clusters appeared to be similar to stars, as can be seen in the figure. The average value of
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the gray value of each position of the 3 × 3 window centered on the maximum value was
calculated. They were taken as the gray values of the single-event transient clusters in the
follow-up experiment. These clusters were randomly added to the star map detected by
the unirradiated image sensor. The star map after the addition of the transient star clusters
is shown in Figure 4b.

 
(a) 

 
(b) 

Figure 4. Image containing single-event transient clusters. (a) Part of an image collected online
during a proton irradiation experiment. (b) Part of a star map with single-event transient clusters.
The real stars are shown in the red circle and the transient cluster is shown in the blue box.

A single transient bright cluster is similar in size to a star in an image, and thus it
is difficult for a small number of bright clusters to have a great impact on the threshold
segmentation value of a star map. These transient clusters are recognized as identifiable
stars along with true stars. As transient bright clusters are added at random locations in
the map they may also overlap with real stars and affect the centroid positioning of stars.
However, the probability of this being the case is low, and the corresponding treatment is
now available [16]; therefore, this paper focused on the effect of transient bright clusters as
identifiable stars in terms of the star map recognition algorithm.

Three identification algorithms were used to identify the star maps with transient
clusters. For the triangle and pyramid algorithms, false results occurred as the number of
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transient clusters increased, but the pyramid algorithm had a higher recognition success
rate than the triangle algorithm. After multiple recognitions, it was found that the triangle
algorithm was very sensitive to the order of stars and transient clusters entering the
identification queue. When the transient bright clusters were at the end of the recognition
queue, the recognition success rate was higher than at the head. For the grid algorithm,
both the number of transient bright clusters and their position in the star map caused the
program to output different error results. The effects of cumulative radiation damage and
single-event transients on different star map identification algorithms are summarized in
Table 1.

Table 1. The effect of proton irradiation on the success rate of different star map recognition algorithms.

Star Map Recognition Algorithm Cumulative Radiation Damage Single-Event Transient

Triangle algorithm
The algorithm’s recognition success rate is almost un-
affected but the number of stars outputted by the
algorithm decreased as the irradiation fluence in-
creased. When the number of identifiable stars was
less than four, the pyramid algorithm cannot output
a recognition result.

The recognition success rate
decreased and the success rate may
be related to the position of
transient clusters in the
recognition queue.

Pyramid algorithm
Compared to other algorithms, the
recognition success rate was
the highest.

Grid algorithm The decrease in the number of identifiable stars led
to a decrease in the recognition success rate.

The recognition success rate
decreased the most severely and the
erroneous output results may be
related to the position of the
transient clusters in the star map.

4. Discussion

As the proton irradiation fluence increases, the oxide trap charge, interface trap
charge and bulk defects in CMOS image sensors increase. The oxide trap charge is mainly
distributed in the shallow trench isolation (STI) region and gate oxide region, while the
interface trap charge is mainly distributed at the Si-SiO2 interface. These charges will
increase the dark current of the image sensor, resulting in an increase in the background
gray value in star maps. Bulk defects caused by displacement damage effects can generate
new energy levels [17]. Some defect levels act as generation–recombination centers, thereby
increasing the dark signal value. Some pixels have a higher dark current value (hot pixels),
resulting in bright spots that occupy one pixel in the image [18]. The difference in dark
signals between different pixels will reduce pixel uniformity, resulting in an increase in
the standard deviation of the star map. Since the threshold segmentation value used in
the pre-processing is the average grayscale value of the star map plus three times the
standard deviation, it increases as the irradiation fluences increase. Moreover, the decrease
in quantum efficiency of the CMOS image sensor after proton irradiation can lead to a
decrease in the grayscale value of star areas. If the grayscale value of a star is less than
the segmentation threshold, the star will not be selected. This is the main reason for the
decrease in identifiable star caused by proton irradiation.

The reduction in the number of identifiable stars only affects the final output count of
stars for the triangle algorithm and pyramid algorithm, without generating any incorrect
output results. When the proton irradiation fluence was 3.6 × 1010 p/cm2, there were only
three identifiable stars in the star map, which did not meet the minimum requirement of the
pyramid algorithm, so the pyramid algorithm did not output any results. The recognition
success rate of the grid algorithm was affected by the pattern vectors built by the star map.
The decrease in the number of identifiable stars will result in changes to the pattern vectors,
which will affect the recognition success rate. If the nearest star S2 is not the one used
to build the grid pattern database, it will result in errors in the rotation of the star map,
generate completely wrong pattern vectors, and output incorrect recognition results.
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The reason for the wrong identification results for some of the triangular and pyrami-
dal structures at a proton irradiation fluence of 1.47 × 1010 p/cm2 was related to the hot
pixels. In previous research, it was discovered that the noise caused by the total ionizing
dose effect can lead to an increase in star centroid positioning error through the diagonal
distance relationship between star pairs [19]. However, the hot pixels generated by the
displacement damage can have a greater impact on the star centroid positioning accuracy.
In the star maps taken by the CMOS image sensor with a proton irradiation fluence of
1.47 × 1010 p/cm2, the initial position of a star in relation to a hot pixel is depicted in
Figure 5a. Here, the red box is the hot pixel, which is far away from the star and does
not affect the accuracy of star centroid positioning; however, the position of the star in
the star map was changed by the rotation of the Earth, and thus the hot pixel gradually
came closer to the star (Figure 5b–d). The distribution of the grayscale value of the star was
also changed.

(a) (b) 

  
(c) (d) 

Figure 5. Different positional relationships of the hot pixel and the star: (a) the hot pixel is far away from
the star; (b–d) the distance between the hot pixel and the center of the star is gradually approaching.

Without the influence of hot pixels, the energy distribution of a star approximately
obeys a two-dimensional Gaussian distribution, as shown in Equation (4).

Ix, y =
I0

2πσ2
PSF

exp

[
− (x − x0)

2

2σ2
PSF

]
exp

[
− (y − y0)

2

2σ2
PSF

]
(4)
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In Equation (4), I(x, y) represents the energy of the star whose center is (x0, y0) at (x, y),
I0 is the total energy of the star, and σPSF is the Gaussian dispersion radius. The σPSF of this
star sensor is 0.8. In order to prevent the saturation of the grayscale value of the center pixel
of the star from affecting the centroid positioning, the exposure time of the image sensor
was adjusted so that the center gray value of the lowest magnitude star was about 80% of
the saturation gray value of the image sensor. This paper further analyzed the influence of
a hot pixel on the centroid positioning of star from the different positional relationships
and the grayscale value between a hot pixel and a star.

The grayscale value of each position within the 3 × 3 window of the star point is
calculated according to Equation (4). Figure 6a shows the model of the impact of a hot pixel
on it. When obtaining the centroid position of a star in the image, it will first locate the pixel
position with the largest grayscale value in the area; select a 3 × 3 window with it as the
center; and then use different centroid positioning algorithms to extract the centroid coordi-
nates of the star point as needed, such as the centroid algorithm, square centroid algorithm,
Gaussian centroid algorithm, and other algorithms. Due to the different calculation meth-
ods of these centroid positioning algorithms, the different centroid positioning algorithms
also lead to different centroid positioning errors of a star. Due to the different calculation
methods of these centroid positioning algorithms, the resulting centroid positioning errors
will also be different.

  
(a) (b) 

  
(c) (d) 

Figure 6. Schematic diagram of star gray value distribution and positioning window: (a) star
gray value distribution; (b) six situations that affect star centroid positioning; (c) original centroid
positioning window; (d) centroid positioning window shift.
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According to the symmetry of the distribution of the star grayscale value and the size
of the centroid positioning window, there are six cases of the influence of the hot pixels on
the distribution of the star, as shown in Figure 6b. Among them, the F case mainly changed
the Gaussian dispersion radius. For the cases D and E where the hot pixel was within the
original window, the change of the grayscale value in the window led to an error of the
centroid positioning of the star. When the grayscale value of a hot pixel was lower than that
at the center of the star, the centroid positioning window remains the same as shown in the
red box in Figure 6c. However, if the grayscale value of the hot pixel was higher than that
of the center of the star, the center of the positioning window shifted to the location of the
hot pixel. This is shown in Figure 6d. For cases A, B, and C outside the window, centroid
positioning error will occur only when the grayscale value of the hot pixel is higher than
the grayscale value of the star center.

The centroid position (x1, y1) is calculated using different centroid positioning methods
for the five cases, and the error of centroid positioning Δx,y is calculated according to
Equation (5). The result is shown in Figure 7.

Δx,y =

√
(x1 − x0)

2 + (y1 − y0)
2 (5)

Figure 7. The error of centroid positioning calculated by using different centroid positioning methods.

It can be seen from Figure 7 that in the case of D and E, the error of centroid positioning
increased with the increase in the grayscale value of the hot pixel. After the grayscale value
of the hot pixel exceeded the grayscale value of the center of the star, the error of centroid
positioning increased sharply due to the movement of the centroid positioning window,
but in these cases, the centroid error calculated by the centroid positioning algorithm was
within one pixel. In the case of A, B, and C, since the change of the grayscale value of
the hot pixel did not affect the grayscale distribution of the star in the original window,
only after the gray-scale value exceeds the grayscale value of the center of the star will
the centroid positioning window move, and the error of centroid positioning occur. In
these cases, the error of centroid positioning of the star was larger than one pixel, and the
maximum error of centroid positioning calculated by the square centroid method exceeded
2.7 pixels. In all cases, the higher the grayscale value of the hot pixel and the farther the
distance from the center of the star, the larger the error of centroid positioning; under the
same influence conditions, the error of centroid positioning calculated by the Gaussian
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centroid algorithm is the smallest. Moreover, high-magnitude stars in the field of view
have a lower grayscale value, and are more likely to be affected by hot pixels.

Taking the star Alnilam (SAO 132346) affected by a hot pixel in Figure 5 as an example,
the right ascension and declination of another star Saiph in the field of view and this star
were (αA, δA) = (86.93914, −9.66968), (αB, δB) = (84.05338, −1.20196), and the theoretical
cosine value of the diagonal distance θThe between the two stars can be calculated by
Equation (2).

θThe =

⎛
⎝ 0.052638

0.984386
−0.167968

⎞
⎠·

⎛
⎝ 0.103579

0.994399
−0.020976

⎞
⎠ = 0.987849

The focal length of the star sensor test system was 24.048 mm, and the coordinates
of the principal point obtained by calibration were (x0, y0) = (1093.379, 1207.317). The
coordinates of these two stars in the map were calculated to be (1505.018, 1410.990), (915.000,
1066.081), and then the cosine value of measured diagonal distance θMea between the two
stars was calculated by Equation (3).

θMea =

⎛
⎝−0.093631
−0.046327

0.994528

⎞
⎠·

⎛
⎝−0.040742
−0.032258
−0.998648

⎞
⎠ = 0.987876

The difference between the θMea and θThe was 0.000027, exceeding the allowable
error (0.000025), and thus it is impossible for this pair of stars to be correctly identified
in the formed triangle and pyramid structure. In the star map not affected by the hot
pixel, the coordinates of the center of the two stars were (1504.98, 1411.015) and (914.153,
1066.941), respectively. The calculated value from them is 98,786,586. The difference
between the theoretical cosine values was 0.0000168. Therefore, these two stars can be
correctly identified in the pyramid and triangle structures. On the basis of the matching
results of Alnilam and all other stars, the error of the cosine value of the diagonal distance
between the two stars would increase as the cosine value of the two stars decreased. That
is, when the two stars in the map are far away from each other, a small positioning error
generated by a hot pixel will have a large effect on the cosine value of the diagonal distance
of the two stars. For the grid algorithm, it is difficult for a star to move from its original
grid to other grids due to a small centroid offset. Therefore, the centroid error caused by
hot pixels will not significantly affect the recognition success rate of the grid algorithm.
Although annealing can reduce proton radiation damage to image sensors [20], it is difficult
to install annealing devices in star sensors. The local threshold segmentation algorithm can
be used instead of global thresholding in the pre-processing. This is effective for stars with
lower magnitudes. For centroid positioning error caused by hot pixels, the allowable error
ε used in recognition can be slightly increased based on the need to consider the speed of
the recognition algorithm.

Incoming particles generate electron–hole pairs in the sensitive silicon volume through
direct or indirect ionization [21]. Direct ionization means that the proton excites and releases
off-core electrons of the Si atom through Coulomb interaction with Si, directly generating
electron–hole pairs. Indirect ionization means that the proton generates new charged
secondary particles through nuclear reactions, and these secondary particles continue to
generate electron–hole pairs through either direct or indirect ionization. Part of the charge
generated by the proton incident is collected by the depletion region of the pixel unit during
the integration stage of the image sensor [22]. Due to the difference in the potential of
the region before and after the integration time, the grayscale value of the pixel changes.
Some of the charge is also collected by other pixel cells through diffusion, appearing as
bright clusters in the image. Unlike the stars on a star map which generally remains at the
same position for several consecutive frames, the transient cluster is related to the incident
position of the proton and only exists in one frame.
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After analyzing the output of the triangle algorithm, it was found that in a triangular
structure composed of a single-event transient cluster and stars or other transient clusters,
if the calculated diagonal distance is within allowable error ε and the result is unique,
it will lead to an incorrect recognition result. If the transient clusters are at the head
of the identification queue, they will form a triangular structure with other stars and
transient clusters in the recognition queue multiple times for recognition, leading to a
higher probability of outputting incorrect recognition results. While the transient cluster
is at the end of the recognition queue, the transient cluster has less influence on the
result because the recognition has been completed between the stars in the star map. The
recognition success rate of the pyramid algorithm is improved because it needs to judge
three more sets of diagonal distances than the triangle algorithm, and this algorithm will
introduce other stars to validate the recognition results. After analyzing the results of all
pyramid structure outputs, it was found that if there is one transient cluster in the pyramid
structure, the recognition result is usually not output because the condition of six sets of
diagonal distance matching cannot be satisfied. However, incorrect matching results may
be output in pyramid structures composed of multiple transient clusters, but these incorrect
results will be discarded in the subsequent verification process, and a small number of
transient clusters have no effect on the final recognition results. Transient clusters can cause
the grid algorithm to output incorrect results in two ways. The first way is that transient
clusters are incorrectly selected as the reference star S1 or closest-neighbor star S2, which
will cause the star map to be incorrectly rotated and generate completely incorrect mode
vectors. The second way is that even if both the reference star and closest-neighbor star
are real stars, but there are transient clusters in some grids. It will also generate incorrect
pattern vectors. The algorithm of increasing the judgment conditions to verify clusters
multiple times is effective when there are few clusters. But the time consumed by this
algorithm will significantly increase as the number of clusters increases. By utilizing the
characteristic that transient clusters exist in only one frame at the same position in the
image, it is possible to distinguish them from stars [23]. However, since this algorithm
requires the collection of multiple sets of star maps, the posture output frequency may
be reduced.

5. Conclusions

Star map recognition is a key step in the output of attitude information from a star
sensor. However, the success rate of star map recognition is affected by proton radiation. In
this study, we investigated the mechanism of the cumulative irradiation effect and single-
event transients of protons on the image sensor on star map recognition. The results of
the study showed that increased dark current and non-uniformity of CMOS image sensor
pixels led to a decrease in the number of identifiable star points. The hot pixels generated
by displacement damage increased the centroid positioning error of the star when it was
near the star. Transient clusters were found to be similar to a star and they affected the
success rate of the star map recognition as “false stars”.

For the triangle algorithm and the pyramid algorithm, the reduction in the number
of stars to be recognized did not affect the recognition accuracy, but the increase in the
centroid positioning error of the star points caused by hot pixels and the interference of
“false stars” affected the recognition accuracy. For the grid algorithm, the decrease in the
number of identifiable stars and the presence of “false stars” affected the mode vector
constructed by the grid algorithm, resulting in a significant decrease in the identification
success rate. The pyramid algorithm was found to have the highest stability among these
three algorithms, and the grid algorithm was the worst.
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Abstract: Silicon-based vertical double-diffused MOSFET (VDMOS) devices are important compo-
nents of the power system of spacecraft. However, VDMOS is sensitive to the total ionizing dose
(TID) effect and may have TID response variability. The within-batch TID response variability on
silicon-based VDMOS devices is studied by the 60Co gamma-ray irradiation experiment in this paper.
The variations in device parameters after irradiation is obtained, and the damage mechanism is
revealed. Experimental results show that the standard deviations of threshold voltage, subthreshold
swing, output capacitance, and diode forward voltage increase, while the standard deviation of
maximum transconductance decreases after irradiation. The standard deviation of on-state resistance
is basically unchanged before and after irradiation. By separating the trapped charges generated
by TID irradiation, it is found that the deviation of the oxide trapped charges and the interface
traps increase with the increase in the total dose. The reasons for the variation in device parameters
after irradiation are revealed by establishing the relationship between the trapped charges and the
electrical parameters before and after irradiation.

Keywords: VDMOS; total ionizing dose (TID); variability; oxide trapped charges; interface traps

1. Introduction

Silicon-based vertical double-diffused MOSFET (VDMOS) devices are widely used
in the power system of spacecraft due to the high input impedance, large current gain,
excellent noise margin, and small conduction loss, as well as a negative temperature
coefficient and no secondary breakdown effect [1,2]. However, VDMOS is sensitive to the
total ionizing dose (TID) effect since there is a parasitic NPN transistor in the VDMOS
structure [3]. Moreover, process variation in VDMOS manufacturing occurs with different
temperature distributions, impurity diffusion, and injection. The TID response is sensitive
to process variations, as evidenced by the different TID responses of devices produced from
the same wafer (within-wafer) or devices produced from the same batch (within-batch).

The TID response variability has been studied in previous works. Within-wafer
TID response variability of NMOSFET and PMOSFET was measured by Hu et al. and
Gerardin et al. [4,5]. They attributed the within-wafer TID response variability to the
process variation in shallow trench isolation (STI) and random doping. The TID response
variability of 25 nm single-level cell non-volatile memory device (NAND) flash memories
from two different lots was studied by Bagatin et al. [6]. The statistical parameters such
as mean value, standard deviation, and shapes of the error distributions were studied.
Part-to-part and lot-to-lot variability of TID response in bipolar linear devices was studied
by Guillermin et al. [7]. The three-sigma method and one-sided tolerance limit method were
commonly used to take the variability into account. Within-wafer TID response variability
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on the buried oxide (BOX) layer of silicon-on-insulator (SOI) technology was investigated
by Zheng et al. [8,9]. The larger standard deviation of threshold voltage and off-state
leakage distribution for irradiated devices than un-irradiated devices were observed. They
attributed it to the evolution of net trapped charges induced by TID in BOX affecting
by positively charged silicon nanoclusters introduced by silicon ion implantation. The
device variability induced by the TID effects was investigated by Ma et al. in commercial
16 nm bulk nFinFETs with a small number of samples [10]. It was found that transistors
characterized by higher drain currents exhibit the worst TID degradation. They attributed
this phenomenon to the impact of random dopant fluctuations on the TID effects and/or to
variations in the hydrogen concentration responsible for the TID-induced interface traps.
The above studies confirmed the fluctuation of the TID response of the devices in the wafer,
as well as the variability of the radiation damage of device modules from different batches
and within-batch. There have been studies on the TID effect of VDMOS [11–15]. However,
to our best knowledge, there is no report on the within-batch TID response variability on
silicon-based VDMOS devices.

Within-batch TID response variability on silicon-based VDMOS devices is investigated
by irradiation experiment in this paper. The variability of threshold voltage, subthreshold
swing, maximum transconductance, output capacitance, diode forward voltage, and on-
state resistance before and after irradiation is analyzed. The reasons for the variation in
device parameters under irradiation are revealed by analyzing the trapped charge induced
by irradiation.

2. Experiment Details

The devices under test (DUT) are N-channel enhanced VDMOS within the same batch.
When the device is turned on, the maximum drain current is 120A. The maximum gate-
source voltage is 20 V. The device has three terminals, gate, drain, and source. The device
is packaged with TO247. The numbers of DUT are from 1 to 68. The experiments were
conducted by 60Co gamma-ray at room temperature in the Xinjiang Technical Institute of
Physics and Chemistry, Chinese Academy of Sciences. The dose rate was 50.24 rad(Si)/s
and the dose levels were 5 krad(Si), 10 krad(Si), 15 krad(Si), 20 krad(Si), and 25 krad(Si). It
was found that the ON bias condition (VDS = 0 V, VGS = 20 V) can induce greater radiation
damage than other bias conditions. All devices were kept ON bias condition during the
irradiation process.

The transfer characteristic curves (IDS − VGS) of the devices were measured by Keysight
B1500A semiconductor parameter analyzer at room temperature, while the drain voltage
was set to 0.1 V, the gate voltage swept between −0.5 V and 5 V, and the source was
grounded. The threshold voltage (VTH) of the device was extracted by the constant current
method. VTH is equal to the gate-source voltage (VGS) when the drain current is equal to
250 μA. The subthreshold swing (SS) of the device was calculated by SS = dVGS

d(log IDS)
. The

transconductance was calculated by GM = dIDS
dVGS

. GMMAX is the max transconductance. The
output capacitance (COSS) was measured, while the frequency was 1.0 MHz, the gate-source
voltage was 0 V, and the drain-source voltage was 25 V. The on-state resistance

(
RDS(ON)

)
and diode forward voltage (VSD) were measured by BC3193 Semiconductor Discrete Device
Test System at room temperature. The specific parameters and test conditions are shown in
Table 1.
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Table 1. Test parameters of silicon-based VDMOS.

Test Equipment Test Parameter Test Conditions

B1500A VTH VDS = VGS, IDS = 250 μA
B1500A SS VDS = 0.1 V, IDS − VGS Curve
B1500A GMMAX VDS = 0.1 V, IDS − VGS Curve
B1500A COSS VDS = 25 V, VGS = 0 V, f = 1 MHz
BC3193 VSD VGS = 0 V, IS = 75 A
BC3193 RDS(ON) VGS = 10 V, ID = 75 A

3. Experimental Results

The IDS − VGS curves of 68 devices before and after TID irradiation are shown in
Figure 1. It can be seen that the IDS − VGS curves of the devices shift negatively as the dose
increases. The variability between devices increases after irradiation.

 
Figure 1. The shift of transfer characteristic curves of VDMOS devices before and after irradiation.

The variation in threshold voltage, subthreshold swing, and maximum transconduc-
tance extracted by the IDS − VGS curves after irradiation is shown in Figure 2a, Figure 2b,
and Figure 2c respectively. The mean value and standard deviation (σ) of the electrical
parameters are calculated. With the increase in the total dose, the standard deviation
of threshold voltage and subthreshold swing increase, while the standard deviation of
maximum transconductance decreases. The experiment results verify the within-batch
TID response variability on the VDMOS device since standard deviation measures the
dispersion of a dataset relative to its mean value [8].
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Figure 2. The variation in (a) VTH , (b) SS, and (c) GMMAX of the devices before and after irradiation.

The variation in output capacitance after irradiation is shown in Figure 3. The mean
value and standard deviation of the electrical parameters increase after irradiation, which
indicates that output capacitance variability also increases after irradiation.
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Figure 3. The variation in COSS of the devices before and after irradiation.
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The variation in diode forward voltage and the on-state resistance after irradiation is
shown in Figures 4 and 5, respectively. It can be seen that the variability of diode forward
voltage increases as the total dose increases. The variability of on-state resistance is basically
unchanged before and after irradiation.

 

  σ
σ
σ

                σ

  σ
σ
σ
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Figure 4. The variation in VSD of the devices before and after irradiation.

 

 σ
 σ
 σ

               σ

Figure 5. The variation in RDS(ON) of the devices before and after irradiation.
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It can be seen from the above results that there is within-batch TID response variability
of VDMOS devices in this paper. The changes in parameter variability after irradiation are
listed in Table 2.

Table 2. The variation in test parameters of the devices after irradiation.

Test Parameter Standard Deviation

VTH Increase
SS Increase

GMMAX Decrease
COSS Increase
VSD Increase

RDS(ON) Not Obvious

4. Discussion

For MOS devices, the initial electron–hole pairs generated by TID irradiation will
eventually affect the electrical parameters of devices through a series of evolution. Four
physical processes illustrate the evolution of electron–hole pairs generated by ionizing
radiation at the interface of the SiO2 gate and Si substrate, as shown in Figure 6 [16].

Figure 6. Band diagram of a MOS capacitor with a positive gate bias. Illustrated are the main
processes for radiation-induced charge generation [16].

The specific process is as follows [16–19]:

1. The ionization of radiation particles in SiO2 produces electron–hole pairs, the number
of which is related to the ionization dose.

2. When the positive bias is applied to the gate, the drift motion of the electron–hole
pairs in the oxide layer is the most significant. The electrons are removed by a fast
drift (ps magnitude) towards the anodic ohmic contact, and the holes are relatively
slow (s magnitude) to the cathodic ohmic contact.

3. In the drift process, some holes are captured to form the trap center. In the shallow-
level trap center located in the gap of SiO2, about 1 eV is distributed in the whole SiO2
body. The holes can be transported in a jump mode. The center of the deep-level trap
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with more than 3 eV in the gap of SiO2 is mainly distributed near the SiO2-Si interface,
which is the relatively stable positive charge (Not) trapped by the oxide layer.

4. In the transition layer of the SiO2-Si interface, the holes captured by the oxide layer
are exchanged with the electrons in the substrate Si through the tunneling effect and
finally captured by the defects at the interface to form the interface traps (Nit).

5. Therefore, the main reason for the variation in device parameters after irradiation is
that the ionizing radiation destroys the energy band equilibrium, generates electron–
hole pairs, and forms oxide-trapped charges and interface traps. The oxide layer is
the most sensitive part to TID radiation in the MOS system [19].

A technique for separating the density of oxide-trapped charges (Not) and the density
of interface traps (Nit) in MOS transistors through I − V curves is proposed by McWhorter
and Winokur [20,21]. In order to reveal the mechanism of the TID variability response of
devices within-batch, the Not and Nit of devices used in this paper were extracted, as shown
in Figure 7. The variability of Not and Nit of the devices increases as the total dose increases.
It shows that the trapped charges induced by total dose irradiation have fluctuation, which
causes the variability of relevant sensitive electrical parameters. The density of Not is much
higher than the density of Nit, while Not is about 1012/cm2, and Nit is about 1011/cm2 at
25 krad(Si).

 

        σ
        σ
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        σ
        σ
        σ

×

Δ

(| | | |)

Figure 7. The variation in (a) oxide trapped charge (Not) density, (b) interface trap charge (Nit)

density of the devices after irradiation.

Figure 8 shows the relation between the shift of threshold voltage (ΔVTH) and the
trapped charges (|Not| − |Nit|) of the within-batch devices after irradiation. As seen from
the fit curve in Figure 8, the ΔVTH and the |Not| − |Nit| present the linear growth trend. For
NMOSFET, the oxide-trapped charges cause a negative shift of the threshold voltage, while
the interface traps cause a positive shift of the threshold voltage [3,19]. The calculation
formula between ΔVTH and trapped charges is [13,22–24]:

ΔVTH = − q|Not| − |Nit|
Cox

(1)

where q (amount of charge) and Cox (the gate oxide capacitance per unit area) are constant
values. Since the density of Not is much higher than the density of Nit, the variability of the
threshold voltage is mainly affected by the variability of Not.
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Figure 8. Relation between the shift of threshold voltage (ΔVTH) and the trapped charges
(|Not| − |Nit|) of the devices after irradiation.

VSD is the forward voltage of the diode between the source and the drain. The
threshold voltage reduces significantly or even becomes negative after irradiation, resulting
in a conductive channel. Additionally, VSD is across the source, channel, and drain [18,25].
VSD is mainly affected by the threshold voltage, so the trend of within-batch variability is
the same as the threshold voltage after irradiation.

Subthreshold swing and maximum transconductance are mainly affected by radiation-
induced interface traps [26–29]. Interface traps are formed by TID irradiation at the interface
between the device gate dielectric and the silicon substrate. The increase in the interface
traps degrades the subthreshold swing of the devices [26]. The formula for SS is [21,30]:

SS = (In10)
(

KT
q

)(
Cox + CD + Cit

Cox

)
(2)

Cit = q2Dit = βNit (3)

where K is the Boltzmann constant, T is the absolute temperature, CD is the depletion layer
capacitance, Cit is the interface traps capacitance, Dit is the interface traps density, and β is
the correlation coefficient. Therefore, the within-batch variability of subthreshold swing
increases after irradiation.

The variability of maximum transconductance is negatively correlated with the in-
terface traps variability, while the variability trends of maximum transconductance and
subthreshold swing are opposite. The formula for GMMAX and Nit is [2,31,32]:

GMMAX = GM0
1

1 + αNit
(4)
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where GM0 and GMMAX are the maximum transconductance values before and after irradi-
ation, and α is the process fluctuation constants of the devices.

Figure 9 shows the relation between the shift of output capacitance (ΔCoss) and
Not of the within-batch devices after irradiation. As seen from the fit curve in Figure 9,
the variation in ΔCOSS and the Not presents the exponential growth trend. Therefore,
the variability of output capacitance increases sharply at 25 krad(Si) in Figure 3. The
output capacitance is equal to the sum of the drain-source capacitance and the gate-drain
capacitance. The drain-source capacitance is the junction capacitance, which is not changed
by the increase in radiation dose [19,33]. Therefore, the variation in output capacitance
induced by TID is mainly affected by the gate-drain capacitance, which is a function of oxide
capacitance, reverse capacitance, and depleted capacitance [33,34]. The output capacitance
is sensitive to Not, so as to characterize the correlation between COSS and Not.

 

 ×

Δ

Figure 9. Relation between the shift of output capacitance (ΔCOSS) and the oxide-trapped charge
(Not) of the devices after irradiation.

The on-state resistance is regulated by the channel reverse voltage (VGS − VTH), which
is closely related to the Not [25,35]. Because VGS is much larger than the variation in VTH ,
the variability of oxide trapped charges have no obvious effect on the variability of RDS(ON).

In general, the accumulation of trapped charges after irradiation magnifies the process
differences of devices in the same batch and leads to differential variability in threshold
voltage, subthreshold swing, maximum transconductance, output capacitance, and diode
forward voltage. The correlations between the variations in electrical parameters and the
trapped charges after irradiation are shown in Table 3. However, the variation in electrical
parameters of devices in the same batch is a disadvantage to the stability and reliability of
the spacecraft, which would lead to thermal failure, an unreasonable dead zone, or gate
resonance problems in the circuit module. The differences in threshold voltage and output
capacitance must be considered in the circuit design of space equipment, and the variability
of on-state resistance in the same batch can be tolerated after irradiation.
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Table 3. Correlation between the variation in electrical parameters and the trapped charges generated
by irradiation.

Parameter Elements Major Impacts

VTH The oxide-trapped charges and the interface traps work together Positively correlated with Not
SS SS = (In10)

(
KT
q

)(
Cox+CD+βNit

Cox

)
Positively correlated with Nit

GMMAX GM = GM0
1

1+αNit
, Contrary to the trend of SS changes Negatively correlated with Nit

COSS
It is related to the increase in the number of charges in the space

charge region and the decrease in the width of the depletion layer Exponential Relationship with Not

VSD
After irradiation, a conductive channel is formed, and the changing

trend is the same as the threshold voltage Positively correlated with Not

RDS(ON) Regulation of channel reverse voltage (VGS-VTH) No Obvious

5. Conclusions

Silicon-based VDMOS devices are important components of the power system of
spacecraft. However, the VDMOS is sensitive to the TID effect. Moreover, the TID response
is sensitive to process variation, behaving as within-batch TID response variability. The
within-batch TID response variability on silicon-based VDMOS devices is investigated
by the 60Co gamma-ray irradiation experiment in this paper. Experimental results show
that with the increase in total dose, the variability of the within-batch devices parameters
changes. The variability of threshold voltage, subthreshold swing, output capacitance, and
diode forward voltage increases after irradiation. Furthermore, the variability of maximum
transconductance decreases after irradiation, and the variability of on-state resistance is
basically unchanged before and after irradiation. By extracting Not and Nit induced by
TID irradiation in the devices, the relationship between the parameters variation and
trapped charges are established, and the reasons for within-batch TID response variability
are clarified.

Among them, it should be noted that the variability of threshold voltage and output
capacitance within-batch shows different functional trends with the increase in radiation
dose. The differences in threshold voltage and output capacitance must be considered
in some new spacecraft. The new generation of spacecraft requires higher reliability and
better performance of electronic devices. The electrical parameter margins are very small in
some circuits. Considering the variability of electrical parameters between the same batch
of devices caused by TID can reduce the loss and protect the circuit more accurately. The
variability of on-state resistance in the same batch can be tolerated after irradiation in the
circuit design of space equipment. This study provides a foundation for the establishment of
scientific and reasonable TID effect evaluation and screening methods on the within-batch
devices so as to ensure the stability and reliability of the power system of spacecraft.
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Abstract: In this paper, the effects of different factors, including the heavy ions striking location,
incident angle, linear energy transfer (LET) value, projected range, ambient temperature and bias
state, on the single event transient introduced by heavy ions irradiation in the SiGe heterojunction
bipolar transistor (HBT) were investigated by the TCAD simulation. The results show that the current
transient peak value, collected charge and carrier type of each terminal are changed by the striking
location, incident angle and bias state. The current transient peak value and collected charge increase
with the LET value, while they decrease with the ambient temperature. When heavy ions vertically
irradiate the collector and substrate, the current transient peak value and collected charge increase
with the projected range; therefore, the species of heavy ions should be considered in studying the
single event effects of the SiGe HBT induced by heavy ions irradiation. The microphysical mechanism
of these factors influencing the single event effects of the SiGe HBT is discussed in this work.

Keywords: SiGe heterojunction bipolar transistor; single event effect; single event transient; charge
collection; TCAD simulation

1. Introduction

The space radiation environment is filled with a large number of high-energy charged
particles, which will inevitably affect the electronic components of space missions [1–3].
The high-energy charged particles mainly come from galactic cosmic rays, solar cosmic
rays and the Van Allen radiation belt, and they deposit energy into the aerospace devices
to cause radiation effects, resulting in the functional failure of the aerospace devices and
even the failure of the related space missions. The radiation effects of the aerospace devices
can be divided into the ionizing effect and the non-ionizing effect. The ionizing effect
mainly includes single event effects [4–6] and the total ionizing dose effect [7–9], while
the non-ionizing effect is mainly the displacement damage effect [10,11]. These radiation
effects occur simultaneously in the aerospace devices and interact with each other [12].
Since the launch of the first man-made satellite, 46% of spacecrafts and satellites suffered
functional failures due to these radiation effects [13], ultimately resulting in mission failure.

In addition to the radiation effects caused by high-energy charged particles in the
space radiation environment, the aerospace devices also face the challenge of an extremely
low-temperature environment during the space mission. There are a lot of extremely low
temperatures in the space environment, for example, the temperature on the Mars surface
usually ranges from −133 ◦C to 27 ◦C, the temperature range of the lunar rover during its
mission is usually from −180 ◦C to 120 ◦C and the lowest temperature at the polar craters on
the lunar surface reach −230 ◦C. Therefore, it is of great significance to develop an aerospace
device with excellent radiation resistance and extremely low-temperature characteristics
for the future aerospace industry. Once the research is successful, a large amount of thermal
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insulation equipment can be removed, which would not only reduce the cost of launching
spacecraft and satellites but also enhance their deep-space exploration capabilities.

Since the early 2000s, NASA has been concerned about the use of electronic systems
in the extreme space environments. Previous studies have indicated that the germanium
silicon heterojunction bipolar transistor (SiGe HBT) has excellent total dose radiation resis-
tance [14,15] and excellent low-temperature characteristics [16,17] due to the advantages of
the silicon-based energy band engineering materials, semiconductor process and device
structures. The SiGe HBT can operate normally in the temperature range of −180 ◦C to
125 ◦C, with the total ionizing dose effect resistance up to an Mrad(Si) magnitude [18,19]
and the displacement damage resistance up to a 1015 cm−2 magnitude (equivalent fluence
of 1 MeV neutron) [20]. Therefore, the SiGe HBT has an attractive application prospect in
the field of the extreme space environment. However, a large number of studies have found
that the SiGe HBT is very sensitive to the single event effects [21,22] and has a complex
charge collection mechanism different from traditional bulk silicon devices. Thus, the
study of the single event effects has always been a hot topic in the research of SiGe HBT
radiation effects.

In recent years, many scholars have conducted a significant amount of research on
the single event effects of the SiGe HBT. Many famous research institutions such as the
Georgia Institute of Technology, Auburn University, Vanderbilt University, and the Boe-
ing company have carried out a lot of research works on the single event effects of the
commercial SiGe HBT produced by IMB, National Semiconductor, Jazz Semiconductor
and other companies [23], in which a lot of the research works have been carried out
based on the fourth-generation SiGe HBT produced by the IBM company. Since 2005, the
Georgia Institute of Technology and Auburn University have studied the charge collection
mechanism, key influencing factors and anti-radiation reinforcement design of the SiGe
HBT single event effects with the help of proton, heavy ion and laser microbeam irradia-
tion experiments and the TCAD numerical simulation [24,25]. The results show that the
sensitive area of single event effects in the SiGe HBT with a deep trench isolation (DTI)
structure is the DTI region. The DTI structure can not only prevent the external excess
carriers from diffusing to the inner collection node but also limit the excess carriers from
diffusing to the outside, resulting in a significant increase in the charge collection. The
transient current amplitude and integral charge collection induced by the single event
effects are closely related to the linear energy transfer (LET) value of the incident ions, but
also to the projected range of the incident ions, indicating that the light-doping substrate in
the bulk silicon process has an important effect on the sensitivity of the SiGe HBT single
event effects. In 2015, Li et al. used laser microbeams to study the single event effects of
the SiGe HBT produced by a Chinese company and IBM, respectively [26,27]. Due to the
similar doping concentration in their collector region, the peak current values of the two
SiGe HBTs collectors were close. The SiGe HBT produced by the Chinese company has a
large C/S junction, and its collector has a strong charge collection capacity, so the transient
current pulse width is large. From 2017 to 2019, Wei et al. studied the single event effects of
the SiGe HBT produced by the Chinese company through the heavy ion microbeam and
proton irradiation experiments [28]. The results show that the collector transient current
peak value caused by heavy ions is significantly higher than that caused by a proton under
the same bias state. The transient current pulse width of the SiGe HBT collector caused
by heavy ions is also wider than that caused by protons. When the SiGe circuit works at a
higher frequency and its working period is shortened to a time scale of ps, the collector
transient current pulse induced by heavy ions covers more working periods than that of
the collector transient pulse induced by protons, thus inducing a more serious multi-bit
upset effect.

Through a TCAD simulation, Zhang et al. found that the incident angle of heavy ions
would significantly change the ionization track length in the SiGe HBT [29], which would
lead to the difference in the charge deposition and ultimately the difference in the charge
collection. In the SiGe HBT, the emission direction of secondary particles produced by
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the intermediate and high-energy proton through a nuclear reaction is relatively random.
Changing the incident angle of the proton can not uniquely determine the direction of the
secondary particles; therefore, the single event effects in the SiGe HBT can not be changed
significantly by changing the incident angle. Through a Monte Carlo simulation, Wei et al.
found that when the SiGe HBT was irradiated by the proton in different incident angles [30],
the main body of the collector transient current pulse waveform distribution shows the
same basic characteristics, a fast rising edge and a relatively slow falling edge. However,
as the incident angle of the proton increases, the falling edge becomes very slow, and the
distribution range of the collector transient current pulse duration expands.

Above all, the single event effects in the SiGe HBT can be well reproduced by a TCAD
simulation, which is not affected by the running time compared with the experimental
study. At the same time, a TCAD simulation can complete the research content that is
difficult to achieve in the experiment, so as to provide a theoretical basis for the practical
application of the SiGe HBT in a space environment. Based on the process and structure of
the SiGe HBT produced by the Chinese company, the effects of the striking location, incident
angle and LET value of heavy ions, ambient temperature, bias state and other factors on
the single event effects of the SiGe HBT were carried out by the TCAD simulation in this
paper. The sensitive area of the charge collection, the effects of these factors on the current
transient pulse peak value and width of each terminal and the charge collection amount
were determined, which provides further theoretical support for the radiation-hardening
technique of the SiGe HBT produced by the Chinese company.

2. Materials and Methods

In this paper, a domestic SiGe HBT is selected as the research object, whose inner
structure is similar to that of the traditional bulk silicon npn vertical bipolar transistor, as
shown in Figure 1. The base region is composed of SiGe material with gradual change
in components. The introduction of Ge in the base region forms a slow mutation het-
erojunction at the emitter/base pole junction (E/B junction) and base/collector junction
(B/C junction), as shown in Figure 2. The built-in electric field formed in the base region
effectively improves the carrier transit time in the base region. Current gain increases
exponentially with the band-gap variation 
Eg after the introduction of Ge, as shown in
the following equation:

h f e =
Ne

Nb

Vnb
Vpe

exp(
Eg/kT) (1)

where h f e is the current gain, Ne is concentration in emitter region, Nb is the concentration in
base region, Vnb is the electrons’ velocity in base region, Vpe is the holes’ velocity in emitter
region, 
Eg is the band-gap change, k is the Boltzmann’s constant and T is the temperature.
The base region thickness of the SiGe HBT is 0.08 μm, and the doping concentration is up
to 1019 cm−3, which effectively reduces the resistance of the base region and enables the
SiGe HBT to simultaneously meet the requirements of high frequency and high gain. A
shallow trough isolation (STI) was used to form an active region in the region from the
base to the collector. Above the isolated oxide layer, a polysilicon layer doped boron and
germanium exported the base, which was epitaxial by the dual polysilicon self-alignment
process. Heavy doping epitaxial region can reduce resistance of the base region and the
B/C junction. n+ buried layer leads to the collector. The emitter region is manufactured
using polysilicon and leads to the emitter contact at the top. Near the edge of the SiGe HBT,
boron ions are injected by ion implantation process to form a P-type isolation wall and
export the substrate.
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Figure 1. Schematic diagram (a) and the internal structure simulation profile (b) of the SiGe HBT.

Figure 2. Schematic diagram of the band structure of the SiGe HBT.

Philips unified mobility model, SRH recombination model, Auger recombination
model, velocity saturation model and band-gap narrowing model were used as physical
models in TCAD simulation. The majority and minority carrier mobility for bipolar
transistor can be accurately simulated by the Philips unified mobility model. The high
concentrations of electron and hole in the SiGe HBT can be described by the SRH and
Auger recombination models. The velocity saturation model is used due to the presence of
high carrier density gradient. The band-gap narrowing model is used because germanium
doping will cause gradual change in the band structure.

When heavy ions are striking on the SiGe HBT, a large number of electron–hole pairs
are generated by ionization along the ions track, which distorts the potential in the depletion
layer and forms a funnel potential toward the substrate. Under the action of the funnel
electric field and concentration gradient, carriers are rapidly collected by each terminal
through drift and diffusion, and such a large amount of charge collection will cause changes
in the current of each terminal in a short time (a few nanoseconds). In TCAD simulation,
the calculation of carrier generation rate caused by heavy ions irradiation is the key. The
number of electron–hole pairs before the initial heavy ions striking is added to the carrier
density at the beginning of the simulation, and the carrier generation rate after heavy ion
incident is given by the following formula:

G(l, ω, t) = GLET(l)R(ω, l)T(t) (2)
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where R(ω, l) and T(t) represent the carrier generation rate as a function of space and
time, respectively. Changing carrier with time is Gaussian distribution, that is, T(t) can be
expressed by Equation (3):

T(t) =
2 · exp(−( t−t0√

2·Shi
)

2
)

√
2 · Shi

√
π(1 + er f ( t0√

2·Shi
))

(3)

where t0 is the moment when heavy ions enter the SiGe HBT, Shi is the Gaussian char-
acteristic value. Changing carrier with space can follow either exponential function or
Gaussian function. Gaussian distribution is used in this paper, and Equation (4) is a function
representation of R(ω, l).

R(w, l) = exp(−(
ω

ωt(l)
)2) (4)

where ω is the vertical distance to the ion track, and ωt(l) is the characteristic length. The
striking locations of heavy ions on the SiGe HBT are, respectively, set in the center of emitter,
base, collector and substrate.

Figure 3 shows the Gummel characteristic curve of the SiGe HBT obtained by TCAD
simulation in this paper; it is in good agreement with the simulation results obtained by
others and the tested values by the semiconductor parameter tester KETHLEY4200. This
indicates that the SiGe HBT structure model constructed in this work can accurately reflect
the actual performance of the SiGe HBT. In this paper, the substrate is biased at −5 V and
all other terminals are biased at 0 V to achieve the worst bias, except where it is specifically
stated, for example, in the study of the effects of bias state on the single event effects of the
SiGe HBT induced by heavy ions.
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Figure 3. Gummel characteristic curve of the SiGe HBT.

3. Results and Discussion

3.1. Striking Location

The single event effects’ sensitive area of the SiGe HBT can be obtained by analyzing
the device structure and the simulation results of heavy ions striking at different locations.
The charge collection quantity at each terminal is closely related to the striking location of
the heavy ions. Figures 4 and 5 show the current transients and charge collection quantity of
each terminal introduced by heavy ions striking at the center of the emitter, base, collector
and substrate, respectively. When heavy ions are striking at the center of the emitter and
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base, electrons are collected by the emitter and collector, holes are collected by the base and
the current of the substrate is not changed significantly by the heavy ions striking. When
heavy ions are striking at the center of the collector and substrate, the electrons are collected
by the collector, the holes are collected by the base and substrate and the current of the base
and emitter is not changed significantly. The current transient peak value of each terminal
is strongly dependent on the heavy ions’ striking location. The current transient peak value
caused by the irradiation of heavy ions on the emitter and base is much higher than that
caused by the irradiation of heavy ions on the collector and substrate. When heavy ions are
irradiating the collector, the current transient peak value is the minimum, which indicates
that the emitter and base are the sensitive area of the single event transient. Electron–hole
pairs are generated by ionization when the heavy ions are incident on the sensitive area of
the SiGe HBT, the electrons are collected at the high potential region and the holes flow in
the direction of decreasing potential. When heavy ions are striking the center of different
terminals, different carrier transport modes result in the different response of the single
event transient. When heavy ions irradiate the emitter and base of the SiGe HBT, the
total charge quantity collected by the emitter and collector is equal to the charge quantity
collected by the base. While heavy ions irradiate the collector and substrate of the SiGe
HBT, the charge collected by the collector is equal to the charge quantity collected by the
substrate. All of the results show that the emitter is the sensitive area of the SiGe HBT.
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Figure 4. The current change in each terminal with time as heavy ions irradiate the center of emitter
(a), base (b), collector (c) and substrate (d) of the SiGe HBT.

3.2. Incident Angle

The effective LET value of the heavy ions incident on the SiGe HBT surface changes
with the incident angle. Figure 6 shows the current transients and collected charge of the
base as the heavy ions irradiate the emitter and base of the SiGe HBT with different incident
angles. With the increase in the incident angle, the current transient peak value increases
first and then decreases, and the current transient pulse width does not change obviously.
The collected charge quantity of the base changed with the incident angle, the collected
charge quantity of the base is the maximum when the heavy ions irradiate the emitter with
an angle of 60◦, while the collected charge quantity of the base is the maximum when the
heavy ions irradiate the base with an angle of 90◦. As shown in Figure 1, the incident angle
increases in a clockwise direction. The base current changes with the incident angle caused
by the change in the distance from the carrier to the base, and it decreases first and then
increases with the incident angle when the heavy ions irradiate the emitter of the SiGe HBT.
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Figure 5. The collected charge change in each terminal with time as heavy ions irradiates the center
of emitter (a), base (b), collector (c) and substrate (d) of the SiGe HBT.
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Figure 6. The current and collected charge change in the base with time as heavy ions irradiates the
center of emitter (a,b) and base (c,d) of the SiGe HBT.

Figure 7 shows the current transients pulse and collected charge quantity of the
collector as the heavy ions irradiate the collector and substrate of the SiGe HBT with
different incident angles. When the heavy ions irradiate the collector, there are two transient
peaks in the current of the collector caused by the drift and diffusion of electrons. The
current transient peak value and collected charge quantity change with the incident angle.
When the heavy ions irradiate the substrate, the current transient peak and pulse width
of the collector are changed by the incident angle of the heavy ions. The current transient
peak value and collected charge quantity of the collector caused by heavy ions irradiation
with an angle of 0◦ is the lowest, while the values caused by heavy ions irradiation with an
angle of 30◦ is the highest.
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Figure 7. The current and collected charge change in the collector with time as heavy ions irradiate
the center of collector (a,b) and substrate (c,d) of the SiGe HBT.

3.3. LET Values

The number of electron–hole pairs in the SiGe HBT produced by heavy ions irradiation
with different LET values is different, and the number of the electrons and holes in SiGe
HBT increases with the heavy ions’ LET value. In the TCAD simulation, the LET value of
the heavy ions is represented by the charge deposition quantity, and the charge deposition
quantity of 0.1 pC/μm corresponds to the LET value of the heavy ions of 10 MeV·cm2/mg.
When studying the effect of the heavy ions’ LET values on the single event effects of the
SiGe HBT, the charge quantity deposited by the heavy ions in the SiGe HBT is set to vary
in the range 0.1 to 1.5 pC/μm, and the corresponding heavy ion LET values vary in the
range 10 to 150 MeV·cm2/mg. Figures 8 and 9 show the change in the current and collected
charge with time when the heavy ions with different LET values vertically irradiate the
different terminals of the SiGe HBT. The current transient peak value, pulse width and
collected charge increase with the heavy ions’ LET values.

3.4. Projected Range

Different heavy ions with the same LET value have different projected ranges in the
SiGe HBT, and lighter ions will have a longer projected range in the SiGe HBT. Whether
the LET value can be used to characterize the single event effects induced by different
heavy ions irradiation depends on the microstructure and the inner material of the device.
Figures 10 and 11 show the current transients and collected charge quantity of the base
and collector under the irradiation of heavy ions with the same LET value and different
projected ranges, respectively. The projected range of heavy ions is set in the range of
1 to 10 μm. When heavy ions irradiate the emitter, the base current peak value and collected
charge quantity increase with the projected range. When heavy ions irradiate the base,
the base current peak value decreases with the projected range, but the collected charge
is increased by the projected range because the transient pulse width increases with the
projected range. When the heavy ions irradiate the collector and substrate, the current peak
value, pulse width and collected charge quantity of the collector increase with the heavy
ions’ projected range. Therefore, the species of heavy ions should be considered when
studying the single event effects of the SiGe HBT induced by heavy ions irradiation.

184



Electronics 2023, 12, 1008

����� ����� ����� ����� ����� ���� ����
��	


��	�

��	�

��	�

��	�

��	�

��	�

�	�

�	�

�	� �	�
���� �	�
���� �	�
���� �	�
���� �	�
����
��	�
�����

��	�
�����

��	�
�����

��	�
�����

��	�
�����

�	�

����� ����� ����� ����� ����� ���� ����

��	�

��	�

��	�

��	�

��	�

�	�

�	� �	�
���� �	�
���� �	�
���� �	�
���� �	�
����
��	�
�����

��	�
�����

��	�
�����

��	�
�����

��	�
�����

��	�
�����

��	�
�����

��	�
�����

��	�
�����

�	�

�
�
��
��
��
�

������

���

���

���

���

���

�
�

���

����

������� ���

�
	


��
��
�

������

���

���

���

���

���

���

�
�

���

����

����

�
�
��
��
��
�

������

���

�
	


��
��
�

������

Figure 8. Change in base current and collected charge with time when heavy ions with different LET
values vertically irradiate the emitter (a,b) and base (c,d) of the SiGe HBT.
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Figure 9. Change in collector current and collected charge with time when heavy ions with different
LET values vertically irradiate the collector (a,b) and substrate (c,d) of the SiGe HBT.
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Figure 10. Change in base current and collected charge with time when heavy ions with different
projected range vertically irradiate the emitter (a,b) and base (c,d) of the SiGe HBT.
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Figure 11. Change in collector current and collected charge with time when heavy ions with different
projected range vertically irradiate the collector (a,b) and substrate (c,d) of the SiGe HBT.

3.5. Ambient Temperature

Under different temperatures, the mobility of the carrier in the SiGe HBT is different,
and the mobility of the carrier decreases with the temperature. Therefore, the ambient
temperature during the heavy ions irradiation has a significant influence on the single
event effects of the SiGe HBT. Figures 12 and 13 show the current transients and collected
charge quantity of the base and collector introduced by the heavy ions irradiation under
different ambient temperatures. The current transient peak value and collected charge
quantity decrease with the ambient temperature, while the pulse width is not significantly
changed by the ambient temperature. We can conclude that increasing the ambient temper-
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ature of the SiGe HBT can effectively reduce the single event effects caused by the heavy
ions irradiation.
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Figure 12. Change in base current and collected charge with time when heavy ions vertically irradiate
the emitter (a,b) and base (c,d) of the SiGe HBT under different ambient temperatures.
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Figure 13. Change in collector current and collected charge with time when heavy ions vertically
irradiate the collector (a,b) and substrate (c,d) of the SiGe HBT under different ambient temperatures.

3.6. Bias State

Previous studies have shown that the inverse bias of the large area C/S junction
enhances the funnel effect, making the SiGe HBT sensitive to the single event effects. To
compare the effects of different bias states on the SiGe HBT single event effects and consid-
ering the practical application in circuits, the positive bias (base = +1.2 V, collector = +3 V),
off bias (emitter = +3 V, collector = +3 V), collector positive bias(collector = +3 V) and
substrate inverse bias (substrate = −3 V), four kinds of work bias states that form the
inverse bias C/S junction, were selected in this work. Figure 14 shows the current change
in each terminal with time when heavy ions vertically irradiate the emitter of the SiGe
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HBT under different bias states. When the SiGe HBT is in the substrate inverse bias state,
electrons are collected by the collector and emitter, and holes are collected by the base and
substrate. When the SiGe HBT is in the positive bias state, electrons are collected by the
collector and base, and holes are collected by the emitter. When the SiGe HBT is in the off
bias state, electrons are collected by the collector and emitter, and holes are collected by the
base. When the SiGe HBT is in the substrate inverse bias state, electrons are collected by
the collector and substrate, and holes are collected by the base and emitter. The current
transient peak value when the SiGe HBT is in the collector positive bias state is the highest,
followed by the SiGe HBT in the off bias and positive bias states, and the SiGe HBT in the
substrate inverse bias state has the lowest current transient peak value. Therefore, the single
event effect of the SiGe HBT is changed by the bias state during the heavy ions irradiation.
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Figure 14. Change in current with time when heavy ions vertically irradiate the emitter of the SiGe
HBT under the substrate inverse bias (a), positive bias (b), off bias (c) and collector positive bias
(d) states.

Figure 15 shows the collected charge quantity change in each terminal with time when
the heavy ions vertically irradiate the emitter of the SiGe HBT under different bias states.
When the SiGe HBT is in the substrate inverse bias state, the collected charge quantity of
the collector and substrate increases with time, while the collected charge quantity of the
base and emitter rapidly reaches saturation after heavy ions irradiation, and the charge
quantity of the electrons collected at the collector and emitter is equal to the charge quantity
of the holes collected at the base and substrate. When the SiGe HBT is in the positive bias
state, the collected charge of the base, collector and emitter increases with time, while the
collected charge quantity of the substrate is not changed with time, and the charge quantity
of the electrons collected at the base and collector is equal to the charge quantity of the
holes collected at the emitter. When the SiGe HBT is in the off bias state, the collected
charge quantity of the base, collector, emitter and substrate increases with time, and the
charge quantity of the electrons collected at the collector and emitter is equal to the charge
quantity of the holes collected at the base and substrate. When the SiGe HBT is in the
collector positive bias state, the collected charge quantity of the collector and substrate
increases slowly with time, while the collected charge quantity of the base and emitter
rapidly reaches saturation, and the charge quantity of the electrons collected at the collector
is equal to the charge quantity of the holes collected at the base, emitter and substrate. In
the 5 × 10−8 s after the heavy ions irradiation, the collected charge quantity of the terminal
of the SiGe HBT in the positive bias state is the highest, followed by the SiGe HBT in the off
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bias and collector positive bias states, and the least quantity of charge is collected at the
terminal of the SiGe HBT in the substrate inverse bias state. Therefore, the quantity of the
collected charge at each terminal of the SiGe HBT after the heavy ions irradiation depends
on the bias state of the device.
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Figure 15. Change in collected charge with time when heavy ions vertically irradiate the emitter of
the SiGe HBT under the substrate inverse bias (a), positive bias (b), off bias (c) and collector positive
bias (d) states.

Figures A1–A3 show the change in the current with time when the heavy ions irradiate
the base, collector and substrate of the SiGe HBT under the different bias states, respectively.
When the heavy ions irradiate the base, the electrons are collected by the collector and
emitter, and the holes are collected by the base and substrate under the substrate inverse
bias and off bias. The collector and base collect the electrons under the positive bias state,
while the emitter collects holes. Under the collector positive bias state, the electrons are
collected by the collector and substrate, while the holes are collected by the base and emitter.
The bias state not only changes the peak value and pulse shape of the current transients at
each terminal but also changes the type of carriers collected at each terminal. When heavy
ions irradiate the collector and substrate of the SiGe HBT, there are two peaks in the current
of the collector and substrate, except for the positive bias state, and the peak values are not
changed significantly by the bias states.

Figures A4–A6 show the collected charge quantity of each terminal when the heavy
ions irradiate the base, collector and substrate under the positive bias, off bias and collector
positive bias states, respectively. When the heavy ions irradiate the different locations of the
SiGe HBT, the quantity of the collected charge at each terminal is changed by the bias state.
The collected charge quantity increases linearly with time under the positive bias state and
slowly with time under the other bias states. Therefore, the collected charge quantity at
each terminal of the SiGe HBT is affected by both the irradiation position of the heavy ions
and the bias state during the irradiation.

4. Conclusions

To understand the microphysical mechanism of single event effects in the SiGe HBT
induced by heavy ion irradiation, the effects of the heavy ion striking location, incident
angle, LET value, projected range, ambient temperature and bias state on the single event
effects were investigated in this paper by using a TCAD simulation. The results show that
the current transient peak value and collected carrier type of each terminal was changed by
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these factors. The current transient peak value increases with the LET and projected range
of the heavy ions and decreases with the ambient temperature. The single event effects of
the SiGe HBT are not only affected by the heavy ion irradiation parameters such as the
incident angle, LET value and projected range, but they are also affected by the striking
location, ambient temperature and bias state. The peak value of the current transient peak
value increases with the projected range when the emitter, collector and substrate of the
SiGe HBT are irradiated by heavy ions with the same LET value, while the current transient
peak value decreases slowly with the projected range when the heavy ions irradiate the
base, which indicates that the species of heavy ions should be taken into account when
carrying out research on the single event effects of the SiGe HBT induced by heavy ions
irradiation. The main reason for the change in the single event effects is the change in the
carrier mobility and transport mode under different factors. According to the simulation
results, we can conclude that the single-particle effect caused by heavy ion irradiation can
be weakened by increasing the pseudo electrode to carry away the electron–hole pairs
generated by heavy ions irradiation, increasing the isolation area of the insulating materials
to prevent the electron–hole pairs being collected by the terminals, increasing the ambient
temperature to reduce the mobility of carriers, and other methods.
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Appendix A

The following figures show the change in current and collected charge of each terminal
with time when heavy ions irradiate the base, collector and substrate of the SiGe HBT under
the different bias states, respectively.
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Figure A1. Change in current with time when heavy ions vertically irradiate the base of the SiGe HBT
under the substrate inverse bias (a), positive bias (b), off bias (c) and collector positive bias (d) states.
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Figure A2. Change in current with time when heavy ions vertically irradiate the collector of the SiGe
HBT under the substrate inverse bias (a), positive bias (b), off bias (c) and collector positive bias
(d) states.
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Figure A3. Change in current with time when heavy ions vertically irradiate the substrate of the
SiGe HBT under the substrate inverse bias (a), positive bias (b), off bias (c) and collector positive bias
(d) states.
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Figure A4. Change in collected charge with time when heavy ions vertically irradiate the emitter of
the SiGe HBT under the substrate inverse bias (a), positive bias (b), off bias (c) and collector positive
bias (d) states.
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Figure A5. Change in collected charge with time when heavy ions vertically irradiate the emitter of
the SiGe HBT under the substrate inverse bias (a), positive bias (b), off bias (c) and collector positive
bias (d) states.
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Figure A6. Change in collected charge with time when heavy ions vertically irradiate the emitter of
the SiGe HBT under the substrate inverse bias (a), positive bias (b), off bias (c) and collector positive
bias (d) states.
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Abstract: The excellent performance and radiation-hardness potential of carbon nanotube (CNT) field
effect transistors (CNTFETs) have attracted wide attention. However, top-gate structure CNTFETs,
which are often used to make high-performance devices, have not been studied enough. In this
paper, the total ionizing dose (TID) effect of the top-gate structure CNTFETs and the influence of
the substrate on top-gate during irradiation are studied. The parameter degradation caused by the
irradiation- and radiation-damage mechanisms of the top-gate P-type CNTFET were obtained by
performing a Co-60 γ-ray irradiation test. The results indicate that the transfer curves of the top-gate
P-type CNTFETs shift negatively, the threshold voltage and the transconductance decrease when TID
increases, and the subthreshold swing decreases first and then increases with the increase in TID.
The back-gate transistor is constructed by using the substrate as a back-gate, and the influence of
back-gate bias on the characteristics of the top-gate transistor is tested. We also test the influence of
TID irradiation on the characteristics of back-gate transistors, and reveal the effect of trapped charge
introduced by radiation on the characteristics of top-gate transistors. In addition, the CNTFETs that
we used have obvious hysteresis characteristics. After irradiation, the radiation-induced trapped
charges generated in oxide and the OH groups generated by ionization of the CNT adsorbates
aggravate the hysteresis characteristics of CNTFET, and the hysteresis window increases with the
increase in TID.

Keywords: carbon nanotube field effect transistor; total ionizing dose; radiation effect; trapped charge

1. Introduction

Metamaterial is an artificial material that does not exist in nature. It exhibits material
properties not seen in nature, such as permittivity, a bulk modulus or refractive index, which
surpasses substances found in nature [1]. In recent years, due to their unique properties,
metamaterials have been applied to epsilon-negative metamaterial (ENM), biosensors,
metamaterial platforms, and other aspects [2–6], which have developed rapidly in various
fields and attracted wide attention.

The development of silicon-based semiconductor technology follows Moore’s law, i.e.,
the physical size of transistors approaches the limit, and performance hits the bottleneck.
Semiconductor devices have entered the post-Moore era, more noticeably than in the Moore
era, as new materials and new technology have emerged. Carbon nanotube (CNT) has
attracted attention as a metamaterial with excellent properties. A carbon-based device
based on carbon nanotube materials has the characteristic of high energy efficiency, with
ease of three-dimensional heterogeneous integration, it is low cost, and so on. It is an
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important technical route to continue Moore’s law, and it has been considered a promising
technology in aerospace and other fields [7–13].

Devices with improved performance and reliability are needed to cope with the
radiation effects in space applications. Carbon-based devices show better performance
and radiation-hardness than silicon-based devices [14–16]. Carbon-based devices have
great potential in space applications, such as space SRAM and radiation-hardness IC.
Furthermore, due to its excellent electrical performance and special physical structure,
CNTFET has undergone rapid development in flexible electronic devices [17], which can
be applied to wearable electronic devices for the human body and space environment
detection devices in space stations in the future.

The carbon nanotube field effect transistor (CNTFET) is the basic unit of a carbon-
based integrated circuit. The channel region of CNTFET is composed of CNT. CNTFET can
be divided into various types according to different processes and structures, including
back-gate structure, top-gate structure, ion gel gate structure, etc. In space applications,
CNTFET will face radiation damage effects caused by high-energy particles, resulting in
the degradation of device performance. The total ionizing dose effect (TID) is one of the
most important radiation damage effects.

Researchers have studied the TID effect on CNTFETs with different structures. Cory
D. Cress et al. used a Co-60 γ-ray source to conduct a TID test on P-type back-gate
CNTFET without a passivity layer [18]. The results indicated that irradiation did not
generate significant damage to the CNT channel, and it was believed that the change of
device characteristics mainly depended on materials around CNT, interface state, and air
environment. Yudan Zhao et al. further investigated the influence of CNT absorbability
and CNT arrangement on the TID effect of back-gate CNTFET. They demonstrated that the
air molecules adsorbed by CNT in devices without a passivation layer, the fixed charge in
materials of the passivation layer, and the improvement of the contact junction in network
arrangement were the predominant factors influencing the TID effect of CNTFET [19].

In recent years, Lian-Mao Peng‘s team researched the radiation effect of ion gel gate
CNTFET, and the results indicated that the structure of the ion gel gate could protect
the channel of CNT, improved the radiation tolerance effectively [16,20,21], and could be
recovered by annealing after irradiation. However, the author also mentioned that the
structure suffers from low performance, difficulty in scaling down, and a narrow range of
operating temperatures.

Compared with the first two structures, the top-gate device can not only protect
the channel of CNT effectively and enhance the radiation tolerance of CNTFET, but can
also reduce the size of the device more easily, which can be used for high-performance
carbon nanotube devices [22–24]. In 2019, Xinyang Zhao et al. studied the TID effect of
a flexible top-gate carbon nanotube thin-film transistor (CNTFT) using Co-60 γ-ray. The
research showed that the radiation resistance of flexible CNTFETs was comparable to
that of rigid CNTFETs, which were fabricated on the oxide substrate [25]. For the TID of
rigid CNTFET, Maguang Zhu et al. conducted research on the TID of SRAM composed of
top-gate CNTFET [26]. In addition, they tested TID on each part of the top-gate CNTFETs
independently [15]. The results showed that CNTs are a kind of radiation-hardened
semiconducting material, and the damage of substrate material and gate oxide material
was the main factor of TID. However, it did not reveal the influence process of radiation-
induced trapped charge in the substrate material on the characteristics of the top-gate
transistor. Up to now, there has been little research on the sensitivity parameters, damage
rules, and mechanisms of top-gate CNTFETs, and relevant research is urgently required for
the design of CNT-based devices.

In this paper, we researched TID of P-type CNT-network FETs with a top-gate structure.
The variation of threshold voltage, transconductance, subthreshold swing, and hysteresis
characteristics of the device before and after irradiation by Co-60 γ-ray are analyzed. The
influence mechanism of trapped charge introduced by TID irradiation on the characteristics
of the top-gate CNTFETs is discussed. Additionally, the influence of back-gate pressure
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on front-gate transfer characteristic curves (IDS-VGS) and its control ability were tested.
Finally, the possible reasons for CNTFETs hysteresis and the relationship of hysteresis
characteristics with TID are explained.

2. Device Structures and Experimental Details

The structure of the test samples used in this paper is shown in Figure 1a. The CNTFET
substrates are Si and SiO2. The Si substrate is 500 μm thick, and the SiO2 substrate is 280 nm
thick. The carbon tube material comprises a reticulated film with a density of 15 pieces/um.
The device image is shown in Figure 1b. The semiconducting CNT-network films are the
channel regions of the devices. CNT films are undoped, and the width/length ratio is
30 μm/4 μm. The Pd layers serve as electrodes. The function of the P-type transistor is
obtained according to the difference of work function between Pd and CNT. The contacts
between CNTs and Pd electrodes are Ohmic contacts, which was detected by testing the
IDS-VDS characteristics of the device. The gate oxide layers consisted of high-k materials
Y2O3 and HfO2, which are 10 nm in total. Samples are wafer-level unpackaged devices.

  

(a)                                 (b) 
Figure 1. (a) Structure of the top-gate CNTFET; (b) SEM of the top-gate CNTFET.

The irradiation experiments were carried out on a Co-60 γ-ray source in Xinjiang
Technical Institute of Physics and Chemistry, Chinese Academy Sciences. The average
energy of γ ray is 1.25 MeV, and the devices are irradiated in atmospheric environment. The
dose rate is 195.476 rad(Si)/s during irradiation. Dose levels are 200 k rad(Si), 500 k rad(Si),
1 M rad(Si), 2 M rad(Si), and 3 M rad(Si). The total irradiation cumulative time is 255 min
47 s. The accumulation time of each dose level was 17 min 3 s, 25 min 35 s, 42 min 38 s,
85 min 16 s, and 85 min 16 s, respectively. During irradiation, devices are floating. Co-60
γ-ray has a dose-building area when it propagates in the medium [27], and there might be
a dose error in the sensitive area because the devices that we used were not packaged. In
order to ensure uniformity of the absorbed dose during irradiation, a pre-balanced layer of
about 5 mm was added in front of the devices, and a backscatter layer of about 2 cm was
added behind the devices to ensure balance of secondary electrons and the absorbed dose
in the sensitive area.

Devices were measured using the probe station and the Keithley 4200SCS parameter
analyzer at room temperature. The measurement included the IDS-VGS characteristic curves
of the linear region and saturated region. The order of scanning may affect the hysteresis
characteristics as the gate voltage (VGS) sweeps from 0.5 V to −2 V, with the −0.02 V step
first, and from −2 V to 0.5 V. The test information is shown in Table 1. In order to avoid the
effect of annealing on the devices, the test time of each dose level is less than 45 min.
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Table 1. Measurement information in this paper.

TID Dose Rate Test Items

200 k rad(Si)

195.476 rad(Si)/s
1. VDS = −0.1 V, VGS = (0.5 V) − (−2 V), bidirectional scanning
2. VDS = −2 V, VGS = (0.5 V) − (−2 V), bidirectional scanning

500 k rad(Si)
1 M rad(Si)
2 M rad(Si)
3 M rad(Si)

3. Results and Discussion

3.1. Effect of TID Radiation on IDS-VGS Characteristics of Top-Gate CNTFET

Figure 2 shows the IDS-VGS curves under different irradiation doses. It can be seen
from Figure 2 that the IDS-VGS characteristics shift negatively after TID radiation, and the
saturation current in the linear region decreases with the increase in TID.

Figure 2. Transfer characteristic curves after irradiation.

The threshold voltage (Vth), maximum transconductance (GM Max), and subthreshold
swing (SS) of the devices before and after irradiation were extracted from the IDS-VGS
curves, as shown in Figure 3a, 3b and 3c, respectively. As can be seen from the figure, with
the increase in accumulated doses of irradiation, Vth shifts negatively and GM Max decreases
monotonically, while the subthreshold swing (SS) first decreases and then increases.

(a) 

Figure 3. Cont.
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(b) 

(c) 

Figure 3. The changes of (a) threshold voltage (Vth), (b) maximum transconductance (GM Max) and
(c) subthreshold swing (SS) after irradiation.

The relation between threshold voltage and trapped charges induced by radiation
is [28,29]:

Vth = Vth0 +
ΔQot + ΔQit

Cox
(1)

where Vth0 is the threshold voltage before irradiation, ΔQot is the charge variation of the
top-gate oxide layer, ΔQit is the change in the interface-trapped charges, and Cox is the ca-
pacitance of the top-gate oxide layer. Equation (1) demonstrated that both radiation-induced
oxide-trapped charge and interface-trapped charge could lead to threshold voltage shift.

Equation (2) is the formula of transconductance:

Gm = μCox
W
L

VDS (2)

Equation (3) is the formula of subthreshold swing:

SS =
kT
q

(
1 +

Cdep + Cit

Cox

)
ln10 (3)
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where μ is the carrier mobility, Cdep is the depletion capacitance, Cit is the interface trap
capacitance, k is Boltzmann constant, T is temperature, and q is electronic charge. Carrier
mobility μ is determined as follows:

μ =
μ0

1 + αΔNit
(4)

Interface trap capacitance Cit is obtained with Equation (5):

Cit = q2Dit (5)

where μ0 is the mobility pre-irradiation, ΔNit is the radiation dependent densities of trapped
charges in interface SiO2/CNT, α is the parameter reflecting the technology change, and
Dit is the density of interface traps.

The transconductance is proportional to the carrier mobility, while the carrier mobility
is mainly affected by the interface traps. Therefore, an increase in irradiation dose increases
interface traps, which then results in Coulomb scattering that in turn affects carrier mobility
in the channel, and eventually causes a decrease in the maximum transconductance of
the device.

Both depletion capacitance and interface trap capacitance could affect subthreshold
swing. However, CNTs are ultrathin channel materials while Cdep can be neglected [15].
The subthreshold swing of CNTFETs is thus only affected by Cit, and the density of interface
traps is the main influencing factor for Cit from Equation (5).

Because we used a CNT-network FET, CNTs in the channel region are staggered,
and there is a large number of junctions between CNTs in the network films. Accord-
ing to previous research, high energy γ-ray can produce defects near CNT junctions.
Through annealing under γ irradiation [30] or the oxidation of CNT due to the ionization
effect [31,32], CNT junctions can recombine with nearby defects, improving the perfor-
mance of CNT [19,33] that repairs the interface traps on the surface of CNT, and reduces
the density of interface traps to a certain degree. Therefore, at the initial stage of radiation,
that is from 0 k rad (Si) to about 200 k rad (Si), the recombination process of CNT junctions
that can repair interfacial traps plays a major role, and the subthreshold swing of CNTFET
decreases with the increase in TID. With the increase in TID, the number of junctions
begins to decrease, and interface traps become the dominant factor, which increases the
subthreshold swing with the increase in TID.

Considering the above reasons, the negative shift of IDS-VGS characteristics in Figure 2
can be confirmed to be caused by radiation. During irradiation, electron hole pairs are
generated in the gate dielectric layer and/or oxide substrate, and the hole mobility is rela-
tively low, which is easily captured by oxide and interface traps, forming positive trapped
charges and requiring a higher negative gate voltage to control the channel. Therefore, as
TID increases, the negative shift of the I–V curve occurs.

3.2. Influence of Trapped Charges in SiO2 Substrate Induced by Irradiation on Top-Gate
CNTFET Characteristics

With regard to the devices in this paper, theoretically, the TID can generate trapped
charges in both the top-gate dielectric layer and the substrate oxide, leading to degradation
of the device parameters. In order to determine where the trapped charges were the
dominant factor, we measured the IDS-VGS characteristics of the devices under different
substrate voltages.

As shown in Figure 4, positive voltages were applied to the substrate in order to simu-
late the effect of the substrate’s accumulated oxide-trapped charges on top-gate transistors.
With the increase in the substrate voltage, the IDS-VGS curve shifts negatively and the
saturation current decreases gradually, which is consistent with the phenomenon observed
in radiation. It is shown that the positive oxide-trapped charges are also generated in the
substrate under γ-ray irradiation, which is consistent with the effect of trapped charges
generated in gate on the IDS-VGS characteristics.
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Figure 4. IDS-VGS characteristics of devices at different substrate voltages.

Figure 5a–c shows the threshold voltage, the maximum transconductance, and the
subthreshold swing of top-gate transistor under various back-gate voltages, respectively.
It may be assumed that positive oxide-trapped charges in the substrate bring holes closer
to the surface of the CNT channel and increase the generation of interface traps. As a
result, transconductance decreases and subthreshold swing increases when the substrate
voltage is increased. On the other hand, Figure 5b also shows that the phenomenon of the
subthreshold swing decreasing first and then increasing during irradiation, as shown in
Figure 3c, derives from other factors rather than interface-trapped charges.

(a) 

Figure 5. Cont.
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(b) 

(c) 
Figure 5. (a) The changes of threshold voltage under various substrate voltages. (b) Influence of
different substrate voltages on transconductance. (c) The effect of different substrate voltages on
subthreshold swing.

In addition, we used the SiO2 substrate as the back-gate to test the TID radiation effect
on the characteristics of the back-gate transistor. Figure 6 shows the IDS-VBG characteristic
curves of the back-gate transistor at different TIDs. Figure 6 also shows that the IDS-VBG
characteristic curves of the back-gate transistor shift negatively, and the saturation current
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decreases, which is consistent with the front-gate characteristic curves in Figure 2. The
threshold voltage of the back-gate transistor is also extracted by the constant voltage
method, as shown in Figure 7. In the same figure, it can be seen that the threshold voltage
of the back-gate transistor changes obviously. It is supposed that there will be many
oxide-trapped charges in the SiO2 substrate that are induced by irradiation.

Figure 6. IDS-VBG characteristics of the back-gate after irradiation.

Figure 7. Threshold voltage of the back-gate transistor after irradiation.

Figure 8 shows the coupling coefficient between the back-gate transistor and the
front-gate transistor. The device coupling coefficient is almost linear, indicating that the
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back-gate has better control over the front-gate, the density of trapped charges near the
SiO2 interface is low, and the TID effect has little influence on the coupling effect for the
test samples in this paper.

Figure 8. Changes of coupling coefficient.

3.3. TID Influence on Hysteresis Characteristics of Top-Gate CNTFET

For field effect transistors, the stable control of voltage to current is an important index
of device performance. The hysteresis characteristics will affect the stability of the device,
and it will pose a problem that should be discussed when CNTFET is used in real life.

The channel of CNTFET is composed of organic material CNTs, and the interface
becomes complicated when it comes into contact with inorganic materials. Meanwhile,
high-k materials such as Y2O3 and HfO2 that are used as the gate dielectric have more
defects than SiO2. This will more likely generate current hysteresis characteristics [34].
Thus, we measured the hysteresis characteristics through bidirectional scanning for gate
voltage, as shown in Figure 9. The maximum gate voltage difference under the same drain
current IDS was used to define the hysteresis window VM. The test sequence involves
scanning of the gate voltage VGS from 0.5 V to −2 V, which is defined as negative scanning
in this paper. Subsequently, it is scanned back from −2 V to 0.5 V, which is defined as
positive scanning in this paper. It can be clearly seen from Figure 9 that the hysteresis
window, VM, increased with the increase in TID.

Previous research has shown that the reasons for the hysteresis of devices are mainly
due to the following four kinds of charges [35–37]: (1) positive oxide fixed charge that is
generally very close to the channel (about 2 nm); (2) oxide-trapped charge; (3) interface-
trapped charge; and (4) moving charge in oxide. Due to the properties of high-k materials,
there are more fixed positive charges in Y2O3 and HfO2 than in SiO2. As mentioned in
the previous analysis, the generation of oxide-trapped charge and interfacial trapped
charge are consistent with the change of hysteresis characteristics with the accumulation
of TID. Therefore, the overall quantity of oxide-trapped charges and interfacial trapped
charges increases with the increase in TID and could generate the change of hysteresis
characteristics. The hysteresis characteristics are proportional to TID.
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Figure 9. Hysteresis characteristics as a function of TID.

On the other hand, CNTFETs are different from traditional transistors. CNTs have
strong adsorption, and it is difficult to avoid the adsorption of oxygen, molecules of water,
and other impurities in the fabrication process. At present, it is widely believed that
water molecules adsorbed by CNT and the presence of OH group in the form of silanol
are the main sources of hysteresis characteristics in CNTFETs [38]. Water molecules and
groups will trap electrons in CNTs and induce excess holes in the channel, resulting in
the transistor current becoming larger than expected under the condition of the same VGS.
When the VGS scans negatively in the measurement process, the negative gate voltage
leads to the electrons captured by the water molecules and the groups being gradually
released. Therefore, the transistor current becomes smaller under the same gate voltage
VGS condition when scanning back. This phenomenon will be exacerbated by the process of
irradiation. The water molecules that are adsorbed on the surface of the CNTs are ionized
during Co-60 γ-ray irradiation and produce more OH groups. In this way, the electron
capture and release of adsorbates on the CNT surface becomes more intense, which further
exacerbates the hysteresis characteristics of CNTFETs.

4. Conclusions

CNTFETs have been considered to be some of the most promising candidates for
continuing Moore’s law and have received much attention in the aerospace field. The
TID effect of CNTFET has been the focus of much research. In different device structures,
the top-gate structure is an important CNTFET structure. It is used to manufacture high-
performance CNTFETs because it scales down easily. However, the lack of studies on
TID of the top-gate structure CNTFET restricts the development of radiation-hardness
top-gate CNTFETs.

In this paper, the effect of radiation-induced trapped charges on the top-gate CNT-
FET characteristics is studied. Firstly, we measure the change of IDS-VGS characteristics
in the top-gate transistors with the total dose increases, and show that radiation could
induce oxide-trapped charges and interface-trapped charges in the CNTFET. They lead to
a negative shift in the transistor IDS-VGS characteristics. Both oxide-trapped charges and
interface-trapped charges lead to the threshold voltage shifting negatively. The interface-
trapped charges not only affect the threshold voltage, but also reduce the mobility of
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carriers. This results in the transconductance reduction with the increase in TID. In addition
to the influence of interface-trapped charges, the subthreshold swing is also affected by
CNT junctions in the channel. During irradiation, a large number of CNT junctions recover,
and some interface traps are repaired, which is the main factor affecting the subthreshold
swing at the initial stage of irradiation. With the reduction in CNT junctions, the accumula-
tion of interface-trapped charges has become the main factor affecting the subthreshold
swing. Thus, the subthreshold swing decreases first and then increases. In order to confirm
the source and influence of radiation-induced trapped charges, we construct back-gate
transistors, test the effect of different back-gate voltages on the front-gate IDS-VGS char-
acteristics, and obtain the TID influence on the back-gate transistor characteristics. We
also extract the coupling coefficient between the back-gate transistor and the front-gate
transistor. The results indicate that the TID has little effect on the coupling coefficient, and
the back-gate has better control ability on the front-gate of the samples. Finally, in the
research of hysteresis characteristics, the results show that the hysteresis characteristics
of CNTFETs increased with the increase in oxide-trapped charges and interface-trapped
charges after radiation. Furthermore, the hysteresis characteristics of CNTFETs significantly
increased following adsorbates ionization on the surface of the CNT channel. In general,
the hysteresis characteristics of CNTFETs are proportional to TID.

The ultimate purpose of the TID study of CNTFETs is to apply this to the space
environment, where the particle situation is complex and the radiation dose rate is low.
Different particles and dose rates may cause different phenomena. To estimate the impact
of the actual environment as accurately as possible, radiation conditions that are closer to
the actual application environment could be considered in future research, namely different
radiation sources and low dose rates of radiation exposure. In addition, a quantitative
analysis of trap charge is also necessary. As the technology of CNTFETs develops, trap
charge can be extracted by devices with better subthreshold swing characteristics [39,40],
which is helpful in the development of anti-irradiation technology of CNTFET.
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Abstract: Basing our findings on our previous pulsed laser testing results, we have experimen-
tally demonstrated that there is an inflection point of a single event transient (SET) in the silicon-
germanium heterojunction bipolar transistors (SiGe HBTs) with a decreasing temperature from +20 ◦C
to −180 ◦C. Additionally, the changes in the parasitic resistivity of the carrier collection pathway
due to incomplete ionization could play a key role. In this paper, we found that the incident-heavy
ion’s parameters could also have an important impact on the SET inflection point by introducing
the ion track structures generated by Geant4 simulation to the TCAD transient simulation. Heavy
ion with a low linear energy transfer (LET) will not trigger the ion shunt effect of SiGe HBT and
the inflection point will not occur until −200 ◦C. For high LET ions’ incidence, the high-density
electron-hole pairs (EHPs) could significantly affect the parasitic resistivity on the pathway and
lead to an earlier inflection point. The present results and methods could provide a new reference
for the effective evaluation of single-event effects in bipolar transistors and circuits at cryogenic
temperatures and provide new evidence of the SiGe technology’s potential for applications in extreme
cryogenic environments.

Keywords: SiGe HBT; Geant4; TCAD simulation; single event transient; cryogenic temperature

1. Introduction

Today, NASA is preparing to go back to the moon with Artemis missions and will
build an Artemis Base Camp on the lunar surface (−180 ◦C ~ +120 ◦C). SpaceX is also
making continuous efforts to land human beings on Mars (−133 ◦C ~ +27 ◦C) in Starships.
All of these great missions require the support of large thrust rockets and how to improve
their payload is a concern. As we all know, there are usually bulky “warm boxes” to
protect the electronic systems in an extreme environment which could cause additional
consumption [1]. Fortunately, SiGe HBT could be a candidate to change this situation [2].

SiGe HBT has excellent RF performance and good compatibility with silicon-based
technologies, and has been widely used in wireless communication, phased-array radars,
etc. [3]. Furthermore, SiGe HBT has inherent resistance to a total ionizing dose (TID)
effect [4]. Meanwhile, thanks to the introduction of Ge content to the intrinsic base region, it
could work over a wide temperature range (especially cryogenic temperatures) [5]. Hence,
electronic systems using SiGe technologies have the potential to operate well without the
“warm boxes”.

However, things do not always go smoothly. SiGe HBT is sensitive to a SET and
this sensitivity increases as the device feature size decreases [5]. There have been many
related studies at room temperature [6–8], which can help us to understand the underlying
mechanism of SiGe HBT’s SET. According to the existing research, there are few studies
on the impact of temperature on the SiGe HBT’s SET. And generally, researchers attribute
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the main cause of the SET’s variation with temperature to the carrier mobility’s variation
such as the study on proton-induced SEU in SiGe digital logic at cryogenic temperatures in
which the SET peaks increase as the temperature decreases [9]. The inflection point of the
SET peaks was found by the TCAD simulation for the first time, which shows the impact
of impurities’ incomplete ionization (abbreviated as i.i.) at cryogenic temperature [10,11].
However, the heavy ion’s LET is only 0.01 pC/μm in the simulation results that could
not trigger the ion shunt effects [12] of the SiGe HBT’s emitter/base/collector/substrate
(E/B/C/S) stack.

As is shown in Figure 1, our previous study experimentally demonstrated the existence
of the SET’s inflection point for the first time by carrying out pulsed laser testing over a
wide temperature range (−180 ◦C ~ +20 ◦C) [13]. We found that the change in parasitic
resistance in the carrier collection pathway is an important reason for the peak inflection
point. Additionally, the parasitic resistance depends on both the concentration and mobility
of electrons and holes. The variation in the carrier mobility with the temperature has been
studied extensively for a long time. Furthermore, we also discussed the ionization rate of
intrinsic doping in our previous study. One more thing to mention so far is that we have
not yet discussed the impact of the heavy-ion induced EHPs on the parasitic resistance.

Figure 1. The relative percentage change (relative to 20 ◦C) on collector’s transient peak, charge
collection, and FWHM from pulsed laser testing.

In this paper, we focused on a study of the impact of the incident heavy ion’s parame-
ters on the inflection point of SET peaks. We built a simulation method which helped us
to introduce the heavy-ion induced EHP’s distribution generated by Geant4 calculation
to the TCAD device simulation directly. When the LET value of the incident heavy ion is
too low to trigger the ion shunt effect, the collector’s transient current is mainly derived
from collector/base (C/B) junction and collector/substrate (C/S) junction. In this case,
heavy-ion induced EHPs are relatively low to the intrinsic doping and the temperature
corresponding to the inflection point comes later (even up to −200 ◦C). As a comparison,
when the LET value is relatively high and the ion shunt effect turns on at this time, then the
heavy-ion induced EHPs can also have a significant impact on the total parasitic resistance
of the charge collection pathway. In this case, the inflection point will come much earlier
(about −160 ◦C).

2. TCAD 2-D Process Simulation

2.1. DUT Description

In this paper, the device under test (DUT) is a low-noise SiGe HBT (NPN transistor)
provided by the School of Integrated Circuits, Tsinghua University. The DUT’s lithographic
node is 400 nm and the chip layout is configured as a 4E5B2C interdigital structure, shown
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in Figure 2. The peak Ge content in the base region is close to 14% and has a trapezoidal
distribution. The detailed device information can be found in our previous study and will
not be repeated here [14].

Figure 2. The SEM figure shows a cross-section of the DUT.

2.2. TCAD 2-D Process Model

In this section, we built a 2-D TCAD process model according to the DUT’s production
process, shown in Figure 3. In particular, this model is a simplified 1E2B2C structure to save
the simulation time and achieve better simulation convergence at a cryogenic temperature.
When the ion shunt effect is triggered, it can be simply understood that the EHPs generated
by the incident heavy ion could build a bridge between the emitter and the collector. At
this time, the total parasitic resistance of the collector’s charge collection pathway includes
the emitter resistance RE, vertical base resistance RB-V, selectively implanted collector (SIC)
resistance RC and lateral sub-collector resistance RSC.

Figure 3. The 2-D TCAD process model with 1E2B2C structure and the inside zoom view shows the
parasitic resistance of the E/B/C stack when the ion shunt effect is triggered.

2.3. Simulation Results

Because it is the most sensitive volume, we fixed the heavy ion’s incident position at
the emitter center during the whole simulation. The characteristic distance and incident
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depth of the heavy ion are set to 0.2 μm and 20 μm, respectively. In addition, the device
bias is defined as the cut-off bias VCE = 2 V, VBE = 0 V (or the C/S junction reverse bias). In
particular, the simulation physics models are consistent with our prior study, including the
incomplete ionization model [13].

We chose four temperature points from −140 ◦C to −200 ◦C with intervals of 20 ◦C.
The simulation results are shown in Figure 4, one can see that the transient current is quite
different when the LET values of the incident heavy ion are 0.01 pC/μm, 0.05 pC/μm and
0.1 pC/μm respectively.

Figure 4. The transient current of the four device electrodes from the TCAD simulation at cryogenic
temperatures when the LETs are (a) 0.01 pC/μm, (b) 0.05 pC/μm and (c) 0.1 pC/μm, respectively.

Firstly, when the LET is 0.01 pC/μm as in Figure 4a, the ion shunt effect will not be
triggered which can be recognized by the weak transient peak of the emitter. At this point,
the collector’s transient peaks have continued to increase and not shown an inflection point
with the temperature decreasing.

As a comparison, when the LET values are 0.05 pC/μm and 0.1 pC/μm, as in Figure 4b,c,
the high-density ionized EHPs can connect the emitter and the collector, and there will be a
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lot of electrons transferred directly from the emitter to the collector (or the ion shunt effect
is triggered on). At this time, the collector’s transient peaks will have an obvious inflection
point around −160 ◦C.

That is to say, when the initial ionized EHPs by incident heavy ions are high enough
to trigger the ion shunt effect, the inflection point will come earlier.

For a clear analysis, we plotted the transient peaks of the four device electrodes at
cryogenic temperatures as in Figure 5. As is generally known, the transient current of the
collector could be the sum of the other electrodes, as in (1) [15],

icn = −(ibp + isp + ien) (1)

where icn, ibp, isp, and ien represent the transient currents of the collector, base, substrate
and emitter, respectively. In addition, the subscript n indicates “electron collection” and
p indicates “hole collection”. It is not surprising that the sum of all the electrodes’ currents
should be zero. From Figure 5, we can extract three key features:

Figure 5. The transient peaks (absolute values) of the four device electrodes from the TCAD simula-
tion at cryogenic temperatures with different LET values.

First, whether the ion shunt effect is on or not can be directly reflected by the share
of the emitter transient peak (the red lines and squares), which will increase with the LET
value. Additionally, when the ion shunt effect is on (LET values are 0.05 pC/μm and
0.1 pC/μm), there will be an inflection point (about −160 ◦C ~ −140 ◦C) of the emitter
transient peaks. That is to say, the relatively high LET values lead to earlier inflection
points. At this time, the total parasitic resistance on the emitter “electron collection” path
includes the heavy doping RE, moderate doping RB-V, light doping RC and heavy doping
RSC in Figure 3. At cryogenic temperatures, the RB-V and RC increase as the temperature
decreases. In contrast, the RE and RSC decrease with the temperature. The presence of these
two competitive mechanisms together leads to the inflection point. In the future, the total
parasitic resistance at a specific temperature will need to be calculated by 3-D simulation.

Second, the base transient peak (the orange lines and squares) continues to increase as
the temperature decreases, regardless of the LET value. This is due to the high doping con-
centration in the intrinsic and epitaxial base regions (RB-L) which means that the impurities
are almost completely ionized even at a cryogenic temperature. At this time, the parasitic
resistance on the base “hole collection” path is mainly influenced by the carrier mobility.
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Third, the substrate transient peaks (the green lines and squares) have shown a very
different pattern from the emitter. As we can see, the relatively low LET values lead to
earlier inflection points. The total parasitic resistance on the substrate “hole collection”
path is dominated by the lightly doped substrate and C/S junction regions. When the
LET value is 0.01 pC/μm, the heavy ion-induced EHPs’ density is relatively low, and
the parasitic resistance is controlled by the intrinsic impurity ionization rate and carrier
mobility. At this time, the i.i. of the impurities at low temperatures will lead to the peak
inflection point (about −160 ◦C). In contrast, when the LET value is relatively high (such as
0.05 pC/μm and 0.1 pC/μm), the heavy ion-induced EHPs’ density will also modulate the
parasitic resistance. In extreme cases, the total resistance will be completely taken over by
the initial EHPs.

So far, we have found that the inflection point of the collector transient peaks occurs as
a combined result of the temperature dependence of the parasitic resistance on the above
three carrier collection paths. Furthermore, we can obtain the key conclusion that if we
want to conduct a ground-based simulation experiment (typically high LET values), cooling
down with the liquid nitrogen (−196 ◦C) can already meet the requirements.

3. Ion Track Simulation by Geant4

3.1. Initial Ion Track Structures

In the space radiation environment, heavy ions’ energy could even reach hundreds of
GeV per nucleon (GeV/amu) and the peak flux is around hundreds of MeV/amu. However,
for the ground SEE testing facilities in the world, the heavy ion beam’s energy could not
exceed 100 MeV/amu [16,17]. As is generally known, the same ion at different energies
will have different LET values or different ion track structures; thus, the heavy ion-induced
initial EHPs’ distribution will be different.

In this section, we will take the typical heavy ion (Fe) in space as an example and
study the impact of ion energy on the SiGe HBT’s SET inflection point.

The ion track structure was obtained by Geant4 (version 10.7) Monte Carlo simu-
lation [18]. In each simulation round, we simulated the 1000 normally incident Fe ions
with energies of 100 MeV, 1 GeV and 10 GeV, respectively. As is shown in Figure 6, the
target material is silicon and the ionization energy deposition is counted in the cylindrical
coordinate system, because the radial distribution is approximately axisymmetric about the
Z axis. Due to the relatively large feature size, the radial spacing and the axial spacing are
set to 10 nm and 1 μm, respectively. Furthermore, the calculation accuracy can be further
improved by reducing these spacings.

Figure 6. The schematic diagram of the cylindrical coordinate system used in the Geant4 simulation.

We could then obtaint the e-h pairs’ distribution (shown in Figure 7) by considering
the average ionization energy 3.6 eV in silicon. From Figure 7, one could better visualize
the differences in the EHPs’ distribution generated by ions with different energies. As we
can see, the 100 MeV Fe ion’s incident depth is about 20 μm and its energy loss is limited
in a relatively narrow radial distance. With the increase in ion energy, the ion’s incident
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depth becomes larger and the EHPs’ distribution can reach further radial distances. The
EHPs’ peak densities induced by Fe ions with energies 100 MeV, 1 GeV and 10 GeV are
about 5.25 × 1021 cm−3, 2.25 × 1021 cm−3 and 3.59 × 1020 cm−3, respectively.

Figure 7. The 2-D profile of EHPs’ distribution when Fe ion strike in silicon. (Note: the ion energies
are 100 MeV, 1 GeV and 10 GeV, respectively.)

According to our previous study [14], the effective charge collection depth of the DUT
is 20 μm; therefore, we should pay more attention to this distance. When the ion energy
increases from 100 MeV to 10 GeV, the surface LET value decreases from about 0.31 pC/μm
to 0.02 pC/μm.

3.2. Embedding Ion Track to TCAD Simulation

The most popular method to simulate the heavy ion-induced EHPs’ distribution is the
Gaussian distribution function in TCAD simulation. In general, the characteristic distance
is a constant value and the LET value could be constant or be a function of incident depth.
However, this is a simplified empirical model, and some details will be lost.

In the literature [19], the double Gaussian-fitted model is proposed to simulate the
heavy ion-induced SEE in the TCAD toolkit, while the accuracy of the simulation is better
than the simplistic Gaussian model as mentioned earlier. However, we need to spend a
considerable amount of time manually fitting the necessary parameters at different incident
depths to make the carrier density distribution as close as possible to the results of the
Monte Carlo calculation.

In this paper, we chose a more direct method by defining the spatial distribution
function (SDF) in TCAD simulation. As is shown in Figure 8, we should first define the
heavy ion and target material in the Geant4 project. We then need to code the C++ script to
read the energy deposition results from the Geant4 calculation and build the SDF to extract
the corresponding carrier densities according to the different spatial locations, and then
call this SDF function in the TCAD command file. Using this method, we could introduce
the EHPs’ distribution generated by Geant4 to the TCAD simulation directly.
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Figure 8. The workflow for introducing the EHPs’ distribution generated by the Geant4 calculation
to the TCAD simulation.

3.3. Simulation Results

According to the method in Sections 3.1 and 3.2 we introduced the EHPs’ profiles of
Fe ions with different energies to the 3-D TCAD process model, as in Figure 9. Crucially,
we also need to optimize the meshing strategy to make the EHPs’ profiles in the TCAD
model and the Geant4 simulation results almost identical. Specifically, we need to use a
tighter meshing (about 10 nm) in the central axis of the incident position, especially in the
sensitive volumes such as the E/B/C stack structure and the junction regions.

Figure 9. The EHPs’ distribution of the TCAD simulation produced by incident Fe ions of different
energies (a) 100 MeV, (b) 1 GeV and (c) 10 GeV. For a clearer comparison, the charge densities are
adjusted to the same scale range.

We could then achieve the SET waveforms of the 3-D process simulation, as in Figure 10.
To save simulation time, we have built half of the 3-D model and set the thickness in the
z-direction to 1.5 μm. We have also chosen the emitter center normal incidence at room
temperature. We could then obtain the information below.
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Figure 10. The transient waveforms of the TCAD simulation produced by incident Fe ions of different
energies (a) 100 MeV, (b) 1 GeV and (c) 10 GeV at room temperature.

First, we are referring to the 100 MeV Fe ion incidence in Figures 9a and 10a. At this
time, the Fe-induced EHPs have a peak density about 5.25 × 1021 cm−3 which is very high
to cause the strongest emitter transient current and finally the strongest collector transient
current (the transient peak could exceed 4 mA). However, the EHPs’ lateral distribution
distance is the smallest, and the total EHPs decrease rapidly with the depth of incidence.
That is exactly why the substrate transient is much weaker than the emitter transient.
Therefore, the collector transient’s inflection point is dominated by the emitter transient.

Second, we will focus on the 1 GeV Fe ion incidence in Figures 9b and 10b. At
this point, the EHPs’ peak density is about 2.25 × 1021 cm−3 and the emitter transient is
weaker than the 100 MeV Fe ion’s case. However, the EHPs’ lateral distribution distance
is much larger, and the total EHPs stay almost constant along the incident depth. The
ion shunt effect is still turned on and the share of the substrate transient peak increases
significantly. The collector transient is then dominated by both the emitter transient and
the substrate transient.

Third, when it comes to the 10 GeV Fe ion incidence in Figures 9c and 10c, the collector
transient is the weakest. At this point, the incident Fe ions could deposit energy to the
deepest distance. However, the EHPs’ peak density is only about 3.59 × 1020 cm−3 and the
ion shunt effect is turned off. According to the results in 2.3, it is hard to see the collector’s
transient inflection point at a cryogenic temperature.

In summary, the heavy ion’s parameters will also have a significant impact on the SET’s
inflection point at cryogenic temperatures. Added to which, the conventional simulations
of heavy ion-induced SEE generally set some fixed model parameters, which can help us
to qualitatively analyze the experimental phenomena. However, some EHPs’ distribution
details are lost and this can affect the accuracy of our analysis. In particular, as the device
feature size continues to decrease, the single heavy ion’s incidence can affect the operation
of more than one device. In this case, our proposed method could help to preserve as
much detail as possible about the distribution of the initial ionized EHPs and obtain more
accurate simulation results.

4. Conclusions

This paper presented an investigation into the inflection point of the single-event
transient in a SiGe HBT at a cryogenic temperature. We focused on the impact of the heavy
ion-induced initial EHPs’ distribution on the inflection point by TCAD simulation. The
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collector’s transient inflection point is jointly determined by the transient current of the
emitter, substrate, and base. Moreover, the characteristics of the transient peaks with the
temperature vary greatly among electrodes. The ions with high LET values will trigger the
ion shunt effect which can lead to an earlier inflection point (about −160 ◦C). And when
the incident ion’s LET value is too low to trigger the ion shunt effect, we will not see an
inflection point of the collector’s transient inflection point even at −200 ◦C.

In addition, we proposed a method to directly introduce the initial ionized EHPs’
distribution of the Geant4 simulation to the TCAD simulation which could improve the
simulation accuracy and efficiency of the heavy ion-induced SEE.

However, the problem of how to improve the convergence of the TCAD 3-D simulation
at cryogenic temperatures still remains to be solved and more efforts will be needed in
the future.
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Abstract: Bulk silicon Complementary Metal Oxide Semiconductor (CMOS) devices have distinct
single event latch-up (SEL) problems in aerospace. Therefore, it is essential that CMOS devices are
designed with appropriate circuit-level methods. Traditional resistor hardness satisfies the current
aerospace trend of low cost, high performance, and miniaturization. Therefore conventional resistor
hardness is often applied in circuit-level designs due to the reduction of latch-up current. In circuits
containing a DC-DC buck converter, the resistor is connected to the back of the converter in the
traditional method. However, the traditional method is unable to take devices out of the latch-up
owing to the small resistance range. To solve this problem, the paper proposes an improved design
for the resistor in front of the DC-DC buck converter. The proposed method enables the devices
to exit the latch-up by increasing the resistance range according to the input characteristic of the
DC-DC buck converter. The paper quantifies the range of the resistor through the parametric model
containing the resistor and the DC-DC buck converter. Two CMOS devices are chosen for pulsed
laser experiments, verifying that the proposed method increases the resistance ranges by 300% to
400% compared to the conventional method. It is also demonstrated that the proposed method exits
the devices from latch-up within the resistor ranges. That is, the resistance ranges of 34 Ω~41 Ω and
51 Ω~56 Ω reduce the latch-up currents of the devices to below holding currents of 72.1 mA and
24.2 mA, respectively.

Keywords: CMOS devices; single event latch-up (SEL); single event effect (SEE); resistor; pulsed laser

1. Introduction

Bulk silicon Complementary Metal Oxide Semiconductor (CMOS) devices are widely
applied in satellite electronic systems owing to their low power consumption, high integra-
tion, and low production cost [1,2]. However, CMOS devices are often subject to collisions
with high-energy protons and heavy ions from the cosmic space environment. Therefore,
CMOS devices are susceptible to Single Event Effect (SEE) [3–6]. In particular, Single Event
Latch-up (SEL), a special SEE, can alter devices’ currents and even cause devices to burn
up in severe cases [7–10]. From a circuit-level hardness perspective, SEL is generated
by the conduction of parasitic PNP and NPN transistors inside the devices, creating low
resistance paths between the devices’ power supplies and grounds with resulting devices’
current rise when the devices are exposed to the space radiation [11–14]. The hazard of SEL
to CMOS devices is gradually increasing as commercial aerospace applications become
more widespread [15,16]. Consequently, SEL hardness assurance has developed into an
extremely significant challenge for CMOS devices in aerospace applications [17].

From a circuit-level hardness perspective, the devices will exit the SEL when the
latch-up currents or latch-up voltages fall below the holding currents or voltages. To
improve the SEL immunity of CMOS devices, three dominant research directions are
proposed, respectively process-level hardness, layout-level hardness, and circuit-level
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hardness [18–20]. Both process-level and layout-level designs enable the devices to be
protected from SEL, while neither is applicable to commercial devices that have already
been designed for production [21–23]. For the SEL problem in commercial CMOS devices,
circuit-level designs are primarily adopted [24,25], which include power off-restart, constant
current source, and cold backup. The power off-restart [26–28] adopts power disconnection
to eliminate the latch-up of the devices. However, the approach will result in a functional
interruption of the devices during power loss. The constant current source [29] keeps the
devices’ currents below the latch-up holding currents through a constant current source.
The method is effective in increasing the latch-up hardness assurance of the devices, but it
will limit the dynamic currents and affect the dynamic functionalities of the devices. The
cold backup [30] uses a cold backup to set up multiple identical SEL-sensitive devices.
If the current device occurs the latch-up, it will switch to the backup device to complete
task requirements. The cold backup approach can effectively mitigate the latch-up hazard.
However, it leads to the problem of manufacturing complex circuit structures and increased
power consumption.

To address the above issues, a resistor in series behind a DC-DC buck converter (front
of CMOS devices) is usually applied in conventional circuit-level hardness. In aerospace
circuits, the satellite power supplies are 28 V and above, with the devices’ voltages often
at 5.5 V, 3.3 V and below. Therefore, to ensure that the devices are safely connected to
the satellite power supplies, the DC-DC buck converter should be connected between
the power supplies and the devices. In circuits containing a buck converter, a resistor is
connected in series at the output of the DC-DC buck converter (i.e., the input of the devices).
The resistor can effectively reduce latch-up current and latch-up harm by dividing voltages
and limiting currents. Nevertheless, the dividing voltages of the resistor cannot exceed
the normal operating voltage ranges of the devices, which will result in the resistor taking
small ranges of values. The drawback will further cause the devices to fail to exit the
latch-up. The more detailed deficiencies of the conventional resistor are described in depth
in Section 2.1.

To overcome the limitation of the conventional resistor, the paper proposes an im-
proved design with a resistor placed in front of the DC-DC buck converter. The design
allows the devices to exit the latch-up by increasing the resistance range combined with the
wider input voltage range of the DC-DC buck converter. The larger voltage input range
of the converter indicates a wider resistance range. Since the latch-up current decreases
as the resistance increases, therefore, the latch-up hazard of the devices becomes smaller
with the higher resistance. When the latch-up current is reduced below the holding current,
the devices will exit the latch-up. In order to quantify the range of the resistor that brings
the devices out of the latch-up, the paper investigates the resistance calculation method by
building a parametric model containing the resistor and the converter. After that, pulsed
laser experiments will be implemented using two CMOS devices. As well, it is verified that
the proposed method enables the devices to exit the latch-up within the resistance range.

The primary contributions of the paper are as follows:

(1) The proposed method addresses the prominent limitation of the traditional method.
Conventional resistor hardness design only acts as a current limit for the latch-up,
and does not allow the devices to exit the latch-up. The method proposed in the paper
enables the device to exit the latch-up by combining the resistor in concert with the
DC-DC buck converter.

(2) The method of taking the resistance is studied to improve the lack of mathematical
analysis of the resistor in traditional latch-up hardness. The paper systematically
analyzes the operating principle of the resistor in front of the DC-DC buck converter,
establishes the corresponding parametric model, and proposes the method of taking
the resistance. It has extremely valuable guidance for the proposed method in practical
hardness assurance applications.

(3) The proposed method has the advantages of continuous operation with power, main-
taining the dynamic functions of the devices, and occupying a smaller circuit design
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area compared to power-off restart, constant current source, and cold backup in the
circuit-level hardness methods. Furthermore, the proposed method is compatible with
the current trend of low cost, high performance, and miniaturization in aerospace.

The paper is organized as follows: In Section 2, comparing the conventional method
with the proposed method, it is demonstrated that the proposed method enables the device
to exit the latch-up within the range of the resistor. As well, the range of resistance is
quantified. In Section 3, to verify the SEL hardness performance of the proposed method,
laser experiments are carried out. In Section 4, the paper discusses the resistive power
consumption in the proposed method. Finally, a conclusion is given in Section 5.

2. Method

2.1. Inadequacy of Conventional Method

The section will provide comprehensive descriptions including the conventional resis-
tor’s connection, the principle of resistor operation, and the constraints of the traditional
method. It focuses on the problem of the traditional method by elaborating on the latch-up
hardness principle. Figure 1 is a schematic diagram of the circuit for a conventional resistor
hardness design.

Figure 1. Schematic diagram of the circuit for a conventional resistor hardness design.

The Rt represents the resistor in the conventional method, which is connected at the
output of the DC-DC buck converter. The Vs1 denotes the output voltage of the converter.
The Vi and Ii represent the voltage and current of the device, respectively. Thus, the is
expressed as:

(Vs1 − Vi)· 1
Rt

= Ii (1)

According to Equation (1), the resistor changes the device current by limiting the
circuit current. The device current decreases as the resistance increases. It indicates that
the higher the resistance, the lower the device’s latch-up current. However, the increase
in resistance is limited, since it will result in a reduced voltage of the device. When the
device’s voltage is below the normal voltage tolerance range, it will prevent the device
from operating properly. Therefore, the resistor is subject to certain constraints in the actual
latch-up hardness.

Based on the above resistive hardness principle in combination with the latch-up
property, two constraints are derived [31–33]:

• Condition 1: The resistor does not affect the normal operation of the device. The
operating voltage of the device should not exceed the normal voltage tolerance range.
Otherwise the device cannot operate successfully. The voltage tolerance range is
typical −10% to 10% of the rated voltage.

• Condition 2: Reduce the latch-up current to below the SEL holding current when the
device is experiencing the latch-up [34–36]. According to the latch-up criterion, when
the latch-up current drops below the latch-up maintenance point, the device will exit
the latch-up state because the latch-up current cannot be maintained.

The traditional method of taking the resistance will be studied with respect to the
constraints. As well, the range of resistance is researched to illustrate the latch-up hardness
problem that exists with the conventional method. The 3.3 V CMOS process device is
selected as the object of the study, i.e., Vs1 = 3.3 V, then the voltage tolerance is −0.3 V~0.3 V.
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The range of Rt1 satisfying condition 1 in the conventional method is represented as:

0 ≤ Rt1 ≤ Vs1 − Vi
Ii

(2)

where Vs1 − Vi denotes the voltage tolerance. From Equation (2), it is known that Rt1 has a
harsh range of 0 ∼ 0.3

Ii
Ω owing to its small voltage tolerance range.

The range of resistance Rt2 fulfilling condition 2 in the conventional method is ex-
pressed as:

Rt2 ≥ Vs1 − Vh
Il

(3)

where Vh and Il represent the latch-up holding voltage and latch-up current, respectively.
As the resistor is required to meet both the normal operation and to make the device exit
the latch-up, it is obtained that Rt2 ≤ R ≤ Rt1. According to the test data of several devices,
Vh is about 1.32 V~2.45 V, which means that Vs1 − Vh > Vs1 − Vi. Usually Il is 2~3 times
and more than Ii, as well as combined with the actual data, it is evident that Rt1 < Rt2. It
indicates that the conventional method does not allow the device to exit the latch-up.

To address the limitation of the conventional method, the paper proposes a latch-up
hardness design with a resistor placed in front of the DC-DC buck converter. The details of
the proposed method will be described in the next section.

2.2. The Proposed Method

The section describes in detail the connection method, operating principle, design
advantages, parameter model and resistance-taking the method of the proposed method.
Emphasis will be placed on the design advantages of the proposed method to allow the
device to exit the latch-up and the discussion of the resistor-taking method by building a
parametric model.

2.2.1. Take the Device out of the Latch-Up

Figure 2 depicts the schematic circuit diagram of the proposed hardness method. The
resistor employed in the proposed method is named Rp, which is connected to the input of
the DC-DC converter. Vs2 indicates the supply voltage to which the converter is attached.
Vd and Id separately represent the input voltage and input current of the converter. Thus,
Rp is given as:

(Vs2 − Vd)· 1
Rp

= Id (4)

Figure 2. Schematic diagram of the connection of the resistor in the proposed method.

From Equation (4), it is obvious that the proposed method operates by varying the
input current of the DC-DC converter to regulate the current of the device. The hardness
mechanism of Rp is that Rp reduces the device current by limiting the input current of the
converter. As well, the device current decreases as the input current is reduced. However,
compared to conventional design, the advantage of the proposed approach is that the
objective of exiting the device from latch-up will be achieved by increasing the voltage
tolerance based on the wide input range of the DC-DC converter. The input voltage range
of the DC-DC buck converter is more extensive than the device’s voltage tolerance range,
for example, the input range of LTM4644 converter is 2.4 V~14 V, which is much higher
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than the 0.3 V voltage tolerance of the 3.3 V device. The effect of a larger voltage tolerance
is to make a larger range of resistance that satisfies condition 1. Following the operating
principle of Rp, it is known that a larger resistor makes the device latch-up current lower
by further reducing the input current of the converter. When the device latch current falls
below the latch-up holding current, the device will exit the latch-up.

2.2.2. Method of Taking the Resistance

To further investigate the proposed hardness method of taking the resistance that
simultaneously meets conditions 1 and 2, a parametric model of the resistor placed at the
input of the DC-DC buck converter is developed, as shown in Figure 3. The parametric
model consists of supply voltage Vs2, resistor Rp, switch S, inductor L, capacitor C, diode
Di and feedback network. The feedback network is composed of resistors R1 and R2, an
error amplifier and a duty ratio modulator. The function of the feedback network is to
generate the duty cycle signal and control the state of the switch.

Figure 3. Parametric model of the resistor placed at the input of the DC-DC buck converter.

According to the I-V characteristic of Rp, Rp is represented as:

Vs2 − Vd
Rp

= Id (5)

where Vd and Id denote the input voltage and input current of the DC-DC buck converter,
respectively.

Following the DC-DC buck converter power conservation principle and duty cycle
equation, it is known that:

Vd·Id =
1
μ
·Vi·Ii (6)

Vi = DVd (7)

where μ and D respectively denote the conversion efficiency and duty cycle of the converter.
μ and D are related to the operating voltage and current of the converter which are available
according to the datasheet or actual test values. Substituting Equations (6) and (7) into
Equation (5) gives that:

− D2Rp Ii + DμVs2 − μVi = 0 (8)

From condition 1, the range of Rp1 that satisfies the normal operation of the device is
derived as:

Rp1 ≤ Reqn(DμVs2 − μVii)

D2Vii
(9)

where Reqn represents the equivalent resistance of the device in the normal state. Vii
indicates the minimum value of the device voltage Vi in the voltage tolerance range. For
3.3 V devices, Vii is typically 3.0 V.

225



Electronics 2023, 12, 550

The boundary formula for the Rp2 meeting condition 2 is given by:

Rp2 ≥ Reql(DμVs2 − μVh)

D2Vi
(10)

where Reql signifies the equivalent resistance of the device in the latch-up state. In summary,
the range of Rp that simultaneously satisfies the normal operation of the device and enables
the device to exit the latch-up is:

Rp1 ≤ Rp ≤ Rp2 (11)

3. Pulsed Laser Experiments

3.1. Experimental Setup and Devices Selection

To verify the latch-up hardness performance of the proposed method and the method
of taking the resistance, pulsed laser experiments are carried out. The mechanism of SEL
induced by pulsed laser experiments in CMOS devices is approximately the same as that of
heavy ion experiments, both of which induce latch-up in CMOS devices by ionization of
electron-hole pairs. However, the primary differences between pulsed laser experiments
and heavy ion experiments are the small spot diameter and high resolution of the pulsed
laser, which allows accurate simulation of SEE caused by individual high-energy particles
in space [37,38]. In addition, the irradiation intensity and irradiation time of CMOS devices
by the pulsed laser are precisely controllable [39]. The pulsed laser test setup adopts the
self-researched equipment of the National Space Science Centre of the Chinese Academy
of Sciences. Figure 4 shows a schematic diagram of the pulsed laser unit. The laser setup
consists of the component laser generator, the optical path system, the 3D mobile table, the
synchronization control system and the host computer [40–42]. Table 1 shows the main
parameters of the laser equipment.

 

Figure 4. A schematic diagram of the pulsed laser equipment.

Table 1. The main parameters of the laser equipment.

Machine Type Wavelength Wideband Frequency Energy

Nd:YAG 1064 nm 25 ps 1~1k Hz 1.5 nJ

Based on the operating principle and parametric model analysis of the proposed
method, it is shown that the method in the paper is generally applicable to latch-up
sensitive devices. To verify the applicability of the proposed method, two CMOS chips,
A3PE1500 and AD7472, are selected as the test objects for laser experiments. Table 2
summarizes the key parameters of the two subjects. The normal operating and latch-up
holding currents for device 1 are 0.072 A and 0.088 A respectively; for device 2 the normal
operating and latch-up holding currents are 0.022 A and 0.031 A accordingly.
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Table 2. The key parameters of the two test subjects.

Device Number Model Operating Voltage Operating Current

Device 1 A3PE1500 3.3 V 72 mA
Device 2 AD7472 3.3 V 22 mA

Device Number SEL Current Holding Voltage Holding Current

Device 1 356.6 mA 2.1 V 88 mA
Device 2 97.3 mA 1.7 V 31 mA

The devices will be triggered to produce the SEL when a pulsed laser is an incident on
the active regions inside the devices. To ensure that the laser energy is effectively injected
into the active areas, the devices must be back-opened before laser experiments. Figure 5
illustrates the practical picture of the devices in the pulsed laser experiments. The diagram
contains mainly the pulsed laser, the devices and the DC-DC buck converter. The input of
the DC-DC buck converter is connected to the supply voltage, and the output is attached to
the power supply of the devices.

 
Figure 5. The practical picture of the devices in the pulsed laser experiments.

3.2. Experimental Method

The purposes of the experiments are to verify that the proposed method enables the
devices to exit the latch-up as well as the resistor-taking method. To better illustrate the
experimental results, comparative tests are designed in the paper for the conventional and
experimental groups respectively. The resistor of the conventional group is connected to
the output of the DC-DC buck converter, while the resistor of the experimental group is
attached to the input of the DC-DC buck converter. Besides, the experimental manipulation
is the same for both. The experimental operation is divided into three major steps, which
are adjusting the position of the devices to be tested, testing the functions of the devices
and changing the resistance.

• First, the devices are adjusted to a horizontal state by adjusting the 3D moving table to
ensure that the laser energy is injected into the devices at the same depth.

• Then, with the circuit connected correctly, the power is turned on to test the functions
of the devices. The voltages and currents of the devices in the initial state and the
latch-up state in the two sets of experiments are detected and recorded respectively.

• Finally, by connecting different resistors, the electrical parameters of the devices in the
initial state and in the latch-up state are recorded in both sets of experiments.
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When the initial voltages of the devices exceed the voltage tolerance range, it means
that the resistance is already the maximum value, and the experiment will end at this time.
The following experimental results will be obtained by collating the relevant test data.

3.3. Experimental Results
3.3.1. Exiting the Devices from the Latch-Up by the Proposed Method

To demonstrate that the proposed method enables the devices to exit the latch by
increasing the resistance range, the section first investigates the resistance range of the
proposed method compared to the conventional design. Next, a comparative analysis is
performed on the latch-up currents variation over the range of resistance values.

Figure 6 depicts the ranges of the resistance under the conventional method and the
proposed design, respectively. Figure 6a shows a resistance range of 0 to 8.2 Ω in the
conventional method within the normal operating voltage range of device 1. The proposed
method, however, has a resistance range of 0 to 41 Ω. In comparison to the conventional
method, the proposed method increases the resistance range by up to 400%. Figure 6b
depicts the resistance ranges of 0~14 Ω and 0~56 Ω for the conventional method and the
proposed method, respectively, in the operating voltage range of device 2. A 300% increase
in resistance range can be achieved with the proposed design. It is concluded that the
proposed design improves the resistance range by 300% to 400%.

 
(a) (b) 

Figure 6. The ranges of the resistance under the conventional method and the proposed design,
respectively. (a) Description of the ranges of the resistance in device 1; (b) Description of the ranges
of the resistance in device 2.

The increase in the resistance range will further improve the latch-up hardness of
devices. Under certain conditions, the resistor will make the devices drop out of the latch-
up. Figure 7 shows the relationships between the resistor and the latch-up current of the
two devices under two different methods. Figure 7a describes the conventional method
of reducing the device 1 latch-up current to 134.7 mA at resistor maximum. Even so, the
device 1 remains in an abnormal latch-up state. Nevertheless, the proposed method reduces
the device current to below the latch-up holding current of 72.1 mA at a resistance of 34 Ω.
Consequently, the proposed hardness design with resistances of 34 Ω and above will keep
device 1 from latch-up. Figure 7b illustrates that the conventional method and the proposed
design respectively reduce the device 2 latch-up current to 50.3 mA and 24.2 mA (below
the holding current). However the proposed method improves the latch-up hardness
of the device by making it latch-up-free under certain conditions because of the large
resistance range.
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(a) (b) 

Figure 7. Graph of resistance versus latch-up current for two devices under two different methods.
(a) Relationship between resistance and latch-up current of device 1; (b) Relationship between
resistance and latch-up current of device 2.

3.3.2. Verification of the Resistance-Taking Method

To verify the resistance range of the proposed method, the main parameters of devices
in Table 2 are substituted into Equations (4) and (11) respectively. The theoretical range
of resistance is calculated to be 37 Ω~48 Ω and 53 Ω~62 Ω for device 1 and device 2
separately. Table 3 indicates the theoretical and actual ranges of resistance. According to
the experimental results in Figure 6, it can be seen that Rp1 of the two devices are 0 Ω~41 Ω
and 0 Ω~56 Ω, respectively. According to the data in Figure 7, it is evident that Rp2 of the
two devices are 34 Ω and above, and 51 Ω and above, accordingly.

Table 3. The theoretical and actual ranges of resistance.

Devices Type Rp1 (Ω) Rp2 (Ω) Rp1 ∩ Rp2 (Ω)

Device 1
Theory Value 0~48 ≥37 37~48

Test Value 0~41 ≥34 34~41

Device 2
Theory Value 0~62 ≥53 53~62

Test Value 0~56 ≥51 51~56

It is noticed that the actual results of the resistance are smaller than the theoretical
results. This phenomenon may be due to the capacitor and inductor of the converter having
parasitic resistance in the actual circuit, resulting in an actual low resistance.

4. Discussion of Resistor Power Consumption

The issue with the proposed method is that it will cause an increase in the power
consumption of the circuits, due to the increased resistance range compared to the tradi-
tional design. Figure 8 summarizes the power consumption data of the proposed resistor
versus the conventional resistor in the devices. The power consumption of the resistor in
the proposed method is about 0.11 W to 0.19 W, which is more than 50% higher than that of
the conventional design.
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(a) (b) 

Figure 8. Description of the power consumption generated by the resistor in the two devices with
two different methods. (a) Displays the power consumption generated by the resistor in device 1;
(b) Introduction of the power consumption generated by the resistor in device 2.

To reduce the power consumption problem of the proposed method, the approach
of reducing the converter input voltage is proposed. The minimum input voltage of the
DC-DC buck converter is above the device voltage, i.e., Vs2 > 3.3 V. Therefore, 6 V, 5 V,
and 4.5 V supply voltages are chosen to explore the effect of voltage reduction on resistor
power consumption. Figure 9 shows the resistive power consumption for the two devices
with supply voltages of 6 V, 5 V, and 4.5 V, correspondingly. It is observed that the resistive
power consumption reduces with decreasing supply voltage. Compared to the resistor
power consumption with a supply voltage of 6 V, the resistor power consumption with
a supply voltage of 4.5 V is reduced by more than 87% to about 0.06 W~0.08 W. Power
consumption is acceptable in engineering.

  
(a) (b) 

Figure 9. Power consumption of the resistor at 6 V, 5 V, and 4.5 V for the two devices separately.
(a) The power consumption generated by the resistor in device 1; (b) The power consumption
generated by the resistor in device 2.

5. Conclusions

The paper proposes a circuit-level SEL hardness design for a resistor in front of a DC-
DC buck converter. The method improves the latch-up hardness performance by improving
the resistance range compared to the conventional hardness design. The proposed method
enables devices to exit the latch-up when the resistance takes the value of Rp2 ∼ Rp1. The
proposed method is validated with the A3PE1500 and AD7472 CMOS devices to effectively
increase the resistance range by 300% to 400%. It is also demonstrated that the resistor
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enables devices to operate normally and exit the latch-up within the boundary range when
devices are suffering from SEL.
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Abstract: The total ionizing dose (TID) effects on single-event upset (SEU) hardness are investigated
for two silicon-on-insulator (SOI) static random access memories (SRAMs) with different layout
structures in this paper. The contrary changing trends of TID on SEU sensitivity for 6T and 7T SOI
SRAMs are observed in our experiment. After 800 krad(Si) irradiation, the SEU cross-sections of 6T
SRAMs increases by 15%, while 7T SRAMs decreases by 60%. Experimental results show that the
SEU cross-sections are not only affected by TID irradiation, but also strongly correlate with the layout
structure of the memory cells. Theoretical analysis shows that the decrease of SEU cross-section of
7T SRAM is caused by a raised OFF-state equivalent resistance of the delay transistor N5 after TID
exposure, which is because the radiation-induced charges are trapped in the shallow trench, and
isolation oxide (STI) and buried oxide (BOX) enhance the carrier scattering rate of delay transistor N5.

Keywords: single event upset (SEU); total ionizing dose (TID); silicon-on-insulator (SOI); synergistic
effect; radiation-hardened by design (RHBD)

1. Introduction

In the space environment, there are many high-energy radiation particles, such as elec-
trons, protons, heavy ions, and so on [1,2]. These high-energy radiation particles will cause
the macroscopic electrical properties of devices to change, degrade, or even fail. The single-
event effect (SEE) and effect of total ionizing dose (TID) are the main causes of the failure of
spacecrafts and satellites [3–11]. The radiation hardening technology of integrated circuits
mainly include radiation-hardened by design (RHBD) storage cells (heavy ion tolerant
cell, dual interlocked storage cell, etc.) [12–14] and radiation-hardened-by-process (RHBP)
front-end-of-line (guard-band, silicon-on-insulation, etc.) [15–17]. The silicon-on-insulation
(SOI) process, realized physically, isolates the channel region from the substrate region,
which not only significantly reduces the effective collection region, but also eliminates
the single event latch-up (SEL) [18,19] and tunneling [20] effects commonly found in bulk
silicon devices. Therefore, the SOI process is naturally resistant to irradiation [21–23] and
has important applications in the field of radiation-hardened integrated circuits (ICs).

The SEE, TID effect, and synergy between the TID and SEE in electronic devices have
been extensively studied. The effect of ion parameters on the multi-bit upset effect in 45 and
28 nm SOI static random access memories (SRAMs) has been investigated by Raine et al., in
which the 4-bit upsets phenomenon was observed under oblique incidence conditions [24],
and the multi-bit upsets phenomenon caused by the non-charge sharing effect was observed
under positive incidence conditions [25]. Moreover, Liu et al. have carried out proton
and heavy ion irradiation experiments on radiation-hardened SOI SRAMs. The results
showed that single-event upset (SEU) can be triggered only when secondary ions hit both
the delay transistor and OFF-state NMOS transistor [26]. Schwank et al. have irradiated
many kinds of SRAM devices with various radiation sources, such as γ, X-ray, and proton,
and then measured the SEU cross-section of the devices. The experimental results showed
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that the TID irradiation has a significant effect on the SEU cross-section of the device, and
the SEU cross-section increases with increasing irradiation dose. Meanwhile, the SEU
cross-section had a certain dependence on parameters such as test data patterns, irradiation
test temperature, etc. [27–32].

Previous studies have shown that TID significantly affects the SEU cross-section of the
electron device, and numerous studies have been conducted on the irradiation doses, data
patterns, and experimental temperature. However, the effect of the layout structure on the
SEU cross-section after TID irradiation has had relatively few studies, and the physical
mechanism is not yet fully understood. Therefore, in this paper, we design two SOI SRAM
devices with different layout structures and investigate the mechanism of the effect of the
layout structure on SEU cross-section of SOI SRAMs. This paper is organized as follows.
In Section 2, the test circuits and experimental methods are presented. The experimental
results for TID effects on SEU hardness of SOI SRAMs with 6T and 7T cell designs are
described in Section 3. In Section 4, the experimental results are discussed. In Section 5,
conclusions are drawn.

2. Test Circuit and Experimental Setup

2.1. Test Circuit

We design two SOI SRAMs with different layout structures, based on the 130 nm SOI
CMOS process. The memory capacity is 64 kbit and organized by 8 k × 8 bits. Device
operates using a dual power supply for the input–output (I/O) circuitry (higher voltage)
and memory array (lower voltage). The nominal supply voltages (Vdd) are 1.5 and 3.3 V for
the core blocks and I/O, respectively. Figure 1a shows a schematic diagram of the layout
structure and size of the 6T SRAM cell with dimensions 3.7 × 3.2 μm. The access transistors
N3 and N4 share drain electrodes with the pull-down transistors N1 and N2, respectively.
Figure 1b shows the layout structure and size of the 7T SRAM memory cell after hardened
design by the delay transistor N5. The cell size of the 7T SRAM is 3.9 × 3.4 μm. The
gate electrode of the delay transistor N5 is connected to the gate electrode of the access
transistors N3 and N4. During the read/write operation, the delay transistor N5 will be in
the ON-state, which has a very low resistance. While the delay transistor N5 will be in the
OFF-state when the data hold state is entered, and the resistance of OFF-state N5 is very
high, which can effectively suppress the single-event transient disturbance and significantly
improve the stability of the 7T memory cell. As shown in Figure 1c, the structures of N1,
N2, N3, N4, P1, and P2 were designed via body under source FET (BUSFET) [33]. Figure 1d
shows a schematic diagram of the device structure of the delay transistor N5, which is
equivalent to a resistor and transistor in parallel.

 
(a) (b) 

  
(c) (d) 

Figure 1. Schematics of memory cell structure of (a) 6T SRAM, (b) 7T SRAM, (c) BUSFET (body under
source FET) structure of N1, N2, N3, N4, P1, P2, and (d) delay transistor N5 structure.

234



Electronics 2022, 11, 3188

2.2. TID Experiment

As shown in Figure 2, TID exposures were carried out with 60 Co-γ ray at The Xinjiang
Technical Institute of Physics and Chemistry, Chinese Academy of Sciences, with dose
rate of 200 rad(Si)/s. A data pattern of 55 h was written into SRAM before irradiation,
and it was then set to data hold operation during irradiation. Different devices from the
same wafer were chosen for two times of SEU tests. For Kr ion, we chose nine devices
and divided them into three groups, with one group irradiated to 200 krad(Si), another
group irradiated to 400 krad(Si), and the last group being the reference sample without
TID irradiation. Additionally, six devices were divided into two groups for Bi ion SEU test:
800 krad(Si) and reference sample without TID irradiation.

 
Figure 2. DUT in the terminal of the 60Co irradiation.

2.3. Heavy Ion Irradiation

As shown in Figure 3, the heavy ion irradiation experiments were performed at the
heavy ion research facility in Lanzhou (HIRFL) in the Institute of Modern Physics, Chinese
Academy of Sciences. The ion species, energy, LET, and range are shown in Table 1. The
LET values calculated by SRIM2013 [34] varied from 20.5 to 99.8 MeV·cm2/mg. In the
following experiments, the LET values were at the device surface. The ion ranges in silicon
were always greater than 50 μm. Three levels of metal were applied to the SOI SRAM
studied in this paper, and the thickness of the overlayer was measured at 7.2 μm. The range
of Kr and Bi ion was enough to punch through the silicon film of our 130-nm SOI SRAM
because the thickness of silicon film was only 260 nm. The SEU cross-sections of SRAMs
were characterized in a dynamic mode, i.e., the SRAMs were written with a specific pattern
to the memory array, and the read repeatedly and errors were counted until 200 errors
were recorded. To evaluate the effect of the data pattern applied during TID exposure on
SEU hardness, the SEU characterizations were performed with TID data pattern 55h and
its complement data pattern AAh.

Figure 3. DUT in the terminal of the heavy-ion beamline.
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Table 1. Ion spices, energy, LET, and range in silicon.

Ion Species
Air/Al-Foil
(mm)/(μm)

Energy at
Device Surface

(MeV)

LET at Device
Surface

(MeV·cm2/mg)

Ion Range
(μm)

86Kr
30/0 1841 20.5 274

50/100 1154 27.2 150
50/180 480 37.6 59

209Bi 30/0 923 99.8 54

3. Experimental Results

3.1. Effect of TID on the 6T SRAM SEU cross-section

Figure 4 provides the results for the SEU cross-sections of 6T SRAM characterized by
Kr ion of devices in three different groups: (1) fresh; (2) after deposition of 200 krad(Si); and
(3) 400 krad(Si). The mean value of SEU data with an error bar at each dose level is depicted
in Figure 4. As shown in Figure 4, SEU cross-section of 6T SRAM increased by a factor of
0.1% (20.5 MeV·cm2/mg), 12.9% (27.2 MeV·cm2/mg), and 5.2% (37.6 MeV·cm2/mg) of
after deposition of 200 krad(Si), with respect to the fresh condition, and increased by a factor
of 3.7% (20.5 MeV·cm2/mg), 4.0% (27.2 MeV·cm2/mg), and 13.7% (37.6 MeV·cm2/mg)
of after deposition 400 krad(Si). It can be clearly observed that the SEU cross-section of
6T SRAMs shows an increasing trend after TID irradiation, and the maximum increase
is 13.7%.

 
Figure 4. SEU cross-sections versus LET for 6T SRAMs. The purple horizontal column represents
data for TID = 0 rad(Si), the green vertical column represents data for TID = 200 krad(Si), and the
pink checkerboard represents data for TID = 400 krad(Si).

Zheng et al. investigated the effect of the total dose effect on the SEU cross-section
of the SRAMs. The experimental results show that the SEU cross-section of the SRAMs
gradually increases after the TID irradiation, and the main oxide trap charge regions
of the nanoscale feature device are the buried oxide and shallow trench isolation oxide
regions [27,31,35–37]. For the test chip we designed, the SEU cross-section of the 6T SRAM
increases slightly after TID irradiation, due to two main reasons: (1) the gate oxide layer
thickness of our test chip is only 1.5 nm, so the gate oxide layer cannot trap enough trap
charges; (2) the transistor used in the test chip adopts the structure of body under source
FET (BUSFET), which eliminates the formation of parasitic leakage channels between the
source and drain electrodes caused by the radiation-induced charges trapped in buried
oxide (BOX). Therefore, the radiation-induced charges trapped in the shallow trench
isolation oxide (STI), rather than in the BOX, were responsible for the increase of the SEU
cross-section of the 6T SRAM.
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3.2. Effect of Data Pattern on the 6T SRAM SEU cross-section

Figure 5 provides the results for the SEU cross-sections characterized by the Kr ion
(20.5 MeV·cm2/mg) of devices in three different groups: (1) fresh; (2) after deposition of
200 krad(Si); and (3) 400 krad(Si). The mean value of SEU data with error bar at each
dose level is depicted in Figure 5. As shown in Figure 5, the mean SEU cross-section of
6T SRAM increases by a factor of 0.1% (55 h), 2.8% (AAh) after deposition 200 krad(Si),
with respect to the fresh condition, and it increases by a factor of 3.7% (55h), 6.8% (AAh)
after deposition 400 krad(Si). It was observed that the data patterns have little effect on
the SEU cross-section of the 6T SRAM after TID irradiation. There are two main reasons
for these experimental results. First, the degree of ionization damage of the ultrathin gate
oxide layer at 1.5 V was basically the same as the case without voltage addition; second, the
main sensitive area of TID of the nanodevice shifted from the gate oxide region to the STI
and BOX regions. Therefore, the SEU cross-section of the 6T SRAM after TID irradiation
dose had no dependence on the data pattern that was applied during TID exposure.

Figure 5. SEU cross-sections characterized by Kr ion versus TID for 6T SRAMs under different
data patterns.

3.3. Effect of TID on the 7T SRAM SEU cross-section

Figure 6 shows the SEU cross-sections of 6T SRAM and 7T SRAM characterized by the
Bi (99.8 MeV·cm2/mg) ion as a function of TID. The SEU cross-sections of 6T SOI SRAM
characterized by Bi ion are also increased by TID. As shown in Figure 6, the SEU cross-
section of 6T SRAM increased by a factor 9.1% (55 h) and 4.0% (AAh) of after deposition
800 krad(Si), with respect to the fresh condition. Similarly, we did not observe a significant
correlation between the SEU cross-section and data pattern applied during TID exposure
for 7T SRAM. However, it is interesting to note that the SEU cross-section of the 7T SRAM
showed an opposite changing trend to the 6T SRAM. As shown in Figure 6, SEU cross-
section of 7T SRAM decreased by factors of 42.9% (55 h) and 56.6% (AAh) after deposition
800 krad(Si), with respect to the fresh condition. Because the 6T SRAM and 7T SRAM were
fabricated in the same wafer, the physical dimensions and electrical characteristics of all
transistors (N1, N2, N3, N4, P1, and P2) in the memory cell are very similar, except for the
delay-hardened transistor, N5. Therefore, we can conclude that the change in the electrical
characteristics of the N5 was responsible for the reduction in the SEU cross-section of the
7T SRAM after TID irradiation.
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(a) (b) 

Figure 6. SEU cross-sections characterized by Bi ion versus layout structure for SOI SRAMs. The
vertical column represents data for TID = 0 rad(Si), and the horizontal column represents data for
TID = 800 krad(Si). The data pattern applied during SEU testing was (a) 55h and (b) AAh.

Furthermore, we investigated the TID effect on the “1→0” upset and “0→1” upset
for 7T SRAM SEU types. As shown in Figure 7, the mean “1→0” upset cross-section of 7T
SRAM decreased by a factor of 3.1% (55 h), 37.9% (AAh) of after deposition 800 krad(Si),
with respect to the fresh condition, and the mean “0→1” upset cross-section decreased by a
factor of 37.9% (55 h), 66.7% (AAh) after deposition 800 krad(Si). Therefore, the decrease of
the cross-section of “0→1” upset was mainly responsible for the decrease of 7T SRAM SEU
cross-section.

  
(a) (b) 

Figure 7. SEU cross-sections characterized by Bi ion versus layout structure for SOI SRAMs after
deposition 800 krad(Si). The vertical column represents data for the “1→0” upset, the horizontal
column represents data for the “0→1” upset. The data pattern applied during SEU testing is (a) 55h
and (b) AAh.

4. Discussion

4.1. Transient Propagation Circuit Analysis for 7T SRAM

It is generally believed that, in silicon, electrons have much higher mobility than holes,
resulting in the electrons are quickly collected at the drain contacts. Thus, the pull-down
nMOSFET biased OFF-state determines the SEU resistance of the 7T SRAM. The equivalent
circuits of transient pulse propagation, corresponding to two different SEU types in the 7T
SRAM, are shown in Figure 8.
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(a) (b) 

Figure 8. The equivalent circuits of transient pulse propagation corresponding to the (a) “0→1” upset
type and (b) “1→0” upset type in the 7T SRAM.

As shown in Figure 8a, when the Q node is set to low potential, the pull-down
nMOSFET N1 in the inverter 1 is turned OFF. Normally, incident heavy ions hitting the
N1 will produce a transient pulse, caused by charge collection in the drain. After that,
the transient pulse acts on the gate of inverter 2 to gradually increase the potential of the
Q node. The potential perturbation in the Q node well further feeds back to the gate of

inverter 1 through the delay transistor N5 to gradually decrease the potential of the
–
Q

node. Finally, the single event transient pulse signal is latched to the memory cell of the 7T
SRAM. In this case, the delay transistor N5 indirectly delayed and suppressed the feedback
signal of the single event transient pulse, so that the delay-efficiency was lower; thus, the
cross-section of “0→1” upset was higher.

As shown in Figure 8b, when the Q node was set to the high potential, the pull-down
nMOSFET N2 in the inverter 2 was turned OFF, when the incident heavy ions hitting the N2
produced a transient pulse, caused by charge collection in the drain. After that, the transient
pulse through the delay transistor N5 acted on the gate of inverter 1 to gradually increase

the potential of the
–
Q node. The potential perturbation in the

–
Q node well further fed back

to the gate of inverter 1 to gradually decrease the potential of the Q node. Finally, the single
event transient pulse signal was latched to the memory cell of the 7T SRAM. In this case,
the delay transistor N5 directly delayed and suppressed the single event transient pulse, so
that the delay-efficiency was higher; thus, the cross-section of “1→0” upset was lower.

4.2. Effect of TID on the OFF-State Equivalent Resistance of Delay Transistor N5

According to previous studies, TID irradiation significantly affects the device’s carrier
mobility [37–40]. As shown in the equation 1, the carrier mobility of the transistors was
mainly affected by three scatterings: phonon scattering, surface scattering, and charged
impurity scattering. It has been found that the scattering rate of charged impurities is
mainly determined by the semiconductor process, and it is rarely affected by TID. However,
phonon and surface scattering are proportional to the electric field intensity perpendicular
to the channel direction; the higher the density of oxide trap charge is, the stronger the
vertical electric field component is. Therefore, the effect of the TID on the carrier scattering
rate was mainly to increase the phonon and surface scattering rates.

1
μn

=
1

μ1

(
Ee f f

)|α1|
+

1
μ2

(
Ee f f

)|α2|
+

1
μ3

Qot

(
1
Ni

)α3

(1)

where αi and μi are the fitting parameters, Ni is the charge density of inversion layer, Ee f f
is effective vertical electric field intensity, and Qot is the oxide trap charge density.
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As shown in Figure 9, a substantial amount of radiation-induced charge was trapped
in the STI and BOX of the delay transistor N5 after TID radiation. As a result, the oxide
trapped charge generated a vertical electric field in the channel region of the transistor N5.
This results in an increase in phonon and surface scattering. Finally, the carrier mobility
rate of the delay transistor N5 decreased, and the equivalent OFF-state resistance increased,
thus leading to a decrease in the SEU cross-section of the 7T SRAM.

Figure 9. Schematic illustration of the physical mechanism of radiation-induced carrier scattering
rate increases in the delay transistor N5 of the 7T SRAM.

4.3. The Advantages of Suppressing SEU with TID

In the natural space radiation environment, there are protons and electrons that can
cause TID effects, as well as heavy ions that can cause transient SEE. When the integrated
circuit is on-orbit, it will be affected by a variety of radiation effects; that is, there is
electrical performance degradation caused by TID, and there is also the transient voltage
pulse caused by SEE. Hence, TIDs and SEEs have a natural synergy in the space radiation
environment. We found that, when delay transistors are used for hardened circuit design,
the TID can cause degradation in the performance of delay transistors, thus suppressing
the SEU. Therefore, not only does using delay-hardened transistors for hardened circuit
design not affect the operating speed of nano-devices, it also improves the stability of
memory cells. Furthermore, the TID effect can be used to suppress the transient SEE and
achieve self-optimizing design in natural radiation space radiation environments. Our
study provides new insight into radiation-hardened by design (RHBD) technology for
nano-integrated circuits.

5. Conclusions

The total ionizing dose (TID) effects on single-event upset (SEU) hardness of silicon-
on-insulator (SOI) static random access memories (SRAMs) with 6T and 7T cell designs
were explored in this paper. Experimental results show that the SEU cross-section of 6T
SOI SRAM is increased by TID and has no dependence on the data pattern applied during
TID exposure. However, it is interesting to note that the SEU cross-section of 7T SRAM
decreases significantly after TID exposure. Furthermore, in our experiment, opposite
changes intendencies of SEU cross-section for 6T and 7T SOI SRAMs were observed
after TID irradiation. The mechanism behind the experimental results of 6T SRAM is
that OFF-state leakage of pull-down nMOSEFTs increases after TID irradiation, since the
parasitic transistor is turned ON by radiation in the shallow trench isolation oxide (STI)
region. However, the radiation-induced decrease in carrier mobility in delay transistor
N5 of the 7T SRAM is responsible for the decrease of the SEU cross-section. Because
radiation-induced charges trapped in the STI and buried oxide (BOX) improve the carrier
scattering rate, the OFF-state equivalent resistance of delay transistor N5 increases, causing
the stronger suppression of transient pulses and feedback signals, ultimately leading to
SEU cross-section decreases. Our experimental results provide a new insight into the
radiation-hardened by design (RHBD) used in nano ICs.
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