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1. Introduction

In recent years, the expanding use of advanced electronics in harsh radiation environ-
ments has heightened reliability demands, prompting extensive research into radiation-
effect modeling and advanced radiation hardening design methodologies that serve these
applications [1-6]. The relentless scaling of integrated circuit (IC) fabrication processes and
the growing complexity of electronic devices have further heightened their susceptibility
to radiation effects, presenting clear yet compelling challenges that will continue to drive
future research [7-16]. The second edition of “Radiation Effects of Advanced Electronic
Devices and Circuits” features thirteen high-quality contributions that showcase emerging
applications and address recent breakthroughs (Contributions 1-13). These contributions
collectively advance radiation hardening and reliability assessment across critical do-
mains. Novel hardening strategies enhance fault tolerance in aerospace computing systems,
moving beyond conventional monolithic approaches through hierarchical techniques. Sig-
nificant progress is reported in understanding fundamental radiation damage mechanisms
within wide-bandgap semiconductor platforms, covering complex interactions involving
Total Ionizing Dose (TID), displacement damage, and Single-Event Effects (SEEs). Research
advances the characterization of synergistic effects where multiple degradation mecha-
nisms concurrently impact device lifetime and performance. Pioneering methodologies are
established for mission-specific reliability validation, enabling more accurate prediction of
failure pathways under representative radiation environments. Critical work addresses
electromagnetic compatibility challenges through innovative shielding design principles
and predictive modeling techniques. Studies also decode transient radiation damage evo-
lution in energy conversion components and establish operational safety frameworks for
power electronics in extreme environments. This Special Issue significantly strengthens
the foundational knowledge for developing radiation-tolerant electronics, providing essen-
tial insights into physics mechanisms while delivering practical hardening solutions and
assessment frameworks for increasingly demanding aerospace and terrestrial applications.

2. Highlighting Key Contributions

The thirteen articles comprising the second edition of “Radiation Effects of Advanced
Electronic Devices and Circuits” synthesize cutting-edge developments in radiation effects,
showcasing the latest research advances across critical semiconductor technologies. These
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encompass CNN accelerators for aerospace computing, Gallium Nitride (GaN) High Elec-
tron Mobility Transistors (HEMTs), high-barrier beta-Gallium Oxide (3-GapO3) Schottky
Barrier Diodes (SBDs), silicon MOSFETs, and Indium Phosphide Heterojunction Bipolar
Transistors (InP HBTs), as detailed in Contributions 1-13.

Integrating machine learning into space missions such as remote sensing imaging
and space debris management has become a rising trend. Employing Convolutional
Neural Network (CNN)-based edge computing in remote sensing tasks enables real-time
processing of captured images, lowers costs, and extends mission duration and battery
life. However, deploying CNN accelerators in aerospace computing faces severe threats
from Single Event Upset (SEU)-induced weight bit flip errors. Cai, Y. et al. (Contribution 1)
merges weight-limiting hardening techniques with a Triple Modular Redundancy (TMR)
architecture. The SEU vulnerable layers are observed using the fault injection method. It
develops hierarchical hardening strategies that achieve impressive gains in fault tolerance
over conventional monolithic approaches.

The unique properties of wide-bandgap semiconductors underlie their diverse ap-
plications in fields such as power electronics, RF electronics, and optoelectronics. As a
strong contender for fourth-generation semiconductors, research on beta-Gallium Oxide (f3-
Ga,03) is shifting from fundamental material properties to device applications. Fu, W., et al.
(Contribution 2) decouples the contribution of temperature to TID effects in 3-Ga,O3 SBDs,
uncovering high-temperature annealing effects while simulating complex real-world opera-
tional environments. Zhao, P. et al. (Contribution 3) comprehensively evaluates the TID and
displacement damage effects induced by X-ray and 1 MeV reactor neutron irradiation on
3-Gap O3 SBDs, clarifying post-irradiation performance and physical damage mechanisms.
In addition, GaN HEMTS, as cornerstone devices of third-generation semiconductors, play
vital roles in radiation-tolerant electronics. Huang, H. et al. (Contribution 4) deciphers the
cascading failure pathways in GaN HEMTs by proton and heavy-ion irradiation and quan-
titatively maps the degradation hierarchy from interface trap generation and 2D electron
gas depletion to drain leakage runaway. Moreover, InP semiconductors are widely used
in aerospace applications due to their superior material properties, yet their susceptibility
to space radiation requires critical attention. Zhao, X., et al. (Contribution 5) establishes
a degradation model for InP HBTs during proton irradiation and annealing processes,
providing deep insights into proton-induced damage mechanisms. This study pioneers a
comprehensive research framework integrating both irradiation and annealing effects.

Expanded use of advanced integrated circuits in aerospace systems elevates the signif-
icance of MOSFET reliability analysis. He, Y., et al. (Contribution 6) systematically investi-
gates the synergistic mechanisms of TID and hot carrier injection on NMOS device perfor-
mance degradation, revealing their combined influence in lifetime assessment and filling a
critical gap in quantitative analysis of combined effects. As MOSFETs constitute fundamen-
tal building blocks of memory cells, their radiation susceptibility directly impacts SRAM
reliability. Therefore, Zheng, S. et al. (Contribution 7) examines temperature-dependent
SEU cross-section variations in 28 nm SRAM, pioneering atmospheric neutron irradiation
studies for modern-process SRAM. This work addresses a research void while elucidating
the physical mechanisms underlying temperature-dependent SEU cross-section changes.

With the trend of modern electronic devices toward high-speed operation, high inte-
gration, and the wide adoption of wireless communication technologies, electromagnetic
interference (EMI) and electromagnetic compatibility (EMC) issues have become increas-
ingly critical. Consequently, efficient electromagnetic shielding technology has emerged
as a key solution to ensure reliable operation of electronic equipment. Kwon, J.H., et al.
(Contribution 8) proposed a structure integrating a dual-layer metal plate shell with a
composite. Through modeling and simulation, the authors revealed that aperture spacing
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is the key to enhancing shielding effectiveness, not the thickness of the absorber itself. This
provides the insight that offsetting apertures on the inner and outer shielding plates can
significantly improve the overall shielding performance, offering an effective design guide-
line for shielding facilities. Additionally, Park, H.H., et al. (Contribution 9) experimentally
analyzed the impact of the air gap between magnetic sheets and the microstrip test board on
near-field magnetic shielding effectiveness (NSE). It revealed the dual effects of the air gap
on shielding effectiveness and proposed a comprehensive physical explanation for these
dual effects. This finding provides critical engineering guidance. Moreover, Park, H.H.,
et al. (Contribution 10) proposed a method to predict its NSE by measuring the relative
permeability of ferrite sheets. Based on the measured NSE and relative permeability data,
eight regression models were developed, which significantly improved both prediction
efficiency and accuracy.

Li, S., et al. (Contribution 11) investigates damage mechanisms in silicon solar cells
under nanosecond pulsed-laser irradiation, establishing dynamic damage evolution mod-
els. This study bridges a critical gap in the characterization of laser-induced transient
pulse signatures and establishes a novel analytical framework for elucidating damage
progression pathways.

Single-Photon Avalanche Diodes (SPADs) have gained prominence in quantum com-
munications and LiDAR systems owing to their single-photon sensitivity, yet radiation-
induced degradation poses critical reliability challenges for space applications. Xun, M.,
et al. (Contribution 12) pioneers a mission-specific approach by replicating the 4-year
Geosynchronous Transfer Orbit (GTO) proton environment with tailored shielding configu-
rations. Through a comparative analysis of gamma and proton damage mechanisms under
equivalent total doses, this study conducted an in-depth examination by closely correlating
macroscopic performance degradation with microscopic physical mechanisms.

Amid rapid deployment of ultra-high-voltage flexible DC transmission infrastructure,
growing demand exists for high-altitude applications of flexible DC technology. Radiation
tolerance of DC converters (core system components) presents critical engineering chal-
lenges. Yang, L., et al. (Contribution 13) pioneers a ground-based neutron radiation test
platform simulating high-altitude conditions to quantify failure rate evolution in three criti-
cal power devices. By integrating operational radiation data to develop failure prediction
models, this study establishes definitive radiation-safe operating boundaries for power de-
vices for the first time, delivering solutions for engineering design and reliability validation.

In conclusion, driven by the accelerating demand for radiation-hardened high-
performance electronics in space and nuclear domains, research on radiation effects in
advanced devices and integrated circuits has expanded at an unprecedented pace. A
comprehensive grasp of the underlying physics and the continuous invention of miti-
gation strategies are now imperative. The contributions gathered in this Special Issue
illustrate the remarkable breadth of current efforts, spanning fundamental nuclear and
solid-state physics, system-level modeling, and novel hardening architectures. Looking
forward, the third edition of “Radiation Effects of Advanced Electronic Devices and Cir-
cuits” will continue to concentrate on next-generation nodes and beyond-CMOS devices
such as gate-all-around nanosheets and two-dimensional-material FETs. Attention will also
shift to heterogeneous three-dimensional-stacked and chiplet-in-package systems where
single-event charge sharing effect and system-level fault propagation dominate. Equally
critical is the assurance of Al-enabled space electronics through radiation-aware training
and inference frameworks, on-orbit self-healing neuromorphic accelerators, and formal
verification of autonomous controllers for safety-critical missions.
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Abstract: In this paper, the effects of proton and gamma irradiation on reach-through single-photon
avalanche diodes (SPADs) are investigated. The I-V characteristics, gain and spectral response of
SPAD devices under proton and gamma irradiation were measured at different proton energies
and irradiation bias conditions. Comparison experiments of proton and gamma irradiation were
performed in the radiation environment of geosynchronous transfer orbit (GTO) with two different
radiation shielding designs at the same total ionizing dose (TID). The results show that after 30 MeV
and 60 MeV proton irradiation, the leakage current and gain increase, while the spectral response
decreases slightly. The leakage current degradation is more severe under the “ON”-bias condition
compared to the “OFF”-bias condition, and it is more sensitive to the displacement radiation
damage caused by protons compared to gamma rays under the same TID. Further analysis reveals
that the non-elastic and elastic cross-section of protons in silicon is 1.05 x 10° times greater than
that of gamma rays. This results in SPAD devices being more sensitive to displacement radiation
damage than ionizing radiation damage. Under the designed shielding conditions, the leakage
current, gain and spectral response parameters of SPADs do not show significant performance
degradation in the orbit.

Keywords: SPADs; proton irradiation; gamma irradiation; I-V characteristics

1. Introduction

A SPAD is a photodetector capable of detecting and counting single photons. By
reversing the bias of the PN junction and operating above the breakdown voltage, photo-
electrons generated by the photoelectric effect experience continuous multiplication in a
strong electric field when a single photon impacts the multiplication region of the SPAD,
resulting in an amplified photocurrent [1,2]. The photocurrent can be converted into a
voltage signal for preamplifying or counting by an active or passive external quenching
circuit. A SPAD has the advantages of high sensitivity, high gain, high temporal resolu-
tion, magnetic resistance and low noise for single-photon detection, and in recent years, it
has been widely used in a variety of weak optical signal detection fields, including star-
ground quantum communication, quantum key distribution, quantum computation, and
high-energy particle detection in space, atmospheric pollution monitoring, astronomical
observation, photoelectric imaging and other space missions [3-5].

In 1963, R.H. Haitz et al. clarified the working principle of SPADs, explained the
physical phenomena generated by photon pulses, dark current pulses and residual pulses,
and proposed the theoretical model of photon pulses [6,7]. They also designed a SPAD
device model. In 1999, McIntyre et al. established a comprehensive theoretical model for the
impact ionization process of SPADs [8,9]. After 60 years of rapid development, the materials,
structures and circuits of SPADs have been optimized, and the type and performance of
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SPADs have been significantly improved, accelerating the large-scale application of single-
photon detectors in fields such as quantum communication, light detection and ranging
(LIDAR), and medical detection [5,10-13]. The key to the performance improvement is
the availability of high-quality materials with higher purity and fewer defects, as well
as novel SPAD structures. Structurally, the types of detectors that have been developed
include Si-SPADs, InGaAs detectors, Ge detectors, SiC detectors, superconducting nanowire
single-photonic detectors (SNSPDs) and quantum-dot optically gated field-effect transistors
(QDOGEFETs) [14-19]. Different SPAD materials have different sensitivities to wavelengths.
For example, GaN-based SPADs are sensitive to ultraviolet (UV) light and are typically
used to measure weak UV light. Due to the bandwidth of silicon, Si-SPADs have a limited
operating range and can only be used in the visible and near-infrared wavelengths. For
infrared wavelengths above 1100 nm, materials with a bandgap of less than 1.1 eV should
be used, typically In-GaAs and InP materials [20]. Structural innovations include back-
illuminated SPADs, vertical double-junction SPADs, substrate-isolated SPADs, 3D-stacked
SPADs, non-contact ring guard SPADs and high-detection-efficiency SPADs [21,22]. These
novel materials and structures further improve SPADs’ detection efficiency and reduce
dark counts.

With the large-scale commercialization and application of low-cost devices in the
space field, SPADs are inevitably exposed to proton and electron radiation in the space
radiation environment, leading to radiation damage to the SPAD. Recent studies have
shown that the radiation effect on Si-based devices mainly causes TID and displacement
damage dose (DDD) [23,24]. The energy loss of incident particle ionization leads to the
generation of electron hole pairs in irradiated materials, while non-ionization energy loss
leads to phonon generation and lattice atomic displacement, resulting in ionization and
displacement damage [25,26]. These damages can form movable charged defects, interface
states defects and Frenkel defects in silicon-based devices, which can act as carrier traps
and recombination centers [27,28]. This damage can increase the leakage current, dark
count rate (DCR) and equivalent noise of the SPAD, and potentially affect the performance
and lifetime of the SPAD.

To investigate the radiation effects on SPADs, we conducted a detailed analysis of the
radiation damage inflicted by protons and gamma rays on SPAD devices. The radiation
environments of specific orbit altitude and radiation shielding designs were considered.
Furthermore, the differences and similarities in the degradation of SPAD parameters were
compared. In this experiment, back-illuminated SPADs were selected. The changes in dark
current, gain and spectral response of the SPAD after proton and gamma irradiation were
analyzed in detail. The degradation of the SPAD parameters under equivalent TID for
proton and gamma radiation were compared. From the perspectives of the number of dis-
placement damage defects and collision cross-sections, the SPAD degradation mechanisms
of proton and gamma radiation were explained.

2. Experimental Design

The cross-section of the back-illuminated SPADs used in this experiment is shown
in Figure 1 [29]. The SPADs have a thick depletion layer structure, and the multiplication
region is composed of a PN junction formed by the contact between phosphorus-doped
n+-type and boron-doped p-type semiconductors, as well as a lightly doped phosphorus-
doped n-type guard ring around the edges of the PN junction [30]. The guard ring structure
prevents edge breakdown, reduces surface tunneling, and improves photon detection
efficiency. The distance from the wafer surface to the depletion region of the PN junction is
reduced to 3040 pum in thickness through a wafer back etching process, and a low-doped,
low-resistance light absorption region is formed using a boron diffusion process. When
photons impact in the absorption layer and generate photoelectrons, the photoelectrons
drift into the multiplication region under the reverse electric field. The strong electric field
(E>1 x 10° V/cm) in the multiplication region accelerates the photoelectrons to obtain
sufficient kinetic energy, and the photoelectrons transfer energy to the electrons of new
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lattice atoms, ionizing them into secondary electrons through the Coulomb interaction.
The photoelectrons and secondary electrons continuously multiply in the multiplication
region, forming a sustainable multiplication current. The multiplication current can be
converted into a voltage signal for subsequent signal amplification and pulse counting by
an external active or passive quenching circuit. The light-absorbing region of this SPAD
structure is relatively thick, usually 30-40 pm. A high breakdown voltage is required
to achieve the avalanche breakdown condition, usually above 200 V [31]. Due to the
use of epitaxial manufacturing processes, the lattice defects, point defects and impurity
concentrations in the SAPD are lower. But the remaining defects in the multiplication region
cause Shockley-Read-Hall (SRH) recombination and trap-assisted tunneling, resulting in
the random release of carriers and an increase in the DCR [29]. Therefore, the SPAD needs
to operate at a low temperature of —20 °C to reduce the DCR. The breakdown voltage of
the SPAD selected for this experiment is about 225 V, and the reverse leakage current is
about 7 nA. A reach-through structural SPAD was selected for gamma and proton radiation
effect research due to its simple structure, mature manufacturing process and complete
theoretical model for analyzing I-V and spectrum characteristics [31,32].

J J J Incident light
v v v

Figure 1. Cross-section of the reach-through structure of the SPAD.

In order to analyze the effect of TID and DDD on the SPAD in a spatial radiation
environment, this experiment was designed based on the radiation environment at the
GTO, with an altitude of 35,786 km, corresponding to a mission duration of four years
in the orbit. Two shielding materials were designed: a 3.705 mm (1.0 g/cm?) aluminum
shield material, and 8.234 mm Al with a 0.467 mm Ta shield material (3.0 g/cm? Ta to Al
with a mass ratio of 35%). After the simulation of space radiation particle transport in the
shielding material by Geant4, which is a toolkit for the simulation of particles through
matter invented by the European Organization for Nuclear Research (CERN) [33-35], it
was calculated that the energies corresponding to the differential energy spectrum peaks
of the protons (including primary and secondary protons) generated by solar protons
after passing through the two shielding materials are approximately 30 MeV and 60 MeV,
as shown in Figure 2. The TID and DDD were also calculated as shown in Table 1. In
addition to particles produced by solar protons, protons and electrons from the Van Allen
radiation belts and solar flare outbursts also contribute to TID and DDD. The contribution
of radiation belts and solar flare outbursts to TID and DDD was taken into account in
the design of this experiment. Therefore, the TID and DDD corresponding to the total
proton flux used in the experiment exceed the shielding design values shown in Table 1, as
detailed in Table 2.
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Figure 2. Proton differential flux of two designed shielding materials.

Table 1. TID and DDD of two designed shielding materials at the GTO for 4 years.

. s . TID DDD
Designed Shielding Material (krad) (MeV/g)
3.705 mm Al 1.35 2.84 x 107
8.234 mm Al + 0.467 mm Ta 0.346 7.02 x 100

Table 2. Proton fluence, LET, NIEL, TID and DDD of 30 MeV and 60 MeV protons used in experiment.

Proton Energy LET NIEL Fluence TID DDD

(MeV) (MeV/(g/cm?)) (MeV/(g/cm?)) (p/cm?) (krad) (MeV/g)
1.00 x 107 0.235 5.63 x 10°

5.00 x 10° 1.175 2.82 x 107

30 14.76 5.63 x 1073 1.00 x 1010 2.35 5.63 x 107
5.00 x 1010 11.75 2.82 x 108

1.00 x 1011 23.5 5.63 x 108

1.00 x 10° 0.138 2.89 x 10°

5.00 x 10° 0.69 1.45 x 107

60 8.6 2.89 x 1073 1.00 x 1010 1.38 2.89 x 107
5.00 x 1010 6.9 1.45 x 108

1.00 x 1011 13.8 2.89 x 108

The proton testing was conducted at the Proton Radiation Effect simulation test Facility
(PREF) of the Xinjiang Institute of Physics and Chemistry, Chinese Academy of Sciences.
The proton energy was 30 MeV and 60 MeV and the beam area was 2 cm x 2 cm, with a
proton fluence of 4.79 x 108 p/cm?. The proton uniformity was within +-5%. The proton
fluence, line energy transport (LET), non-ionizing energy loss (NIEL), TID and DDD of the
experiment are shown in Table 2. The LET data were obtained from the National Institute of
Standards and Technology (NIST)’s stopping power and range tables for protons (PSTAR)
program, and the NIEL data were obtained from reference [36]. The gamma irradiation was
conducted at the Co-60 gamma source of the Xinjiang Institute of Physics and Chemistry,
Chinese Academy of Sciences. The dose rate was 50 rad(Si)/s, with a cumulative dose of
70 krad(Si).

Three bias conditions were applied during the irradiation: “ONy=109”-bias condition,
“ONp=10"-bias condition and “OFF”-bias condition. The “ONp-1090” bias applies an op-
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erating voltage of 215 V, and at this voltage, the gain of the SPAD is 100 (M = 100). The
“ONwM=10” bias applies an operating voltage of 180 V and the gain of the SPAD is 10 (M = 10).
The “OFF” bias applies an operating voltage of 0 V and all pins are shorted together and
grounded. All parameter measurements were completed within 2 h after irradiation.

The schematic diagram of the electrical parameter testing system used is shown in
Figure 3. The halogen lamps provide a stable light source with a wavelength of 350-1100 nm.
After passing through the filter, a single wavelength light is generated in the spectrograph.
The integrating sphere performs multiple diffuse reflections on the incident light to im-
prove the uniformity of the light incident on the test sample, ensuring photostability during
sample testing. In terms of parameter measurements, the Keysight semiconductor param-
eter analyzer was used to measure the I-V characteristics of the device before and after
irradiation, and an oscilloscope was used to measure and observe the SPAD’s pulse output
waveform. The external test circuit consisted of a passive quenching circuit with a 50 k()
resistor. An external counter was used to accurately measure the dark count.

Counter
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 — I —
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wavelength () @ 0 ® @®
filters

Halogen lamp Spectrograph Integrating Oscilloscope
Sphere

®» O 0 @ @
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Figure 3. The SPAD parameter testing system with (a) a counter for the dark count rate (DCR)
measurement, (b) an oscilloscope for pause shape observations and (c) a semiconductor parameter
analyzer for I-V characteristic measurements [37].

3. Results
3.1. I-V Characteristics

The I-V characteristics of the SPAD before and after gamma radiation are shown in
Figure 4. Figure 4a shows that the leakage current increases with increasing radiation
dose under the “OFF”-bias condition. This is measured in a dark environment. At a
reverse voltage of 200 V, the leakage current increases from 5.79 nA before irradiation to
6.8 nA after accumulating 70 krad(Si) TID, an increase of 1.01 nA. When the accumulated
TID reaches 2.35 krad(Si), which corresponds to a proton fluence of 1 x 10 p/cm?, the
leakage current at a reverse voltage of 200 V increases to 6.173 nA, an increase of 0.383 nA.
This indicates that the leakage current does not increase significantly under “OFF”-bias
conditions. However, under the “ONp=1090”-bias condition, as shown in Figure 4b, the
leakage current increases from 6.39 nA to 20.94 nA after accumulating a TID of 30 krad(5i)

10
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at a reverse voltage of 200 V. When the accumulated TID reaches 70 krad(Si), the leakage
current increases to 12.26 pA. This implies that the SPAD is severely damaged. The increase
in leakage current of the “ONyj=109”-bias irradiated SPAD is more significant compared to

the “OFF”-bias condition at the same TID.
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Figure 4. I-V characteristics of SPAD after y irradiation under the (a) “OFF”-bias condition and

(b) “ONp=100"-bias condition.

The I-V characteristics of the SPAD before and after 30 MeV proton irradiation are
shown in Figure 5. As shown in Figure 5a, the leakage current increases slightly with the
increase in proton irradiation fluence under the “OFF”-bias condition. At a reverse voltage
of 80 V, the leakage current increases from 3.49 nA to 4.66 nA at a fluence of 5 x 10! p/cm?.
However, when the reverse voltage reaches 117 V, the leakage current exhibits a “step”
increase, similar to the “punch-through” phenomenon between the multiplication region
and the absorption region [38]. At a reverse voltage of 200 V, the reverse leakage current
increases from 5.42 nA before irradiation to 24.7 nA after irradiation. It can be seen that as
the reverse voltage increases, the leakage current also increases, but the breakdown voltage
of the SAPD device does not change significantly before and after irradiation. The results
of proton irradiation under the “ONjj=199”-bias condition are shown in Figure 5b. The
leakage current also gradually increases with the accumulation of fluence. However, for
the 1 x 10'° p/cm? proton fluence required by the on-orbit shielding design, the leakage
current of the SPAD device increases from 5.68 nA before irradiation to 14.3 nA after
irradiation at an operating voltage of 200 V. But when the proton fluence accumulates to
5 x 10'° p/cm?, the leakage current suddenly increases to 1.82 nA, which means there
is serious damage. This indicates that under proton irradiation, with an “ONy;-199”-bias
condition, the damage to the SPAD is more severe compared to that caused by the “OFF”-

bias condition.

To further analyze the effect of bias conditions on the reverse leakage current under
different proton irradiation energies, we conducted proton irradiation with 30 MeV and
60 MeV protons at a cumulative fluence of 1 x 10!! p/cm?. Three bias conditions were
applied during the irradiation: the “ONyj=199”-bias condition, “ONyj=109”-bias condition
and “OFF”-bias condition. The measured I-V characteristics are shown in Figure 6. From
the test results, it can be observed that under the same proton energy, the leakage current
increases with the increase in bias gain, indicating that the number of defects produced
by proton incidence in the SPAD increase with the increase in the electric field in the
multiplication region. Under the “OFF”-bias condition, both proton energies exhibit a
“step” increase near the voltage of 117 V, which does not occur under the conditions of
gain of 10 and 100. The reason may be that under the condition of no electric field, the
charged defects generated during irradiation cannot migrate due to the absence of an
electric field, resulting in local accumulation. This creates a local built-in electric field
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opposite to the direction of the electric field during device operation. This built-in electric
field hinders the transport of charge carriers, reducing the leakage current. As the voltage
increases to a certain level, the charges trapped by the defects are released under the strong
electric field, reducing or even eliminating the built-in electric field, leading to a sudden
increase in the leakage current. Under both 30 MeV and 60 MeV irradiation energies, the
reverse leakage current under the three bias conditions was higher for 30 MeV proton
irradiation than for 60 MeV proton irradiation. This is due to the higher LET and NIEL
values for 30 MeV proton irradiation compared to 60 MeV, as shown in Table 2. The
higher defect production by 30 MeV protons results in more severe radiation damage to
the SPAD. Further analysis reveals that under the condition of gain of 100, the effect of
proton displacement damage dose (DDD) on the leakage current of the SPAD is greater
than the effect of total ionizing dose (TID). The TID for 30 MeV protons at a fluence of
1 x 10" p/cm? is 23.5 krad(Si). However, as shown in Figure 4b, the leakage current after
gamma irradiation at this dose is less than 10 nA. In contrast, when proton irradiation is
carried out at a fluence of 1 x 10'! p/cm?, which corresponds to a TID of 23.5 krad(Si) and
aDDD of 5.63 x 108 MeV /g, the leakage current increases by a factor of 1000 to more than
10 pA. This demonstrates that compared to total ionizing damage, the leakage current of
the SPAD is more sensitive to displacement damage.
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Figure 5. I-V characteristics of SPAD after 30 MeV proton irradiation under the (a) “OFF”-bias
condition and (b) “ONyj=190”-bias condition.
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Figure 6. I-V characteristics of SPAD after proton irradiation under different bias conditions of
30 MeV and 60 MeV.
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3.2. Multiplication

The variation in gain versus reverse voltage after gamma and proton irradiation is
shown in Figure 7. Here, the gain is defined as the ratio of the photocurrent with bias
voltage to the photocurrent without bias voltage. Figure 7a represents the gain curve
after gamma irradiation. It can be observed that under the “OFF”-bias condition, as the
accumulated TID increases, the SPAD gain remains almost unchanged. This indicates that
at gamma irradiation doses up to 70 krad(5i), the photocurrent generation capability is not
significantly improved compared with that before irradiation. The defects produced by
gamma irradiation do not affect the carrier drift process in the absorption region or the
avalanche process in the multiplication region of the SPAD device. Therefore, the gain
remains almost unchanged after gamma irradiation.
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Figure 7. Multiplication of SPAD after (a) v irradiation and (b) 30 MeV and 60 MeV proton irradiation.

Figure 7b shows the gain variation at different reverse voltages after 30 MeV and
60 MeV proton irradiation. From the figure, it can be seen that at a fluence of 1 x 10'° p/cm?,
the gain of the SPAD remains almost constant at both energies. However, when the ac-
cumulated fluence reaches 1 x 10! p/cm?, the gain starts to increase, and the gain after
30 MeV proton irradiation is more significant than that after 60 MeV proton irradiation,
which indicates that 30 MeV protons cause more serious radiation damage to the SPAD.
By observing the change in photocurrent and dark current before and after irradiation, it
was found that both currents increased after irradiation. However, the dark current I,
and the I,,,it 4ark both increased significantly compared with those before irradiation. The
increase in the It 4srk is more significant, resulting in a decrease in the photocurrents
without bias voltage after irradiation, and a consequent increase in the gain. The gain (M)

is calculated as follows:

M — Iphoto = Ldark

Iunit,photo unit,dark

In the formula, I, is the photocurrent measured in the presence of light and with
bias voltage, 1, is the leakage current measured in the absence of light but with bias
voltage, Lnit pnoto 18 the photocurrent measured in the presence of light but without bias
voltage, and I,,,j; 4qrk is the leakage current measured in the absence of light and without
bias voltage.

3.3. Spectral Response

Figure 8a displays the spectral response after gamma irradiation under the “ONp=109”-
bias condition. It is worth noting that the spectral response of the SPAD with an incident
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wavelength of less than 700 nm remains relatively stable during irradiation with a total
cumulative dose of 30 krad(Si). However, in the wavelength range of 700-900 nm, the
spectral response fluctuates, showing an increase under a TID of 30 krad(Si) followed by
a decrease under a TID of 50 krad(Si). This behavior may be attributed to variations
in carrier release and multiplication caused by mobile charged defects generated by

ionizing radiation, inherent device defects and displacement damage defects resulting
from a high TID.
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Figure 8. Spectral response of SPAD after (a) v irradiation and (b) 60 MeV proton irradiation under
“OFF”-bias condition.

Figure 8b shows the spectral response after 60 MeV proton irradiation under the “OFF”-
bias condition. When the proton irradiation fluence reaches 1 x 10! p/cm?, the spectral
response curve decreases significantly at wavelengths of 400-850 nm, and when the proton
fluence reaches 1 x 10! p/cm?, the spectral response decreases at wavelengths in the range
of 400-1000 nm. The photocurrent of the device is reduced due to the effect of displacement
damage defects formed by proton irradiation in the photoelectron multiplication process,
leading to a decrease in spectral response. Reference [39] reported spectral response
degradation after neutron irradiation of avalanche photodiodes (APDs), and the neutron
energy was 1 MeV, the neutron flux was 2 x 10!® n/cm? and the cumulative DDD was
4.07 x 10'9 MeV/g. The peak spectral response at a wavelength of 600 nm decreased from
23.5 A/W to 9.5 A/W after irradiation, with a gain of 40. This indicates that displacement
damage produced by protons and neutrons would also cause spectral response degradation.

4. Discussion

Based on the previous experimental results, it can be observed that compared to the
ionization radiation damage caused by gamma irradiation, the displacement radiation
damage inflicted by protons on SPADs leads to more pronounced radiation-induced
degradation in the leakage current, gain and spectral response. Previous research has
shown that gamma radiation in silicon-based devices primarily produces ionization
radiation damage through Compton scattering and displacement damage due to collisions
between secondary high-energy electrons and silicon [40]. On the other hand, protons
cause ionization radiation damage through ionization and excitation processes, and
displacement damage through elastic and inelastic collisions (nuclear reactions) between
protons and silicon atoms. These ionization and displacement radiation damage processes
generate defects such as vacancy (Vg;), substitutional phosphorus (Ps;), interstitial oxygen
(Oj), double vacancy (Vsi-Vsi), A-center (Vg;-O;) and E-center (Pg;-Vg;) [27,28,41-43].
Displacement radiation damage-induced vacancy defects can form deep-level defects
within the SPAD’s multiplication region, capturing and releasing carriers as generation—
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recombination centers. They randomly emit electrons to the multiplication area, causing
increased leakage currents.

Due to the more severe parameter degradation observed in SPADs after proton irra-
diation, the Stopping and Range of Ions in Matter Software 2013 (SRIM-2013) is used to
analyze the displacement radiation damage caused by 30 MeV and 60 MeV protons [44].
This software performs Monte Carlo simulations of ion transportation; through detailed
calculations, the number of vacancy defects generated per particle, the energy deposition,
the particle range and other relevant information can be obtained. The simulation results
for 30 MeV and 60 MeV protons are presented in Table 3. It can be seen that 30 MeV protons
produce a displacement damage vacancy fluence of 24 n/(ion-mm) in silicon, while 60 MeV
protons produce only 10.4 n/(ion-mm). This explains why the parameter degradation after
30 MeV proton irradiation is more severe than that caused by 60 MeV proton irradiation.
Additionally, Figure 9 shows the depth dose distribution curves, indicating that although
60 MeV protons have a deeper penetration depth, within the effective thickness of the
device (~200 um), 30 MeV protons exhibit a higher stopping power at the SAPD surface,
depositing more energy and generating a higher number of vacancy defects. This leads to
more severe parameter degradation under the same proton irradiation conditions.

Table 3. Comparison of the SPAD breakdown voltage.

Proton Energy Total Vacancies Total Stopping Power Projected Range
(MeV) (n/(ion-mm)) (MeV/g) (mm)
30 24 3.441 x 10 491
60 10.4 2.004 x 10 16.85
2.5x10? T T T T T T T T T
—=—30MeV
—e— 60MeV

2.0x10%

1.5x10?
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Figure 9. Depth dose of 30 MeV and 60 MeV protons in silicon.

The internal structure of the SPAD devices discussed does not have a large Si-S5iO;
interface. Therefore, migration of ionizing radiation damage defects to the interface due
to gamma irradiation does not result in the formation of a large number of interfacial
states [45,46]. The parameter changes observed after gamma irradiation are mainly at-
tributed to displacement damage defects formed by energetic secondary electrons gener-
ated by the interaction of gamma rays with lattice atoms [25,47].

In fundamental studies of ray—matter interactions, the reaction cross-section is used to
characterize the probability of interactions between rays and matter. Physically, it represents
the probability of a nuclear reaction occurring when a single particle impinges on a unit
area containing only one target nucleus. The unit of the cross-section is 16 = 10724 cm?.
By referring to the TENLDL-2023 basic nuclear database published by the Paul Scherrer

Institute (PSI) and comparing gamma ray and proton interactions and nuclear reaction
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processes on silicon materials, we obtain the data presented in Table 4. It can be observed
that gamma rays primarily suffer from elastic collisions with silicon atomic nuclei when
entering silicon, without non-elastic scattering. This means that the displacement damage is
caused by elastic collisions between gamma photons and atomic nuclei, without involving
nuclear reactions. The Compton effect between photons and outer shell electrons is not
included in this elastic scattering cross-section.

Table 4. Elastic and non-elastic cross-section of gamma rays and protons in silicon.

Incident Particle Particle Energy Non-Elastic Elastic Cross-Section
(MeV) Cross-Section(mb) (mb)

1 0 2.801 x 1073
gamma 1.25 (°°Co) 0 5.522 x 1073

2 0 1.368 x 1072

30 7.428 x 102 4.835 x 1073
proton 2 9

60 5.778 x 10 3.072 x 10

On the other hand, when 30 MeV and 60 MeV protons impact the silicon material,
inelastic processes dominate, and the elastic collision cross-section becomes very small as
the energy of the incident proton increases. Both elastic and inelastic collisions of incident
protons lead to the displacement of silicon atoms and the formation of displacement
damage defects. The data in Table 4 show that the scattering cross-section of gamma rays
is 5.522 x 1072 mb, while the elastic and non-elastic scattering cross-section of 60 MeV
protons is 5.778 x 102 mb, which is 1.05 x 10° times larger than the scattering cross-section
of gamma rays.

The interaction process between protons and gamma rays with the silicon nucleus is
described above. Secondary electron production by the Compton effect of gamma rays
in silicon, as well as the ionization and excitation process of electrons in the atomic shell
caused by protons in the presence of Coulomb gravity, are not considered. This is because
displacement radiation damage is primarily caused by atoms leaving their lattice positions,
while the loss of outer-shell electrons only results in the formation of electron-hole pairs
and does not cause displacement damage, also known as Frenkel defects.

5. Conclusions

Through the above experimental procedure, we investigated the proton and gamma
radiation effects on reach-though SPADs. We tested and analyzed the changes in SPAD
parameters, such as I-V characteristics, gain and spectral response, before and after irra-
diation under different bias conditions and proton energies. Based on the analysis and
summary of the experimental results, we draw the following conclusions:

1. The leakage current of the SPAD increases with the increase in TID. Under the
“ONwm=100"-bias condition, the increase in the leakage current is significantly larger
than that under the “OFF”-bias condition. After 30 krad(Si) gamma irradiation, the
leakage current increases to 20.94 nA, resulting in device failure. The change in the
leakage current after proton irradiation follows a similar trend as that after gamma
irradiation. However, by comparing the parameter degradation laws of protons and
gamma rays under the same TID, it is found that the leakage current of the device is
more sensitive to the displacement radiation damage caused by protons.

2. Under “OFF”-bias conditions, the gain after gamma irradiation is almost un-
changed, meaning that there is no significant change in photocurrent generation.
However, after proton irradiation, both the multiplied dark current and the non-
multiplied dark current increase significantly compared to before irradiation, lead-
ing to an increase in gain.

3. The spectral response after gamma irradiation exhibits fluctuations in the wavelength
range of 700-900 nm, while it remains unchanged in other wavelength ranges. When

16



Electronics 2024, 13, 1086

the proton irradiation fluence reaches 1 x 10" p/cm?, the displacement damage
defects affect the photoelectron multiplication process, resulting in a decrease in the
photocurrent and a decrease in the spectral response.

4. The cross-section for the formation of displacement damage defects by protons in
silicon is 1.05 x 10° times greater than the scattering cross-section of gamma rays. The
elastic collisions and nuclear reactions between protons and silicon atoms are the main
causes of displacement damage in silicon. For SPADs, their parameter degradation is
more sensitive to displacement radiation damage.

5. Gamma and proton tests conducted under GTO altitude, a four-year on-orbit mission,
and two shielding conditions indicate that the SPAD device will not experience
significant performance degradation in leakage current, gain and spectral response
parameters. Further testing is required to verify other parameters such as dark count
rate (DCR) and photon detection probability (PDP) in these conditions.
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Abstract: Single Event Upsets (SEUs) are most likely to cause bit flips within the trained parameters
of a convolutional neural network (CNN). Therefore, it is crucial to analyze and implement hardening
techniques to enhance their reliability under radiation. In this paper, random fault injections into
the weights of LeNet-5 were carried out in order to evaluate and propose strategies to improve the
reliability of a CNN. According to the results of an SEU fault injection, the accuracy of the CNN
can be classified into the following three categories: benign conditions, poor conditions, and critical
conditions. Two efficient methods for mitigating weight-related SEUs are proposed, as follows:
weight limiting and Triple Modular Redundancy (TMR) for the critical bit of the critical layer. The
hardening results show that when the number of SEU faults is small, the weight limiting almost
completely eliminates the critical and poor conditions of LeNet-5’s accuracy. Additionally, even when
the number of SEU faults is large enough, combining the weight limiting and TMR methods for the
critical bit of the critical layer can retain the occurrence rate of benign conditions at 98%, saving 99.3%
of the hardware resources compared to the Full-TMR hardening method.

Keywords: reliability; SEU; CNN; weight

1. Introduction

Today, convolutional neural networks (CNNs) are adopted in various domains that
range from high-performance computing to data analysis and target recognition for space
applications [1-4]. However, when applied in the spaceflight field, CNNs face reliabil-
ity challenges due to the impact of space radiation. This is because the memory of the
hardware accelerators carrying CNNs have been proven to be highly sensitive to energetic
particle attacks, especially Single Event Upset (SEU) effects [5-8]. The memory of hardware
accelerators stores a large number of weight parameters for CNNs. As process technology
scales up, the area consumed by memory dominates the CNN hardware accelerator’s area.
Consequently, SEUs will become a major reliability concern for future CNN accelerators.
Weight-related SEUs will further propagate in CNN computations, ultimately leading to a
decrease in CNN accuracy.

Therefore, it is necessary to conduct an assessment of the impact of weight-related
SEUs on CNNs and design appropriate hardening measures. Clarifying the fault modes
and mechanisms of weight-related SEUs causing CNN accuracy degradation is the basis
for studying hardening methods. In [9,10], weight-related SEUs in a CNN were divided
into tolerable faults and critical faults, with tolerable faults sometimes referred to as Silent
Data Corruption (SDC) [11]. This paper further explores the relationship between weight-
related SEUs and the classification accuracy of CNNs, categorizing the impact of weight-
related SEUs on CNN accuracy into the following three categories: benign conditions, poor
conditions, and critical conditions.
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There are many traditional system-level SEU mitigation methods [12,13]; however, due
to the large computational requirements and numerous parameters of CNNs, these system
mitigation methods are not well suited for CNN hardening needs. On the one hand, the
significant number of weight parameters in CNNs occupies a large portion of the storage
resources in onboard hardware accelerators, causing the Full-TMR methods to exacerbate
the already limited hardware resources. Additionally, error correction coding methods can
reduce the CNN’s computational speed, while being unable to correct multiple SEU errors.

To overcome the limitations of traditional hardening methods, research on CNN
hardening is primarily based on two main approaches. Firstly, it involves improved
methods based on the traditional hardening strategies. TMR is a typical method; however,
the overhead of TMR can be very high and it can jeopardize the device’s performance and
efficiency [14,15]. Since not all the errors are critical for a CNN, it is crucial to accurately
identify the critical layers of the CNN to balance the utilization of the TMR hardware
resources and the hardening effectiveness. In [16], they tested the robustness of the CNN
architecture via injecting Gaussian noise into the weights of the CNN and concluded
that the error tolerance of a layer tended to worsen as it moved toward the output layer.
However, the sensitivity of weight-related SEUs in different layers is influenced by various
factors such as the number of weights, the weight value distribution, the network structure,
and the layer position. Therefore, this paper characterizes the SEU sensitivity of the weights
of different layers in a CNN. Secondly, it involves optimizing the design of CNN algorithms.
In [17,18], the method of weight quantization can reduce the sensitivity of CNNs to SEUs.
In [19], three modern deep convolutional CNNs were tested for their robustness. It was
hypothesized that the use of batch normalization or shortcut connections made ResNet50
and InceptionV3 resilient against memory errors. Some interesting works have proposed
adapting the existing Algorithm-Based Fault-Tolerant (ABFT) [20]. However, there is
currently no algorithmic optimization hardening method that can significantly improve
the SEU resilience of CNN weights.

The main innovations of this paper can be summarized in three points, as follows:
firstly, discovering the uncertainty caused by an SEU and classifying the fault modes, with
particular emphasis on the possibility of severe consequences, even with a low number of
faults; secondly, pointing out that weight-limiting hardening can effectively address this
issue, while also improving the rate of benign conditions; and thirdly, proposing a method
for identifying critical layers and critical bits and demonstrating the cumulative effects
of TMR and weight-limiting hardening. The structure of the remaining sections of this
paper is as follows: Section 2 provides an introduction to the LeNet-5 CNN, along with the
SEU fault injection method and the simulation results before hardening. In Section 3, we
delve into the weight limiting and TMR methods for the critical bit of the critical layer and
present their associated outcomes. Finally, Section 4 offers concluding remarks and sets the
stage for future work.

2. Fault Injection
2.1. Simulation Framework

The neural network model used in this work is LeNet-5 and the network structure is
shown in Figure 1. We used the Modified National Institute of Standards and Technology
(MNIST) dataset, which is composed of hand-written digits, as the input for the LeNet-5
CNN test. The MNIST is commonly used for training various image processing systems or
testing in the fields of machine learning.
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Figure 1. The structure of LeNet-5.

Figure 2 represents the framework of simulation. Firstly, the SEUs were introduced to
the LeNet-5 after training was complete. Then, the LeNet-5’s accuracy was re-evaluated
with the new weight. Each weight is represented by 32-bit floating point numbers. The
number of bits in SEUs were increased to determine how susceptible the LeNet-5 was
to weight-related SEUs and to classify the behavior of the LeNet-5 under an increasing
number of SEUs. The bits in SEUs were increased from 0 to 225 and the classification
accuracy of LeNet-5 was recorded. In total, 50 trials were recorded for each number of bits
in SEUs.

Baseline accuracy

(7

Network B Mask Layer Network Accuracy
Train and Bit Inference Analysis

Training Fault to Weights Inferenced
Data Randomly Data

Figure 2. Framework for quantifying CNN degradations caused by injecting fault to weights randomly.

The pseudocode for SEU fault injections is shown in the pseudocode Algorithm 1; the
theoretical flip rate for each bit is first calculated based on the bit flip rate of the weight
storage unit and the duration of the on-orbit operation. Then, all weight bits are traversed,
each being flipped with a probability of p. The number of SEU faults injected is a statistic
obtained by multiplying the SEU rate by the total number of weights. To simulate the
real-world scenario where the same bit can be flipped multiple times, the on-orbit duration
is divided into batch-size parts, with faults being injected for a duration of years/batch
size each time. Additionally, the simulation models the situation where multiple bit flips
are caused by the accumulation of SEUs; however, it does not simulate the scenario where
multiple bit flips are caused by a single particle radiation. Furthermore, TMR (Triple
Modular Redundancy) and weight limit hardening have been set as adjustable options,
making it convenient to obtain the effects of different hardening combinations. The purpose
of this is to provide more flexibility, allowing the most suitable hardening strategy to be
chosen based on different requirements and conditions.
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Algorithm 1 Inject-Fault

Input: mod-el, datatype, TMR, p, years, limitvalid, batchsize
Output: model

/¥ model: LENET-5 model. */
/* datatype: Data type for model's weights and bias. */
/* TMR: Zero-TMR, Partial-TMR and Full-TMR. */
/* p: The probability of flipping a single bit per year. */
/* years: The duration of exposure for devices in the radiation space. */
/* limitvalid: Flag for limiting the weights after fault injection. */
[* batchsize: Inject faults in multiple batches. */

1. weights=model. GetWeights()
2. if datatype == "float32” then

3. for +<~0to ba}; i':;fze do
4. p = batchsize * p
5. for index < 0 to len(weights) do
6. data = float32_to_bin(weight[index])
7. for dindex < 0 to len(data) do
8. if NoTMR(TMR, dindex) then
//the function SeuRandom is used to generate an enable signal
with a probability of p being effective
9. Flip(dataldindex], SeuRandom(p))
10. else
11. I— flip(data|dindex), SeuRandom(PTMR(p)))
12. V;eights[index] =bin_to_float32(data)
13. // the function isnan is used to check if a number is invalid
14. if isnan(weights[index]) then
15. weights[index] =0
16. else
17. if limitvalid and (weights[index|>uplimit) then
18. L weights[index] = weights.max() >> 1
19. else if limitvalid and (weights[index]<lowlinit) then
L Weights[index] = weights.min() >> 1

20. else
// operations of other datatype similar to float32

21.

22. Model.SetWeights(reshape(weights))

2.2. Results before Hardening

Before hardening, the accuracy of LeNet-5 varies with the number of SEU fault in-
jections, as shown in Figure 3. Each column of 50 blue dots represents 50 trials, with
brighter colors indicating a higher frequency of occurrences. From the graph, the following
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three phenomena can be observed: First, despite the same number of SEU fault injections,
there is a significant difference in LeNet-5’s accuracy. Second, there is a high frequency of
extremely low LeNet-5 accuracy (below 0.3), even when the number of SEU fault injections
is small, with a 31% probability of critical situations occurring. Third, as the number of
SEU fault injections increases, the maximum accuracy of LeNet-5 rapidly decreases and,
when the number of SEU fault injections reaches 125, almost all classification accuracies are
below 0.85. Next, we will delve into the reasons behind these three phenomena, propose
corresponding efficient hardening methods, and validate the effectiveness of the hardening
measures through SEU fault simulation.
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Figure 3. LeNet-5's accuracy varies with the number of SEUs injected.

3. Hardening Methods and Validation

Based on the changes in CNN accuracy and the acceptance criteria for specific space-
flight tasks, we categorize the SEU-induced CNN accuracy into the following three cate-
gories: benign, poor, and critical. The benign condition refers to an accuracy higher than the
acceptable accuracy for spaceflight tasks. In this paper, we define an accuracy greater than
85% as a benign condition. The poor condition refers to an accuracy between the accuracy
of blind guessing and the acceptable accuracy for spaceflight tasks. In this paper, we define
an accuracy between 30% and 85% as a poor condition. The critical condition refers to an
accuracy lower than the accuracy of blind guessing. Figure 4 illustrates the relationship
between the three types of LeNet-5 accuracy and the number of SEU fault injections in the
absence of hardening. With an increase in the number of SEU faults, the benign condition
gradually decreases. When the number of SEU faults reaches around 50, the poor condition
has the highest proportion. When the number of faults increases to 75, the critical condition
already accounts for 70% of cases, indicating that LeNet-5 is almost unable to function
properly. To improve CNN accuracy, the primary goal is to minimize the occurrence of
critical conditions. It is important to note that the CNN accuracy classification method
provided in this manuscript is universal, but the threshold conditions and spaceflight task
requirements for different classifications (benign, poor, and critical) are closely related.
Different task requirements will affect the threshold values. In our engineering code, the
threshold for determining “benign” and “poor” conditions is designed as a variable.
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Figure 4. The proportion of the three LeNet-5 accuracy conditions caused by weight-related SEUs.

The statistical fault injection method in a CNN was discussed [21], and the fault
injection results of this project were statistically analyzed under experimental conditions.
The abscissa in Figure 4 represents the number of fault injections. We will separately
analyze the distribution of the network model for different numbers of fault injections to
reflect the dynamic changes of the network in orbit. After specifying the number of fault
injections x, the sample population of fault injections becomes all combinations of selecting
x bits from all weight bits. In our experiment, the sample size was selected as 50. For each
combination, when the selected weights are flipped, the CNN inferences a test set of 10 k
images and obtains a final accuracy. Then, based on the accuracy, the CNN output situation
is classified (for each specific classification, it is a binomial distribution). Therefore, in the
case of sampling sample size n, the standard error of the proportion of one output situation

of CNN is:
SE(p) = /P UL=P) o

where p represents the proportion of one output situation of the CNN in the sampled
sample. The confidence interval is:

p+zxSE(p) 2

where z and confidence level are related. According to Figure 4, when the injection count is
25 (benign situation accounts for 0.57), the sample size is 50, the confidence level is 90%,
the standard error of the benign situation is 0.07, and the confidence interval is [0.45, 0.68].
The errors and confidence interval conditions of the results at other injection counts are
even better than this. We believe that such results are acceptable.

3.1. Weight Limiting

Research has shown that the distribution of weights in CNNs follows an approximately
normal distribution with a mean of 0, indicating that the majority of weight values are
small [22]. The weight distributions of the LeNet-5 network are shown in Figures 5 and 6,
where Figure 5 represents the weight distribution of the second convolutional layer and
Figure 6 represents the weight distribution of the first fully connected layer. Similar patterns
can be observed in the weight distributions of other convolutional and fully connected layers.
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Figure 5. The weight distributions of the third layer of the LeNet-5 network.
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Figure 6. The weight distributions of the sixth layer of the LeNet-5 network.

Therefore, weight-related SEUs can potentially cause extreme weight values and, in
this study, weights that exceed twice the normal weight value are defined as extreme
weights. Extreme weights can have a significant impact on the layer in which they are
present; when extreme weights occur in the convolutional kernels of a convolutional layer,
the other weights in that kernel no longer function, leading to the failure of an output
channel in that convolutional layer. Similarly, when extreme weight values occur in a
specific row of the weight matrix in a fully connected layer, the corresponding output
neuron in that row becomes ineffective. Moreover, errors caused by the changing weights
propagate backward through the network, so even a small number of extreme weights can
cause the entire network to degrade into a critical condition.

Next, we will establish a model to quantitatively evaluate the probability of extreme
weights, leading to the degradation of CNN accuracy into a critical condition after T years. This
model primarily considers the following two factors: the probability of SEUs causing weights
to become extreme and the probability of extreme weights leading to a critical condition.

The probability p1 is defined as the actual SEU probability of a bit storing weights
in the hardware accelerator. Considering that a bit can be affected by multiple SEUs, we
can calculate the actual SEU probability p2 of a bit after T years using Formula (3), and the
probability p3 represents that a weight has flip bit (>1 bit), where bitlen represents the bit

width of the data type:
p2= ) Ciptfi—pn" 3)
2d,d<T
p3 =1- Cgitlen x (1 - pz)bitlen 4)
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Then, we analyze the probability of SEUs causing a weight to become extreme. The
weights discussed in this study are represented as single-precision floating-point numbers,
which consist of three parts, as follows: sign bit, exponent, and mantissa. Once a high-order
bit of the exponent is affected by an SEU, it can have a significant impact on the value of
the floating-point number (IEEE 754), as shown in the example in Figure 7. To obtain the
probability of a weight becoming extreme, we first generate a set of data that follows a
normal distribution, based on the mean and standard deviation of the weights. Then, we
calculate the probability that each number in this set becomes an extreme weight due to
SEUs and take the arithmetic average of these probabilities. The resulting probability is
6.7%, which we denote as p4.

—-0.4=1,01111101, 1(](]11()[)11()[)11()()11()()11()§ElD
—1.3611294879661635¢ + 38 = 1,11111101,10011001100110011001101

Figure 7. Example of an SEU causing an extreme weight.

p5Ix] represents the probability that the number of extreme weights is x after T years.
p6Ix] represents the probability of the model becoming a critical condition when there are x
extreme weights in the CNN.

p5[x] = Cx(p3 * p4) (1 — p3+ p4)N~* 5)

B Z?;Ol flag_iteri

- ,flag_iter[i] € {0,1} (6)

p6[x]

In the equation, flag_iter[i] represents whether the CNN test result of the i-th iteration
is of a critical condition and n represents the number of random injection tests performed
for each number of extreme weights. p represents the probability that the CNN reaches a
critical condition in the Tth year:

N
p= ;Jp5[x}p6[><] 7)

Through Formula (7), we found that when no hardening is performed, the probability
of extreme weights causing LeNet-5’s accuracy to reach a critical condition is as high as
99% when the number of SEU fault injections reaches 225. Therefore, we can conclude that
6.7% of SEUs dominate the 97% critical condition in Figure 2, while the remaining 93.3%
of SEUs account for the 0.03% poor condition. Additionally, when the number of SEUs is
below a certain value, both poor conditions and critical conditions are mainly caused by
extreme weights.

Based on the characteristics of weight distribution and the main causes of LeNet-5’s
accuracy degradation, we propose a new hardening method, weight limiting. The principle
is shown in the following equation:

0 w_men € {nan, inf}
Whuffer = wmax > 1 w_mem < uplimit (8)
wmin > 1 w_mem > lowlimit

In the equation, w_buffer represents the weights in the buffer closest to the calculation unit,
w_mem represents the weights stored at the previous level of w_buffer, nan (not a number)
and inf (infinite) are used to determine if the current weights are invalid, and uplimit and
lowlimit are the upper and lower limits, respectively. The variables wmax and wmin represent
the maximum and minimum weight values, respectively. The symbol “>>" represents a right

27



Electronics 2024, 13, 1296

shift of 1 bit. This means that the binary representation of a number is shifted to the right by
one position, effectively dividing the number by 2.

In Figures 8 and 9, weight limiting and Full-TMR are compared as two hardening
methods. Figure 8 compares the probability of LeNet-5's accuracy reaching a critical
condition, while Figure 9 compares the probability of LeNet-5's accuracy reaching a benign
condition. The results in Figure 8 indicate that the weight limiting method can effectively
eliminate critical conditions, as extreme weights are the main cause of critical conditions.
From Figure 9, it can be observed that when the number of SEUs is less than 380, weight
limiting significantly improves the proportion of LeNet-5's benign accuracy, reaching as
high as 98%. So extreme weights are also the dominant cause of poor conditions at this stage.
As the number of SEUs further increases, the probability of critical conditions remains close
to 0% under the weight limiting, but the benign condition starts to degrade. This is because
the limiting measures cannot eliminate the small range fluctuations in weights caused by
SEUs. Moreover, with an increasing number of SEU faults, the accumulation of small range
fluctuations in weights gradually has a greater impact on LeNet-5's accuracy.
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Figure 8. The probabilities of critical condition change with the number of SEUs under different
hardening methods.
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Figure 9. The probabilities of benign condition change with the number of SEUs under different
hardening methods.
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Figure 9 shows that when weight limiting is combined with Full-TMR, it can effectively
address the issue of declining benign conditions. However, the Full-TMR method consumes
a large amount of hardware resources and is not suitable for scenarios with a large number
of weights, such as CNNSs. Therefore, it becomes particularly important to select key
positions for Partial-TMR.

3.2. Selective TMR

The TMR process for the critical bits of CNN weights can be divided into two steps. The
first step is to identify the critical weight layers. The second step is to harden the critical layers
by protecting the sign bit, the most significant bit of the exponent, and the most significant
bit of the mantissa of the weights in those layers. It is particularly important to note that the
weight limiting method has already been applied to LeNet-5 in the following simulation.

To identify the critical layers of LeNet-5, first, TMR is applied to the weights of different
layers individually. Then, SEU faults are randomly injected into the weights of all layers;
the accuracy results of LeNet-5 are shown in Figure 10. Figure 10 shows the results of
TMR hardening applied to the weights of each layer in LeNet-5 and there is no apparent
dependency on the effectiveness of TMR across different layers. Considering the number
of weights in each layer, as given in Table 1, the first layer, the third layer, and the seventh
layer show the highest efficiency in hardening. This means that significant improvement
in LeNet-5's accuracy can be achieved by applying TMR to a small number of weights in
these three layers. Therefore, these three layers are defined as the critical layers. Figure 11
compares the hardening results of all layers, critical layers, convolutional layers, and fully
connected layers. The results show that the TMR of the critical layers has a significantly
better effect than the convolutional layers and fully connected layers.

Next, we compare the following five scenarios: TMR for full-bit of all layers (all-all-
TMR), TMR for full-bit of the critical layer(partial-all-TMR), TMR for the critical bit of all
layers (all-partial-TMR), TMR for the critical bit of the critical layer (partial-partial-TMR),
and no TMR (Zero-TMR). The simulation results are shown in Figure 12. It is evident that
the best effect is achieved with TMR for the full-bit of all layers, followed by the full-bit
of the critical layer (92.3% reduction in resources) and the critical bit of all layers (90.6%
reduction in resources). Next is the critical bit of the critical layer (99.3% reduction in
resources) and, finally, no TMR (100% reduction in resources).

1.0 4

o
=
)

First layer-TMR
Third layer-TMR
Fifth layer-TMR
Sixth layer-TMR
Seventh layer-TMR

o
o
L

probability of benign model [%)]
o
B

o
[N
1

142 426 711 995 1279 1563 1847 2132 2416 2700
number of injections

0.0 -

Figure 10. The probability of benign conditions after hardening for individual layers in LeNet-5.
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Table 1. The exact number of weights in each layer of LeNet-5.

Layer Layer Layer Layer Layer Layer
Layer All 1 2 3 4 5 6 Layer 7
Number of weights 44,426 156 0 2416 0 30,840 10,164 850
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Figure 11. The probability of benign conditions after hardening for the combination of multiple
layers in LeNet-5.
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Figure 12. Comparison of the effectiveness of five different selective TMR methods.

The choice of the final hardening method depends on factors such as the mission
environment, radiation environment, on-orbit duration, device sensitivity, CNN accuracy
classification criteria, network model, dataset, hardware resources, and task requirements.
Under the given conditions in this paper, when the number of on-orbit SEU fault injections
is less than 600, selecting the partial-partial-TMR hardening method (weight limiting
method is already applied by default) can maintain the benign condition probability of
LeNet-5 at 98%.
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4. Conclusions

In this paper, it was discovered that impact of weight-related SEUs on CNN accuracy
has significant uncertainty and, even at very low SEU fault injection rates, extremely low
accuracy can occur. This phenomenon indicates that the CNN accuracy obtained from a
single irradiation experiment cannot represent its true accuracy. Based on CNN accuracy
and specific space mission requirements, we classify the CNN accuracy into the following
three categories: benign conditions, poor conditions, and critical conditions.

This paper analyzes the reasons for the degradation in CNN accuracy from two aspects.
First, SEUs lead to extreme weights, which significantly affect the layer where the weights
are located. Second, SEUs cause small variations in weight values and, only when a certain
number of such weights accumulate, can they lead to poor or critical CNN conditions.
We establish a mathematical model to quantitatively evaluate the probability of extreme
weights causing CNN accuracy to degrade into a critical condition. The model shows that
the probability of SEUs causing weights to become extreme is 6.7%. When the number
of SEU fault injections reaches 225, the probability of extreme weights leading to CNN
accuracy reaching critical condition reaches 99%.

Two hardening methods are proposed, as follows: weight limiting and partial-partial-
TMR. When the number of SEU faults is below a certain threshold, weight limiting reduces
the probabilities of critical and poor conditions in LeNet-5 to almost zero, because extreme
weights dominate the accuracy degradation. As the number of SEU faults increases, the
accumulation of small variations in weights starts to affect the benign condition. We identify
the critical layers of LeNet-5 as the input for Selective TMR, which are the first layer, third
layer, and seventh layer. Under the given application conditions in this paper, when the
number of SEU faults is large, both weight limiting and partial-partial-TMR methods
maintain a benign condition occurrence rate of approximately 98%, while reducing TMR
resource consumption by 99.3%. It is important to note that the quantitative analysis
conclusions in this paper may vary depending on the CNN type, accuracy classification
criteria, and definition of extreme weights. However, the qualitative analysis conclusions
apply to all CNN weight flips.
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Abstract: This experimental study investigates the damage effects of nanosecond pulse laser ir-
radiation on silicon solar cells. It encompasses the analysis of transient pulse signal waveform
characteristics at the cells” output and changes in electrical parameters, such as I-V curves before
and after laser irradiation under varying laser fluence and background light intensities, and explores
the underlying action mechanisms of laser irradiation. The study reveals that as the laser fluence
increases up to 4.0 J/cm?, the peak value of the transient pulse signal increases by 47.5%, while the
pulse width augments by 88.2% compared to the initial transient pulse signal. Furthermore, certain
parameters, such as open-circuit voltage, short-circuit current, and peak power obtained, from the
measured I-V curve indicate a threshold laser fluence for functional degradation of the solar cell at
approximately 1.18 £+ 0.42 ]/ cm?. Results obtained from laser irradiation under different background
light intensities underscore the significant influence of background light on laser irradiation of silicon
cells, with the most severe damage occurring in the absence of light. Moreover, findings from laser
irradiation at multiple locations on the silicon cell demonstrate a linear decrease in the output voltage
of the silicon cell with an increase in the number of irradiation points.

Keywords: solar cell; laser; silicon; radiation; electrical parameters

1. Introduction

A laser beam has significant advantages, such as high directionality and monochro-
maticity, good coherence, and high brightness. It has been widely used in materials (includ-
ing metal and non-metal) cutting, surface treatment, perforation, and micro-machining,
among other applications. Solar cells are photoelectric conversion devices that directly
convert light into electrical energy without an external power source. As a photosensitive
device, solar cells are susceptible to damage from laser irradiation, resulting in reduced
photoelectric conversion efficiency, structural damage, and functional total or partial loss.
Increasing the power of incident light on solar cells enhances the output, but high-power
monochromatic light irradiation may cause severe damage to them. Currently, the most
widely used silicon solar cells present a high absorption rate and a low reflectivity for a
1.1 pm laser, but their photoelectric conversion efficiency is generally between 10% and
20%. Therefore, a significant part of the incident laser beam energy converts into thermal
energy that heats and damages the solar cell. When the incident laser beam energy is much
greater than the energy that the solar cell can absorb, the incident laser beam will increase
the temperature of the cell, leading to a significant decrease in efficiency. The research on
laser irradiation of solar cells began with the concept of laser wireless power transmission.
Glaser proposed the idea of establishing a solar power collection system in space to trans-
mit abundant solar energy to ground-based solar cells through laser transmission. The
American Explorer detector discovered that high-energy charged particle radiation in space
can cause damage to the performance of solar cells. With the further development and
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application of laser technology, attention has gradually focused on researching the damage
and protection of laser-irradiated solar cells.

In 1973, Matsuoka and Usami first conducted a series of studies on the laser irradi-
ation of solar cells. The experiments found that excessive power of pulsed lasers leads
to a decrease in the peak power of solar cells [1-3]. Recently, research has been con-
ducted on the irradiation damage of solar cells using continuous laser [4-9] and pulsed
laser [10-12], accounting for the effects of different wavelengths [13-15], employing dif-
ferent pulse widths [16,17], and varying the laser parameters, such as laser fluence and
frequency [18-22]. The damage effect of laser irradiation on silicon materials used in solar
cells and its mechanism have been the focus of research [23-25]. The investigation of
the damage to silicon materials mainly focuses on the damage caused by heat and stress.
However, this does not directly reflect the electrical damage of silicon-based electronic
devices. Most of the research on laser-irradiated solar cells treats the damage threshold,
temperature response, stress damage, and damage morphology of solar cells under differ-
ent laser parameters or irradiation modes. Photosensitive devices, such as silicon-based
photodiodes [26,27], present significant transient electrical signals under laser irradiation.
These transient signals are the direct response of the device to the laser, and their character-
istics can indicate the interaction process between the laser and the device. Analogously,
solar cells can generate photoelectric signals even under weak laser conditions. These
signals are crucial for analyzing the intrinsic mechanism of weak laser-induced damage to
solar cells. However, the characteristics of these laser-induced transient pulse signals have
not received much attention.

In this study, we developed an acquisition circuit to detect the transient pulse signal
resulting from laser irradiation on silicon cells. We conducted experiments to investigate
the characteristics of the transient pulse signal under different laser fluences, varying
background light intensities, and multi-point irradiation scenarios on the same cell. Simul-
taneously, we obtained the I-V curve of the cell under different experimental conditions
and analyzed the underlying mechanism of laser action. The photoelectric signal extraction
method employed in this research is innovative, and the findings can offer valuable insights
for implementing damage protection measures for solar cells to resistant lasers.

2. Device and Methods
2.1. Device and Signal Acquisition Circuit

The operational mechanism of solar cells is based on the photovoltaic effect of semicon-
ductor materials. This effect describes the generation of charge carriers within semiconduc-
tor materials when exposed to light irradiation, and the charge carriers, upon separation,
accumulate at the respective ends of a PN junction, thus establishing a potential difference.
When an external circuit is connected to both ends of the PN junction, the photocurrent
flows through the load. Figure 1 illustrates the operational concept of a silicon solar cell.
When the energy of incident photons (hv) surpasses the bandgap width (Eg) of the semicon-
ductor material, numerous electron-hole pairs get excited. If these pairs form within the
vicinity of the PN junction’s diffusion length, they can potentially diffuse into the depletion
region of the PN junction before undergoing recombination. Under the strong electric field
in the depletion region, the electrons migrate toward the N region while holes move toward
the P region. This migration leads to a negative charge in the N region and a positive
charge in the P region. The electrodes at the sides of the PN junction connect to the load,
and the photocurrent flows through the circuit, thus accomplishing power output.

The experimental setup utilized a polycrystalline silicon solar cell measuring
45 mm X 45 mm. The silicon cell exhibits operating voltage, open-circuit voltage, and
short-circuit current of 1V, 1.2 'V, and 0.2 A, respectively, with a conversion efficiency
of 18%.

Figure 2 depicts the acquisition circuit diagram for the output voltage signal at the
load end of the solar cell. Rg is a small resistance, while Ry, denotes the optimal matching
resistance corresponding to the cell’s highest output power. The resistance calculated
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according to the measured I-V curve is used as a reference for Ry,. For the silicon cell
employed in this experiment, the circuit features Ry and Ry, values of 0.1 ohms and

4.3 ohms, respectively.
photon ‘ _
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Figure 1. The working principle of a silicon solar cell.
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Figure 2. The signal acquisition circuit diagram of the Si cell.

2.2. Methods

The laser employed was a neodymium yttrium aluminum garnet (Nd: YGA) laser with
a wavelength of 1064 nm and a pulse width of 10 ns. Figure 3 shows the schematic diagram
of the experimental setup. The laser beam section is first shaped by the aperture and then
sequentially passes through the attenuator and spectroscope before finally reaching the
focusing lens. After being focused by a lens, the laser incidences on the surface of the
silicon cell, with a section of ® = 4 mm. The attenuator adjusts the laser beam intensity,
and the spectroscope divides the beam into two paths: one for irradiating the solar cell
and the other for laser beam intensity measurement. At the sample location, a Solar-500
xenon lamp (emitting spectra in the range of 200 nm-2500 nm) is used as a solar simulator
to provide background light when the Si cell is working. The light intensity of the lamp
is adjustable by controlling the current. Throughout the experiment, the voltage probe is
connected across the sampling resistor to gather the output voltage of the Si cell and the
transient pulse signal produced upon laser irradiation.

This experimental strategy involved conducting laser irradiation experiments with
varying laser beam energies, background light intensities, and laser irradiation positions.
The experiment involved measuring the voltage—current characteristic curves of the cell
both before and after laser irradiation, alongside capturing transient voltage signals gener-
ated during the irradiation process. We measured the voltage—current characteristic curve
of the cell using a Keithley 2450 instrument. The voltage signals were recorded by the oscil-
loscope. Electrical parameters of the cell, such as open-circuit voltage, short-circuit current,
and peak power, were extracted from the volt-ampere characteristic curve. Subsequently,
the analysis focused on the changes in these parameters following laser irradiation.
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Figure 3. Schematic diagram of the experimental setup.

3. Results
3.1. Results at Different Laser Fluences

Figure 4 shows the transient pulse signals generated at the silicon cell output when
irradiated by a single-pulse laser; each curve corresponds to a different laser fluence. The
curves show that when the laser fluence is 0.24 ] /cm?, the laser does not cause any distur-
bance to the cell. When the laser fluence is 0.76 J/cm? or more, it generates a disturbance
voltage signal at the output of the Si cell. After the disturbance, the voltage at the output
of the cell returns to the level before irradiation. Upon reaching or surpassing 1.6 J/cm?,
the disturbance signal increases in duration and peak voltage. Furthermore, following
laser irradiation, the cell output voltage fails to recover its pre-irradiation level, suggest-
ing a notable decline in cell performance. We conclude that the interference threshold
of laser-irradiated solar cells is 0.76 & 0.26 J/cm?, and the damage threshold is about
1.18 £ 0.42J/cm?.

1500
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Figure 4. Transient pulse signals generated by Si cell at different laser fluences.

Figure 5a,b show the I-V and P-V curves of the Si cell before and after single-pulse
laser irradiation at different laser fluences. Table 1 presents the output voltage of the Si
cell, the open-circuit voltage, the short-circuit current, and the peak power extracted from
Figure 5. Table 1 indicates that when the laser fluence is less than or equal to 0.76 J/cm?, it
does not cause significant damage to the cell’s performance. Increasing the laser fluence
from 1.6 J/cm?, the output voltage and peak power of the Si cell show a significant
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decrease, the open-circuit voltage also decreases, and the short-circuit current does not
change considerably.
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Figure 5. Electrical parameters of Si cells at different laser fluences: (a) I-V curve; (b) P-V curve.

Table 1. Electrical performance parameters of the Si cell under laser irradiation.

Laser Fluence Output Voltage Open-Circuit Short-Circuit Peak Power
(J-em-2) (mV) Voltage Current (mW)
V) (mA)
0 820 1.24 200 174
0.24 820 1.24 204 176
0.76 820 1.24 207 175
1.6 780 1.22 203 153 (—12.1%)
2.8 740 1.22 202 152 (—12.6%)
4.0 720 1.18 205 137 (—21.3%)

3.2. Results at Different Background Light Intensities

Figure 6 shows the transient pulse signal generated at the output of the Si cell when
irradiated with a single-pulse laser at different background light intensities. The figure
indicates that regardless of the background light (corresponding to different initial voltages
of the cell), the laser irradiation will cause a larger transient pulse signal at the cell’s
output. When there is background light, the amplitudes of the transient pulse signal
generated by laser irradiation under 550 W/cm? and 1100 W/cm? are almost the same
(about 1400 mV). When there is no background light, the amplitude of the transient pulse
signal is significantly higher (approximately 1540 mV). Additionally, with the increase in
background light intensity, the pulse width of the transient pulse signal gradually widens.

Figure 7a,b show the I-V and P-V curves of the Si cell under single-pulse laser
irradiation at different background light intensities. Table 2 indicates the output voltage of
the Si cell under laser irradiation, as well as the open-circuit voltage, short-circuit current,
and peak power, as extracted from Figure 7. Table 2 indicates that background light is an
important influencing factor on the characteristics of silicon cells under laser irradiation.
Moreover, the performance of the cells is more severely damaged when there is no light.
Coinciding with this observation, it is evident that as the light intensity decreases, the
cell’s peak power and open-circuit voltage decline, while the short-circuit current initially
remains constant before eventually increasing.
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Figure 6. Transient pulse signals generated by the Si cell at different background light intensities.
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Figure 7. Electrical parameters of Si cells at different background light intensities: (a) I-V curve;
(b) P-V curve.

Table 2. Electrical performance parameters of the Si cell under laser irradiation.

Background Light Intensity Op‘e}nl-tClrcult ShoCrt-Clrctult Peak Power
Wim clage urren )
1100
(No laser) 1.22 200 171
1100 1.14 200 145 (—15.2%)
550 1.14 200 140 (—18.1%)
0 1.12 202 129 (—24.6%)

3.3. Results of Multi-Point Irradiation

Figure 8 shows the ablation points generated by laser irradiation on Si cells during
the experiments. A total of 6 times of laser irradiation were carried out, and the order of
ablation points is shown in the figure.

Figure 9a shows the transient pulse signal generated at the output of the Si cell at
different irradiation positions. The figure indicates that each transient pulse signal is similar.
The peak values of these transient pulse signals are 1350 mV, 1390 mV, 1370 mV, 1410 mV,
1360 mV, and 1410 mV, successively. Figure 9b depicts the output voltage of the Si cell
after each laser irradiation. The Si cell output voltage decreases linearly with an increase in
the number of laser irradiation points. After applying six pulse lasers, the Si cell output
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voltage dropped from 855 mV to 455 mV, which means that the performance of the Si cell
decreased by about 47%.

Figure 8. The ablation points generated by laser irradiation on Si cell.
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Figure 9. (a) Transient pulse signals generated by the Si cell at multiple different irradiation positions;
(b) output voltage of the Si cell after each laser irradiation.

Figure 10a,b depict the I-V and P-V curves of Si cells following laser irradiation at
various positions. These figures demonstrate that each laser irradiation induces a degree of
performance degradation in the cell.
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Figure 10. Electrical parameters of Si cell after laser irradiation at different positions: (a) I-V curve;
(b) P-V curve.

4. Discussions
4.1. The Influence of Laser Fluence

Figure 11 illustrates the variation in peak voltage and pulse width of the transient
voltage signal at the output of the Si cell with increasing laser fluence. The graph reveals
three distinct stages in the changes of these parameters:

e Initially, upon increasing the laser fluence, the peak value of the transient pulse signal
rises by 32.5% compared to the initial pulse signal, while the pulse width remains
nearly unchanged.

e  Subsequently, although the peak value of the transient pulse signal remains relatively
constant, its pulse width expands by 29.4% compared to the initial signal.

e  Finally, with further increases in laser fluence, the peak value and pulse width of
the transient pulse signal increase by 47.5% and 88.2%, respectively, compared to the
initial signal.
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Figure 11. Transient voltage signal characteristic parameters: peak voltage (left), pulse width (right).

The wavelength of light absorbed by Si solar cells typically falls between 300 nm and
1200 nm. Given that the photon energy of the 1064 nm laser employed in the experiment
exceeds the bandgap width of silicon, the laser radiation induces the photoelectric effect
within the cell. This process generates a significant number of charge carriers, which are
subsequently collected and produce transient pulse signals at the cell’s output. Figure 11
illustrates that as the laser fluence rises, the amplitude of the transient disturbance signal
at the cell’s output increases. Moreover, as the laser fluence continues to escalate, the
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amplitude gradually approaches saturation. When subjected to light, Si solar cells generate
an internal electric field. Charge carriers produced by laser irradiation are collected by drift
motion under the action of the internal electric field. The amplitude and collection time of
the transient pulse signal are determined by carrier concentration and drift velocity.

In the initial stage, the carrier concentration rises with the laser fluence, yet the
charge collection rate does not reach its maximum. As a result, the amplitude of the
transient disturbance signal increases while the pulse width remains relatively constant.
Subsequently, as the laser fluence continues to increase, a significant number of photo-
generated carriers are produced within the cell. At this point, the carrier collection rate
saturates, leading to a consistent amplitude of the disturbance signal. Consequently, the
collection time extends, resulting in an expansion of the pulse width. In the final stage,
with further increases in laser fluence, more charge carriers are generated within the cell.
This results in enhanced charge collection, which, combined with the effects of drift and
diffusion, further prolongs the collection time.

4.2. The Influence of Background Light Intensity

The generation of carriers within the cell is contingent upon the laser fluence, whereas
background light intensity primarily influences the collection process of carriers. The
number of photogenerated carriers in the cell is proportional to the laser fluence. When
there is background light, the silicon cell absorbs the light energy and converts it into
electricity. The current generated by the light forms a loop through the load resistance. At
this time, a small portion of the carriers induced by the laser are recombined through the
current path, while more carriers are collected at the resistor. Without background light,
the sampling resistance collects almost all of the charge carriers. Therefore, in this case,
the amplitude of the transient pulse signal generated by laser irradiation is larger. Table 2
indicates that the cell’s peak power and open-circuit voltage decrease as the background
light diminishes. This exhibits the dramatic decrease in the Si cell performance with
background light diminution.

Figure 12 shows the ablation morphology of the Si cell by a single-pulse laser under
different background light intensities. As the background light intensity decreases, the
cell damage becomes more severe. This is because when there is background light, the
recombination of charge carriers through the pathway can release some heat, so the ablation
is not as severe. Laser irradiation can cause ablation damage inside the cell, leading to
internal leakage current, which reduces the parallel resistance of the cell and causes a
decrease in the open-circuit voltage of the solar cell. The series resistance does not affect
the open-circuit voltage of solar cells, but as the resistance value increases, it will cause
a voltage drop between the terminals. When it exceeds a critical value, it will lead to a
decrease in the short-circuit current.

1100W/m?2 550W/m?

Figure 12. Ablation morphology of laser-irradiated cells under different background light intensities.

4.3. The Influence of Multi-Point Irradiation

The variations in certain parameters, such as open-circuit voltage, short-circuit cur-
rent, and peak power of the cell, under multiple pulse laser irradiations are shown in
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Figure 13a—c, respectively. The figures show that as the number of irradiated lasers in-
creases, the open-circuit voltage of the cell decreases approximately linearly; the short-
circuit current of the cell initially remains almost unchanged and then slightly decreases,
and the peak power significantly decreases with a turning point in the rate of decrease.
The point at which the short-circuit current begins to decrease corresponds to the inflection
point of the peak power decrease rate.

In a state of constant illumination, the photocurrent of a solar cell remains unaffected
by its operating condition; thus, it is akin to a constant current source. Additionally, the p-n
junction in the cell can be regarded as an ideal diode. Therefore, a typical solar cell circuit
is equivalent to a parallel circuit of a current source and diode. The material’s intrinsic
resistance dictates the presence of parasitic resistances, comprising the parallel resistance
Rs, and the series resistance Rs. The external electrical device is represented as a load
resistance Ry . Figure 14 depicts the equivalent circuit of a solar cell.
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Figure 13. Characteristics of Si cell’s electrical parameters under laser irradiation at different positions:
(a) open-circuit voltage; (b) short-circuit current; (c) peak power.
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Figure 14. The equivalent circuit of a solar cell.

Under constant external conditions, the performance of a cell is predominantly af-
fected by the parallel Ry, and series R; resistances. We estimated the parallel resistance
of the cell by calculating the slope of the I-V characteristic curve near the short-circuit
current [28]. Analogously, we estimated the series resistance by calculating the slope of the
I-V characteristic curve of the open-circuit voltage [29]. Figure 15a,b show the variation
patterns of Si cell parallel resistance and series resistance obtained through theoretical
calculations, respectively [30].
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Figure 15. Parallel and series resistance of the Si cell under laser irradiation at different positions:
(a) parallel resistance; (b) series resistance.

The parallel resistance R, in a cell is typically due to manufacturing defects, such as
PN junction leakage current. This leakage current includes electrodes that bypass the edge
of the cell and internal leakage current caused by crystal defects and foreign impurities
in the junction area. The resistance value is usually several thousand ohms. The decrease
in the parallel resistance will reduce the filling factor of the solar cell because the parallel
resistance will affect the maximum power of the solar cell and make it deviate from the
ideal maximum power value. Meanwhile, the reduction of parallel resistance will decrease
the open-circuit voltage of the solar cell. However, it does not affect the short-circuit current.
From Figure 15a, we can observe that each laser irradiation causes the parallel resistance of
the cell to decrease to a certain extent. This is because the cell undergoes ablation damage
and leakage under laser irradiation, resulting in a decrease in parallel resistance and the
cell’s open-circuit voltage.

The cell’s series resistance R; originates from four main contributions: the inherent
resistance of the semiconductor material, the contact resistance between the metal electrode
and the semiconductor material, the resistance through the diffusion layer, and the resis-
tance of the metal electrode itself. Among them, the transverse resistance of the diffusion
layer is the main form of series resistance, and the series resistance is usually less than 1 Q).
The increase in series resistance will also reduce the filling factor of solar cells because the
filling factor is the ratio of the maximum output power of solar cells to the ideal output
power, of which the ideal output power is the output power based on the assumption that
the solar cell has no internal resistance. In addition, when the resistance value of series
resistance is too large, it will also reduce the short-circuit current, but it does not affect the
open-circuit voltage.

5. Conclusions

This experimental study investigated the damage effects of nanosecond pulse laser
exposure on silicon solar cells under varying laser fluences, background light intensities,
and multi-point irradiation. Key findings include:

(1) The interference threshold of laser-irradiated solar cells is 0.76 & 0.26 ] /cm?, and the
damage threshold is about 1.18 + 0.42 J/ cm?;

(2) Inthe presence of background light, Si cells can promptly collect the carriers generated
by the laser beam and effectively release the heat of the charge carriers during the
process. Therefore, the performance of the Si cell is most severely damaged when
there is no background light;

(3) Following six consecutive pulse laser irradiations, the cell’s output voltage decreases
significantly from 855 mV to 455 mV. This reduction in open-circuit voltage and short-
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circuit current is attributed to changes in the values of parallel and series resistance in
the cell after laser irradiation.

This article analyzed the damage characteristics and internal mechanism of the above
three factors on laser-irradiated solar cells based on the transient signal generated during
laser induction and the solar cell’s I-V curve parameters. The above conclusions can provide
theoretical support and protection design ideas for solar cells to resist laser damage.
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Abstract: The degradation properties of Indium phosphide hetero-junction bipolar transistors
(InP HBTs) under proton irradiation are studied and modelled using a compact model for pre-
irradiation, post-irradiation, and post-annealing. The variation rates of the model parameters, such
as the base—emitter saturation current (Isg) and ideality factor in the ideal region (Ng) in the forward
Gummel characteristics, the zero-biased capacitance (Cje) and the grading factor (Mje,) in the BE
junction capacitance, and the transit time parameter in the base region (T'g,), are analysed to delve into
the degradation mechanism induced by proton irradiation. The displacement damage, induced by
proton irradiation in the space charge region of the base-emitter junction and in the quasi-neutral bulk
base region, is found to be responsible for the decrease in current gain and cut-off frequency. After
annealing, the variation rates of the parameters decrease significantly compared to post-irradiation.
This suggests that the recombination of unstable defects leads to a slight recovery in the degradation
characteristics of InP HBTs after a period of annealing.

Keywords: hetero-junction bipolar transistor; degradation mechanism; model simulation;
irradiation defects

1. Introduction

Indium phosphide hetero-junction bipolar transistors (InP HBTs) are extensively used
in aerospace systems, military communications and satellites owing to their exceptional
material properties and high-frequency characteristics within various millimetre-wave
devices [1-3]. However, in the harsh irradiation environment of space, InP HBTs are
susceptible to single-event transients (SETs) triggered by heavy ions [4-6] and displacement
damage induced by high-flux protons [7,8]. While our previous work has covered research
on the single-event effect [9], this paper will concentrate on displacement damage.

Multiple energetic protons can induce displacement damage when striking micro-
electronic devices, particularly in aerospace systems operating within the inner Van Allen
radiation belts over prolonged periods of time [10]. These displacement defects include host
atoms displacement, lattice damage and the formation of deep-level traps [11,12]. The re-
ported studies primarily delineated and analysed experimental phenomena [7,13,14], with
limited literature delving into the irradiation-induced degradation mechanism through
compact models. Lawal O M et al. discussed the Simulation Program with Integrated
Circuit Emphasis (SPICE) model parameters of a pre- and post-irradiated silicon bipolar
junction transistor (Si BJT) [15]. Petrosyants K et al. explored the SPICE model of a Si
BJTs and silicon germanium (SiGe) hetero-junction bipolar transistor (HBTs), taking into
account the total irradiation dose effects with gamma-ray, proton, neutron, and electron
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irradiation [16-18]. Van Uffelen M et al. studied the direct current (DC) characteristics of
SiGe HBTs at gamma doses of up to 4 MGy using the SPICE model [19]. Zhang ] C et al.
investigated the impact of gamma irradiation on the DC and alternating current (AC)
characteristics of gallium arsenide (GaAs) and InP hetero-junction bipolar transistors with
the VBIC and Keysight models [20-22]. Thus, the relevant literature mainly focuses on
model parameter analysis of gamma irradiation for Si BJTs, GaAs HBTs, SiGe HBTs and
InP HBTs, while lacking the model parameter analysis of proton irradiation. Although
the analysis method is similar, it is crucial that proton irradiation and gamma irradiation
interact differently with semiconductor materials, resulting in distinct damage mechanisms
and affecting the various model parameters. The effects of Gamma irradiation on devices
cannot be used as an equivalent analysis for the effects of proton irradiation on InP HBT.
The degradation characteristics reflected by the model parameters are different. Further-
more, based on the model parameters, the analysis of the influence of proton irradiation on
the circuit are also different. Therefore, it is essential to study the compact model analysis
of proton irradiation for InP HBTs.

Moreover, the compact model serves as a vital bridge between the device and circuit
design. It not only helps to predict the radiation characteristics of a device, but also provides
a potent tool for designing anti-radiation circuits. Therefore, in this paper, the influence
of proton-induced displacement damage on the model parameters is studied to explore
the degradation mechanisms for pre-irradiation, post-irradiation and post-annealing. The
paper consists of four sections. The description of experiments is presented in Section 2.
The introduction of the model and the analysis of degradation mechanism are discussed in
Section 3. The conclusions are presented in Section 4.

2. Experiment Details

The devices under test (DUT) are provided by the Institute of Microelectronics in the
Chinese Academy of Sciences. Figure 1a shows the detailed doping information and vertical
layer thickness of the NPN-type InP HBT. Figure 1b shows the schematic diagram of the
triple mesa process and bisbenzocyclobutene (BCB) planarisation passivation structure. For
the NPN-type InP HBTs, the non-alloyed Ti/Pt/Au (15/15/400 nm) was used as an n-type
Ohmic contact, and Pt/Ti/Pt/Au (2/15/15/120 nm) served as p-type Ohmic contact [23].
Additionally, a 2 um layer of Au was deposited on the electrodes to act as pads. The emitter
area of InP HBT is 1 x 15 um?.

Emitter

| AN |
n-InGaAs100 nm 3 X102 cm™
n-InP 130 nm 1.2X10% em3
= n-InP 40 nm 2 X107 em™

Base

p-InGaAs 65 nm 3x 10 cm ™
n-InGaAs 50 nm 1 X 1010 em= BCB : B c
n-InGaAsP 20 nm 1X10Y em™ l | -_‘

n-InGaAsP 20 nm 1 X107 ¢m™
n-InP 200 nm 1 X101 ¢m=

NP 200 nm 12X 100 cm ® |C oaector Substuafe
n-InGaAs 50 nm 2X 10% ¢m=
n-InP 400 nm 1.2 X10% cm™
S.I. InP Substrate
(a) (b)

Figure 1. The structure diagram of InP/InGaAs HBT. (a) The doping and thickness of layers. (b) The
process technology (The red, green, and blue regions are emitter, base, and collector ohmic contacts,
respectively. The yellow area is the metal deposited so that the electrodes are at the same height).
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In the experiment, the irradiation was performed using 10 MeV protons with a fluence
of 1 x 102 p/cm? at the Institute of Heavy Ion Physics, Peking University. All terminals
of the device were floated. The 10 MeV protons were incident vertically from the front of
the device and could penetrate it, as simulated by the TRIM tool. After irradiation, the
samples were self-annealed for 100 days. The DC and AC characteristics were measured
at room temperature (T = 300 K) for pre-irradiation, post-irradiation and post-annealing.
In the next section, the properties of InP HBT will be discussed with model parameter
analysis, including the forward- and reverse-mode Gummel characteristics, resistances,
capacitances, and frequency characteristics.

3. Model and Analysis

Numerous models have been proposed to describe and predict the properties of
bipolar transistors, including the EM model, GP model, VBIC model, MEXTRAM model,
HICUM model, and Agilent HBT model. Research studies have indicated that the Agilent
HBT model could characterise the properties of InP HBT accurately [24-27]. Consequently,
this model would be selected in this paper to examine the influence of proton irradiation
on InP HBTs.

Figure 2 shows the schematic diagram of the Agilent HBT model. Notably, the diagram
does not include the parasitic elements, such as the extrinsic capacitances Cppg, Cppc and
Cpcg, as well as the inductances Lpg, Lpg and Lpc. These elements are typically eliminated
using the Open-Short de-embedding technique. Due to the triple mesa process and the
high doping density in the base region of InP HBT, the extrinsic base and collector current
and charge are smaller than the intrinsic values. Consequently, the extrinsic base and
collector current and charge could be disregarded, and the ABEX and ABCX parameters
are set to their default values [20]. Iggi, QOpEi, Ipci and Qpc; represent the intrinsic base
and collector current and charge, while Icg is the collector-emitter current. Additionally,
Rgyx, Rpi, Rcx, and Rej correspond to the extrinsic and intrinsic resistances of the base and
collector regions, respectively.

Iscx &
Bx

P
@—VWyr

Ipex X

Figure 2. The Agilent HBT model without the parasitic elements.

Parameter extraction begins with the elimination of parasitic elements using the Open-
Short structure. Subsequently, the DC parameters are extracted from the forward- and
reverse-mode Gummel characteristics, along with the output characteristics. Capacitance,
resistance, and frequency characteristics are obtained from the de-embedded S-parameter.
Detailed explanations of the model parameters can be found in Reference [28].

To investigate the proton-induced degradation mechanism of InP HBTs, the variation
rate (VR) of the model parameters is defined as the ratio of the changes in the param-
eters after irradiation or annealing to the parameters before irradiation. The positive
and negative signs of the variation rate represent an increase and decrease in parameter
value, respectively.

3.1. Forward-Mode Gummel Characteristics

The forward-mode Gummel characteristic, an essential input electrical property of
bipolar transistors, effectively reflects the properties of the base-emitter (BE) junction.
Figure 3a,b show the measured and modelled base and collector currents for the pre-
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irradiation, post-irradiation and post-annealing stages, with base and collector voltage
varying from 0.4 V to 0.9 V. The base and collector current curves are discrete in the
low-voltage range due to the electromagnetic interference, vibration, and temperature
disturbance. After irradiation, the collector currents remain relatively stable, while the base
currents show a significant increase, particularly noticeable when Vpgg is below 0.75 V.
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Figure 3. Measured and modelled forward-mode Gummel characteristics for pre-irradiation, post-
irradiation and post-annealing of 10 MeV (proton). (a) Base current. (b) Collector current.

In the Agilent HBT model, the collector current Icy in the forward-mode Gummel
characteristic is expressed in Equation (1).

g VBEi

where the parameters Is and Nr are the collector saturation current and ideality factor,
respectively, which can be obtained from the intercept and slope of the current curves. In
addition, k is the Boltzmann constant, T is the temperature, Vgg; is the voltage applied to
the BE junction, and g is the electron charge.

The base—emitter current Igg is given by Equation (2).

)

_ GKDC qVBEi _ qVBEi -
b = 43moa X Jst (exp(NH x k x T) 1) * Ise (exp(NE x k x T) 1) @

where the parameters Isiy and Ny are the base-emitter saturation current and ideality factor
in the ideal region (the high-voltage region), respectively, while the parameters Isg and Ng
are the base—emitter saturation current and ideality factor in the non-ideal region (the low-
voltage region), respectively. The method of extracting the model parameters is similar to
that of the collector current. The 43,4 is an empirical parameter used to model a potential
rise in the base current caused by the soft-knee effect. Since this phenomenon is not
observed in the measured InP HBTs, the GKDC parameter is set to its default value of 0 [22].
The model parameters of forward Gummel characteristics are extracted and presented in
Table 1. As shown in Figure 3, the modelled results demonstrate good agreement with
the measured results across a wide voltage range, confirming the effectiveness of the
extracted parameters.

In the BE junction, when both the base and collector voltages vary from 0.4 to 0.9 V
simultaneously, the BE junction is forward biased while the BC junction is always zero
biased. At low voltages, the BE junction is weakly forward biased, causing a small number
of electrons diffusing from the emitter region to the base region to spend more time in the
space charge region (SCR). This results in the base current at low voltages being primarily
dominated by the recombination current in the SCR, which could be characterised by
the model parameters Isg and Ng. Furthermore, proton irradiation could exacerbate the
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non-ideal current behaviour shown in Figure 3a. As with the previous analysis in Ref. [8],
the interaction of protons with material atoms in InP HBT generates acceptor traps of In
vacancies, which act as recombination centres. These traps could reduce the lifetime of
minority carriers and increase the recombination rate in devices. As shown in Table 1, the
parameter with maximum VR is Isg, which indicates that a large number of irradiation
defects are induced in the BE junction and on the InGaAs surface near the base region.
Moreover, the value of N, is generally between 1 and 2, which could characterise the
property of recombination current in the SCR. A value of N, closer to 2 indicates a higher
recombination current. When compared to the parameters Ny and Ny, a higher N suggests
that the irradiation-induced defects lead to a significant recombination current in the SCR
of the BE junction. It is most likely associated with the effect of trap-assisted tunnelling in
the SCR and the formation of a surface channel near the base region. The band diagram
under forward bias, as shown in Figure 4, is used to analyse the conduction mechanism
of the BE junction. Irradiation-induced defects in the SCR of the BE junction not only
contribute to the diffusion current and the hot carrier emission current but also directly
participate in tunnelling process.

BE junction at Forward Bias

Irradiation defects

Figure 4. The band diagrams under forward bias (The green symbols represents electrons).

Table 1. The current parameters of forward-mode Gummel characteristics for pre-irradiation, post-
irradiation, and post-annealing.

Pre-Irradiation Post-Irradiation VR Post-Annealing VR
Is (A) 6.83 x 1015 6.80 x 1015 —0.44% 6.81 x 1015 —0.31%
Nr 1.22 1.23 0.82% 1.22 0
Isti (A) 2.41 x 10710 3.00 x 10~16 24.48% 2.20 x 10716 —8.71%
Ny 1.29 1.35 4.65% 1.30 0.77%
Isg (A) 245 x 10715 250 x 10713 10,104.08% 330 x 10~ 1246.94%
Ng 1.41 1.71 21.28% 1.56 10.64%

In the high-voltage region, the BE junction is strongly forward biased, resulting in a
narrow space charge region (SCR). Consequently, the recombination current in the SCR
of the BE junction can be disregarded. A large number of electrons diffuse from the
emitter region to the base region. Some of these electrons recombine with holes in the
quasi-neutral bulk base region (NBR), generating the recombination current, while the
remaining electrons diffuse to the collector region boundary and are collected by the BC
junction. Therefore, the recombination current in the NBR dominates the base current
in the high-voltage region, which can be modelled using the parameters Is;; and Ny. In
Table 1, the middle VR appearing in Isiy and Ny suggests that there is a minor amount of
displacement damage induced by proton irradiation in the bulk base region compared to
that induced in the SCR, resulting in a slight increase in the recombination current in the
high-voltage region.

Based on the analysis of the base current, the increase in recombination current in the
base region would theoretically cause a decrease in the total number of carriers collected
by BC junction. However, this decrease is not clearly discernible in Figure 3b. Nevertheless,
when examining the model parameters extracted in Table 1, it is found that the negative
value of VR of collector saturation current Is implies a minor reduction in the collector
current. Furthermore, the minimal VRs of collector saturation current Is and ideality factor

50



Electronics 2024, 13, 1831

Nr indicate that the collection charge capability of BC junction is nearly saturated, with the
collector current being marginally influenced by proton irradiation. Therefore, it is evident
that the model parameters offer a more detailed insight into the effects of irradiation on
the devices.

After annealing, the VRs of the parameters decrease significantly compared to the
post-irradiation stage. This suggests that some defects generated by displacement damage
are recombined after a period of annealing, leading to a slight recovery of the degraded
characteristics. However, the remaining defects form stable traps that will have a long-
term impact on the DC and AC characteristics of the device. Therefore, the degraded
characteristics of post-annealing do not fully recover to the pre-irradiation state.

The current gain (8 = Icp/Igg) of the InP HBT is shown in Figure 5. It is evident that the
gain decreases after irradiation, which is also attributed to the increase in the recombination
current of the BE junction induced by irradiation damage.

100

—=— Pre-irradiation
g0l —*  Post-irradiaton
—4— Post-annealing

60 -

co N
40

20

0.4 0.5 0.6 0.7 0.8 0.9
V.V

Figure 5. Current gain (f3) for pre-irradiation, post-irradiation, and post-annealing of 10 MeV (proton).

3.2. Reserve-Mode Gummel Characteristics

For NPN bipolar transistors, the electrical property of BC junction can be reflected
by the reverse-mode Gummel characteristic. The measured and modelled results for pre-
irradiation, post-irradiation, and post-annealing with the collector voltage varying from
—0.2 Vto —0.8 V, and the emitter and base electrodes grounded are shown in Figure 6a,b.
The good agreement between the modelled results and experimental data across a wide
range in Figure 6 confirms the accuracy of the extracted parameters.
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Figure 6. Measured and modelled reverse-mode Gummel characteristic for pre-irradiation, post-
irradiation, and post-annealing of 10 MeV (proton). (a) Collector current. (b) Base current.
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In the compact model, the reverse collector current Icr and base current Ipc are
expressed in Equations (3) and (4), respectively.

VBci
Icr = Isg % (eXp<Z\qu><}7CCXT> - 1> 3)

Vi Vi
e = s (xp (2 ) 1) s (o (s ) -1) @

where the parameters include the collector saturation current Isg, ideality factor Ng, base—
collector saturation current Irsy, ideality factor Nry in the ideal region, as well as the
base—collector saturation current Isc and ideality factor N¢ in the non-ideal region. Vpc;
stands for the applied voltage of BC junction. The saturation current and the ideality factor
parameters are extracted from the intercept and slope of the different regions, as shown in
Table 2.

Table 2. The current parameters of reverse-mode Gummel characteristics for pre-irradiation, post-
irradiation, and post-annealing.

Pre-Irradiation Post-Irradiation VR Post-Annealing VR
IsR (A) 247 x 10712 247 x 10712 0 247 x 10712 0
Ng 1.20 1.20 0 1.20 0
Isriz (A) 6.72 x 10716 6.72 x 10716 0 6.72 x 10716 0
Nry 1.03 1.03 0 1.03 0
Isc (A) 249 x 1071 249 x 1071 0 249 x 10711 0
Nc 1.31 1.31 0 1.31 0

In the reverse-mode Gummel characteristics, as the collector voltage varies from —0.2
to —0.8 V, the BC junction is forward biased while the BE junction is zero biased. Similar
to the base current Igg in forward-mode Gummel characteristics, the base current [gc in
the reverse characteristics is primarily determined by the recombination current in the
space charge region of the BC junction (which can be characterised by parameters Isc
and N¢) and the recombination current in the quasi-neutral bulk base region (related to
Irspr and Ngyy). As seen in Table 2, the VRs of the model parameters are all zero in the
reverse Gummel characteristics, indicating a minimal impact of proton irradiation on the
BC junction. This implies that the displacement damage induced in the SCR of the BC
junction can be disregarded.

As the voltage of BC junction increases, the collector and base currents gradually
saturate, which is attributed to the collector resistance caused by the low doping of the
collector region. The voltage drop across the collector resistance in the high-voltage region
limits the increase in current, known as the high-level injection effect. Compared to the
pre-irradiation and post-annealing state, both the base and collector current decrease
slightly after irradiation in the high-voltage region, which may be associated with the
collector resistance.

In the model, the extrinsic emitter resistance Rg, base resistance Rgx and collector resis-
tance Rcx can be determined using the Open-Collector method, which involves extrapolat-
ing the curves of the real part of the Z-parameters as expressed in Equations (5)—(7) [29,30].
The intrinsic resistance Rcj, Rpy, along with the thermal resistance, can be obtained from
fitting the output characteristics in Figure 7.

Ry = real(Z11 — Z12)1 /1550 ©)
Re = real(Z12)1 /1,50 ©
Rex = real(Zy — Z21)1 /150 @
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Figure 7. Measured and modelled output characteristics before irradiation, after irradiation, and
after annealing of 10 MeV (proton).

As shown in Table 3, the intrinsic and extrinsic collector resistances Rcy and Rcx show
the most significant changes compared to the other resistances with rates of 4.78% and
25.77%, respectively. Due to its large area and low doping, the collector region is susceptible
to proton irradiation. As a result, irradiation-induced damage results in a slight increase
in the collector resistance in the quasi-neutral bulk collector region. Therefore, due to the
effect of the high-level injection, the increased collector resistance is responsible for the
slight decrease in base and collector current in the high-voltage region after irradiation, as
shown in Figure 6.

Table 3. The resistance parameters of resistances for pre-irradiation, post-irradiation, and post-annealing.

Pre-Irradiation Post-Irradiation VR Post-Annealing VR
Rgx (Q2) 0.31 0.32 3.22% 0.31 0
Rgr (Q) 0.1 0.1 0 0.1 0
Rg (Q) 2.1 21 0 2.1 0
Rex (€)) 3.88 4.88 25.77% 3.88 0
Rer () 2.09 2.19 4.78% 2.09 0
Ry () 0.1 0.1 0 0.1 0
Rinp () 0.1 0.1 0 0.1 0

Figure 7 shows the comparison between measured and modelled output characteris-
tics at base currents of 20 pA, 40 pA, 60 pA, and 80 pA for pre-irradiation, post-irradiation,
and post-annealing, respectively. The strong consistency between measured and modelled
results, with an error within 5%, validates the accuracy of the DC model and also demon-
strates the effectiveness of the analysis. Moreover, at a fixed base current, the increased
carrier recombination in the base region due to irradiation damage results in fewer carriers
being collected by the BC junction. Consequently, the collector current decreases after
irradiation, with the model parameter analysis of the forward Gummel characteristics.

3.3. Capacitance Characteristics

The characteristics of the defects can also be evaluated by observing their influence on
the capacitance. When the BE and BC junction are reverse biased or weakly positive biased
(with the base voltage varying from —3 V to 0.4 V), the S-parameters are measured. Then,
the junction capacitance can be calculated from the imaginary part of the Y-parameters
(converted from S-parameters) in Equations (8) and (9) [31,32].

Cp = zmag(Yzj + Y12) ®)
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Cpe =

B imag(Yip)

w

©)

Figure 8a,b show the capacitance of the base-emitter junction (Cgg) and base—collector
junction (Cpc) before irradiation, after irradiation, and after annealing. The great agreement
between the measured and modelled results for both the BE and BC junctions confirms the
accuracy of the extracted model parameters. As shown in Figure 8, the Cgf, increases after
irradiation and then decreases slightly after annealing, while the Cpc is hardly affected by
proton irradiation. This differs from the capacitance behaviour of InP HBT under gamma
irradiation, as reported in Reference [22], where both Cpp and Cpc show an increase.
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Figure 8. Measured and modelled base-emitter and base—collector junction capacitance for pre-
irradiation, post-irradiation, and post-annealing. (a) BE junction capacitance (Cgg); (b) BC junction

capacitance (Cpc).

In the compact model, the equations for the junction capacitances can be found in
the Reference [28]. Cgg is characterised by several parameters, namely the zero-biased
capacitance Cje, maximum value in forward bias Cemax, built-in voltage Vie, grading factor
Mje, punch-through voltage Vpte, and grading factor beyond punch-through Mje,. Similarly,
Cpc also has analogous parameters, including Cjc, Cemax, Vie, Mie, Vpte and Mier, which are

listed in Table 4.

Table 4. The capacitance parameters for pre-irradiation, post-irradiation, and post-annealing.

Pre-Irradiation Post-Irradiation VR Post-Annealing VR

Gie (F) 1.672 x 10714 1.677 x 10714 0.3% 1.674 x 10714 0.12%
Cemax (F) 6.06 x 10714 6.06 x 10714 0 6.06 x 10714 0
Vie (V) 0.64 V 0.64V 0 0.64 V 0
M; 0.78 0.78 0 0.78 0
Vpte 0.11 0.11 0 0.11 0

Mier 0.070 0.067 —4.28% 0.068 —2.94%
Cic (F) 1.35 x 10713 1.35 x 10713 0 1.35 x 10713 0
Cemax (F) 201 x 10713 201 x 1013 0 2.01 x 10713 0
Vie (V) 0.67V 0.67V 0 0.67V 0
M; 0.96 0.96 0 0.96 0
Vpte 222 222 0 222 0
Mier 0.01 0.01 0 0.01 0

Apart from Cje and Mjer, no changes were observed in the other parameters. This
implies that the irradiation-induced degradation mainly takes place in the BE junction
rather than the BC junction, which is consistent with the analysis of the parameters in the
forward and reverse Gummel characteristics. In the BE junction, the defects induced by
proton irradiation could capture or release carriers with the changes in applied voltage,
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which is equivalent to the effect of charging or discharging, thus resulting in an increase in
Cpg after irradiation [33]. Furthermore, the absolute rate of VR for Mje, is higher compared
to Cje. Mijer, defined as the grading factor beyond punch-through, is the parameter that
describes the slope of the punch-through region for the base—emitter junction. It can not
only reflect changes of Cpg, but is also associated with the tunnel phenomenon, confirming
the trap-assisted tunnelling mechanism in the recombination current of the BE junction.

In addition, the VRs of the model parameters decrease after annealing, indicating a
recovery of the defects in the BE junction compared to the post-irradiation state. However,
this is different from the capacitance property of GaAs HBT under gamma irradiation in
Reference [21], where further degradation was reported after annealing compared to the
post-irradiation condition.

3.4. Frequency Characteristics

The cut-off frequency (Fy) is the frequency at which the current gain drops to unity
in a common-emitter transistor, which is a crucial parameter in characterising the AC
performance of high-frequency devices. To determine F;, the S-parameters and collector
current are measured as the base current varies from 10 pA to 150 pA with the collector
voltage fixed at 1.7 V. By extrapolating the H(2,1) curves derived from S-parameters at
different collector currents, the cut-off frequency can be calculated. The measured and
modelled results of the cut-off frequency for pre-irradiation, post-irradiation, and post-
annealing are shown in Figure 9a. It is observed that the cut-off frequency exhibits more
pronounced variations with increasing collector current.

5
120 + = Pre-irradiation
Modelled results
100 F 4 Post-irradiation
4r Modelled results
N ¢ Post-annealin
80| 9
EED 3 Modelled results
~. 60} = Pre-irradiation ~ 3
L Modelled results e
40k 4 Post-irradiation
Modelled results 2+
20k ¢ Post-annealing
Modelled results
0 Il Il Il Il Il Il Il Il 1 1 1 1 1 1 1 1
1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8
Ic/ mA Ic/ mA
(a) (b)

Figure 9. Measured and modelled results for pre-irradiation, post-irradiation, and post-annealing of
10 MeV (proton). (a) Cut-off frequency (Fy). (b) Transit time (7).

Actually, the cut-off frequency is primarily determined by the transit time in the
devices, as expressed in Equation (10). A longer transit time results in a lower cut-off
frequency. The total transit time (7) is the sum of several individual transit times, including
the charging time in the emitter region (7e), the transit time in the base region (7y,), the
transit time in the depletion region of the BC junction (7s.) and the charging time in the
collector region (7.), as described in Equations (11)—(14). The cut-off frequency can be
improved effectively by optimising these transit times.

1 1
fr 2nt 27(Te + Tp + T + Toc) (10)
kT
Te = —(Cpe + Cpe) (11)
qlc
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Tg?

™~ oDg (12)
Tdep

— 13

foc 20,f (13)

T = (Rg + Rc)-Cpe (14)

where T is the temperature, Cgg and Cpc are the BE and BC junction capacitance, respec-
tively, Tp is the thickness of the base region, Dnp is the electron diffusion coefficient in
the base region, Tqep is the width of the BC junction depletion region, v is the electron
average rate in the depletion region of BC junction, and Rg and R¢ are the emitter and
collector resistances, respectively.

Nevertheless, in the compact model, three types of transit time are considered. The
base region (73,) and BC junction (7sc) transit time correspond to Equations (12) and (13),
respectively. Additionally, if the cut-off frequency decreases at the high current injection, the
excess delay due to the Kirk effect (7,) must be considered; otherwise, default parameters
would be used. Detailed equations and descriptions of these transit time parameters can
be found in Reference [26]. These transit times, along with the transit time caused by
capacitance and resistance in Equations (11) and (14), collectively determine the total transit
time (7), as shown in Figure 9b. The error between the measured and modelled results is
within 3%, validating the accuracy of the AC model. The extracted model parameters are
listed in Table 5.

Table 5. The transit time parameters for pre-irradiation, post-irradiation, and post-annealing.

Pre-Irradiation Post-Irradiation VR Post-Annealing VR

Ts (S) 460 x 10713 5.40 x 10713 17.4% 5.0 x 1013 10.9%
Tt (S) 1.33 x 101 133 x 10711 0 1.33 x 1071 0
T emin (S) 320 x 1074 320 x 1074 0 320 x 1074 0
Iic (A) 7.60 x 1074 7.60 x 1074 0 7.60 x 1074 0
Iio (A) 7 x 1074 7 x 1074 0 7 x 1074 0
Vicomy 3 3 0 3 0
Viro (V) 2 2 0 2 0
Vo (V) 0.5 0.5 0 0.5 0
Vimin (V) 1.2 1.2 0 1.2 0

As seen in Table 5, it is evident that only the base transit time parameter Ty, exhibits
significant changes before and after irradiation. For a heavily doped base, it is reasonable
to approximate that the transit time in the base region (7},) is a constant at low and medium
currents (below Kirk effect), which could be modelled by the parameter Ty, [26]. As
analysed in the forward-mode Gummel characteristics, the changes in parameters gy
and Ny before and after irradiation suggest that the amount of displacement damage is
induced in the quasi-neutral bulk base region (NBR). This could lead to an increased carrier
recombination rate and a decreased diffusion coefficient (Dnp) in the NBR, resulting in an
increase in the base transit time (7},) according to Equation (12). In addition, based on the
analysis of reverse-mode characteristics, the impact of proton irradiation on the collector
junction can be neglected. Therefore, the VR of the related model parameters (T, Tcmin,
Lic, L2, Vicoinv, V0, Vinxo @and Vinin) are zero in Table 5.

Finally, the proton irradiation, the increase in collector resistance, capacitance of the
BE junction, as well as the base transit time (7},), collectively result in a reduction in the
cut-off frequency.

4. Conclusions

The DC and AC characteristics in InP HBT have been studied and modelled using a
compact model for pre-irradiation, post-irradiation, and post-annealing. The degradation
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mechanism could be reflected by the change in model parameters. In the forward and
reverse Gummel characteristics, the parameter with the maximum variation rate is Igg,
which is related to the recombination current around the BE junction. It indicates that the
space charge region of the BE junction and the InGaAs surface near the base region are
more significantly affected by proton irradiation. The change in the Isiy and Ny parameters
before and after irradiation suggests that a minor amount of displacement damage is
induced in the quasi-neutral bulk base region (NBR). Based on the previous analysis,
acceptor traps of In vacancies are generated by the collision of protons with material atoms,
which act as recombination centres and decrease the minority carriers lifetime, resulting in
a significant recombination current in the BE junction.

In the AC characteristics, the radiation degradation around the BE junction results
in an increase in the Cgg and a decrease in the cut-off frequency after irradiation. The
variation rate of parameter Mje, validates the trap-assisted tunnelling mechanism in the
recombination current of the BE junction. The significant changes in the base region
transit time parameter Ty, before and after irradiation are consistent with the analysis of
degradation in the quasi-neutral bulk base region (NBR).

After annealing, the variation rates of the parameters decrease significantly, which
indicates a reduction in defect density compared to post-irradiation. Some unstable defects
in the BE junction are recombined and disappear after a period of annealing, while the
remaining stable traps will have a long-term influence on the device characteristics.

Finally, the good agreement between the modelled and measured results of DC and AC
characteristics confirms the accuracy and effectiveness of the extracted model parameters.
This lays the foundation for the establishment of an irradiation compact model to predict
device characteristics and also provides a powerful tool to design anti-radiation circuits in
future work.

Author Contributions: Conceptualisation, X.Z.; methodology, X.Z.; software, X.Z.; validation, X.Z.;
formal analysis, Y.C.; investigation, S.C.; resources, Y.Z.; data curation, X.W.; visualisation, Y.B. and
S.S.; supervision, H.W. and F.P,; project administration, X.Z.; funding acquisition, X.Z.; writing—
original draft, X.Z.; writing—review and editing, G.T. and Y.Y. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by National Natural Science Foundation of China (Grant
No. 62104260).

Data Availability Statement: All the data are shown in the paper.

Acknowledgments: The authors would like to acknowledge the Institute of Microelectronics of the
Chinese Academy of Sciences for providing test samples and Institute of Heavy Ion Physics of Peking
University for providing experimental equipment.

Conflicts of Interest: Author Shaowei Sun was employed by the company LONGIi Green Energy
Technology Co., Ltd. The remaining authors declare that the research was conducted in the absence
of any commercial or financial relationships that could be construed as a potential conflict of interest.

References

1. Urteaga, M.; Griffith, Z.; Seo, M.; Hacker, J.; Rodwell, M.]. InP HBT technologies for THz integrated circuits. Proc. IEEE 2017, 105,
1051-1067. [CrossRef]

2. Yun, J.; Oh, S.J.; Song, K.; Yoon, D.; Son, H.Y.; Choi, Y.; Huh, Y.M.; Rieh, ].S. Terahertz reflection-mode biological imaging based
on InP HBT source and detector. IEEE Trans. Terahertz Sci. Technol. 2017, 7, 274-283. [CrossRef]

3. Yun, J.; Kim, J.; Rieh, J.S. A 280-GHz 10-dBm Signal Source Based on InP HBT Technology. IEEE Microw. Wirel. Compon. Lett. 2017,
27,159-161. [CrossRef]

4. Hansen, D.L.; Chu, P; Meyer, S.F. Effects of data rate and transistor size on single event upset cross-sections for InP-based circuits.
IEEE Trans. Nucl. Sci. 2005, 52, 3166-3171. [CrossRef]

5. Hansen, D.L.; Marshall, PW.; Lopez-Aguado, R.; Jobe, RK.; Carts, M.A.; Marshall, C.J.; Meyer, S.F. A study of the SEU
performance of InP and SiGe shift registers. IEEE Trans. Nucl. Sci. 2005, 52, 1140-1147. [CrossRef]

6.  Chu, P; Hansen, D.L.; Doyle, B.L.; Jobe, K.; Lopez-Aguado, R.; Shoga, M.; Walsh, D.S. Ion-microbeam probe of high-speed shift

registers for SEU Analysis-part II: InP. IEEE Trans. Nucl. Sci. 2006, 53, 1583-1592. [CrossRef]

57



Electronics 2024, 13, 1831

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Li, CH,; Lu, HL,; Zhang, YM,; Liu, M.; Zhao, X.H. Proton-Induced Degradation of InP/InGaAs HBTs Predicted by Nonionizing
Energy Loss Model. IEEE Trans. Nucl. Sci. 2015, 62, 1336-1340. [CrossRef]

Zhao, X.H.; Lu, H.L.; Zhao, M.L.; Zhang, Y.M.; Zhang, Y.M. The Study of Deep Level Traps and Their Influence on Current
Characteristics of InP/InGaAs Heterostructures. Nanomaterials 2019, 9, 1141. [CrossRef]

Zhao, X.H.; Lu, H.L.; Zhang, Y.M.; Zhang, Y.M.; Wei, Z.C. The impact of laser energy, bias and irradiation positions on single
event transients of InP HBT. J. Phys. D Appl. Physic. 2020, 53, 145104. [CrossRef]

Wei, .N.; He, C.H,; Li, P; Li, Y.H.; Guo, H.X. Impact of displacement damage on single event transient charge collection in SiGe
HBTs. Nucl. Instrum. Methods Phys. Res. Sect. A Accel. Spectrometers Detect. Assoc. Equip. 2019, 938, 29-35. [CrossRef]

Meng, X.T.; Yang, HW.,; Kang, A.G.; Wang, ].L.; Jia, H.Y.; Chen, PY.; Tsien, P.H. Effects of neutron irradiation on SiGe HBT and Si
BJT devices. |. Mater. Sci. Mater. Electron. 2003, 14, 199-203. [CrossRef]

Petrosyants, K.; Vologdin, E.; Smirnov, D.; Torgovnikov, R.; Kozhukhov, M. Si BJT and SiGe HBT performance modeling after
neutron radiation exposure. In Proceedings of the 2011 9th East-West Design & Test Symposium (EWDTS), Sevastopol, Ukraine,
9-12 September 2011; pp. 267-270.

Zhang, X.; Li, Y,; Guo, Q.; Feng, ]. Low energy proton irradiation effects on InP/InGaAs DHBTs and InP-base frequency dividers.
Young Sci. Forum 2017, 10710, 65-70.

Zhang, X.Y.; Zhang, X.; Li, Y.; Guo, Q.; Liao, B.; Yang, S.; Yang, Z.; He, C. Displacement damage effects and anneal characteristic
on InP/InGaAs DHBTs. In Proceedings of the 2018 International Conference on Radiation Effects of Electronic Devices (ICREED),
Beijing, China, 16-18 May 2018; pp. 1-5.

Lawal, O.M,; Liu, S.; Huang, T. Extraction and analysis of gamma irradiated Si BJT SPICE model. ECS J. Solid State Sci. Technol.
2019, 8, 51. [CrossRef]

Petrosyants, K.O.; Kozhukhov, M.V.,; Dvomikov, O.V.; Savchenko, E.M.; Budyakov, A.S. SPICE-model of SiGe HBT taking into
account radiation effects. In Proceedings of the 2018 Moscow Workshop on Electronic and Networking Technologies (MWENT),
Moscow, Russia, 14-16 March 2018; pp. 1-4.

Petrosyants, K.O.; Kozhukhov, M.V. TCAD-SPICE Two Level Simulation of Si BJTs and SiGe HBTs Taking into Account Radiation
Effects. Dev. Issues Adv. Microelectron. Nanoelectron. Syst. (MES) 2017, 2, 2-10.

Petrosyants, K.; Kozhukhov, M. SPICE model parameters extraction taking into account the ionizing radiation effects. In
Proceedings of the 2014 Proceedings of IEEE East-West Design & Test Symposium, Kiev, Ukraine, 2629 September 2014; pp. 1-4.

Van Uffelen, M.; Geboers, S.; Leroux, P.; Berghmans, F. SPICE modelling of a discrete COTS SiGe HBT for digital applications
up to MGy dose levels. In Proceedings of the 2005 8th European Conference on Radiation and Its Effects on Components and
Systems, Cap d’Agde, France, 19-23 September 2005; pp. PF4-1-PF4-5.

Zhang, J.; Zhang, Y.; Lu, H.; Zhang, Y.; Yang, S. The model parameter extraction and simulation for the effects of gamma
irradiation on the DC characteristics of InGaP/GaAs single heterojunction bipolar transistors. Microelectron. Reliab. 2012, 52,
2941-2947. [CrossRef]

Zhang, J.; Xu, K;; Wang, J.; Liu, M.; Zhang, L.; Liu, B. Modeling and analysis for the effects of gamma irradiation on the DC and
AC performance in InGaP/GaAs SHBTs. Radiat. Eff. Defects Solids 2020, 175, 492-503. [CrossRef]

Zhang, ].; Cao, L.; Liu, M,; Liu, B.; Cheng, L. Gamma-induced degradation effect of InP HBTs studied by Keysight model. Nucl.
Sci. Eng. 2021, 195, 173-184. [CrossRef]

Jin, Z.; Su, Y.B.; Cheng, W.; Liu, X.Y.; Xu, A.H.; Qi, M. High current multi-finger InGaAs/InP double heterojunction bipolar
transistor with the maximum oscillation frequency 253 GHz. Chin. Phys. Lett. 2008, 25, 3075-3078.

Zhang, J.C.; Liu, M.; Wang, J.; Zhang, L.; Liu, B. Modeling of InP HBTs with an Improved Keysight HBT Model. Microw. J. 2019,
62, 56.

Zhang, A.; Gao, J. An improved nonlinear model for millimeter-wave inp hbt including dc/ac dispersion effects. IEEE Microw.
Wirel. Compon. Lett. 2021, 99, 465-468. [CrossRef]

Iwamoto, M.; Root, D.E.; Scott, ].B.; Cognata, A.; Asbeck, PM.; Hughes, B.; D’Avanzo, D.C. Large-signal HBT model with
improved collector transit time formulation for GaAs and InP technologies. In Proceedings of the IEEE MTT-S International
Microwave Symposium Digest, Philadelphia, PA, USA, 8-13 June 2003; Volume 2, pp. 635-638.

Johansen, T.K.; Midili, V.; Squartecchia, M.; Zhurbenko, V.; Nodjiadjim, V.; Dupuy, J.Y.; Riet, M.; Konczykowska, A. Large-Signal
Modeling of Multi-Finger InP DHBT Devices at Millimeter-Wave Frequencies. In Proceedings of the International Workshop on
Integrated Nonlinear Microwave and mmWave Circuits, Graz, Austria, 20-21 April 2017; pp. 1-3.

UCSD HBT Model. Available online: http:/ /hbt.ucsd.edu (accessed on 1 December 2023).

Wei, C.J.; Hwang, ].C.M. Direct extraction of equivalent circuit parameters for heterojunction bipolar transistors. IEEE Trans.
Microw. Theory Tech. 1995, 43, 2035-2040.

Bousnina, S.; Mandeville, P.; Kouki, A.B.; Surridge, R.; Ghannouchi, EM. Direct parameter-extraction method for HBT small-signal
model. IEEE Trans. Microw. Theory Tech. 2002, 50, 529-536. [CrossRef]

Lee, K.; Choi, K.; Kook, S.H.; Cho, D.H.; Park, K.W.; Kim, B. Direct parameter extraction of SiGe HBTs for the VBIC bipolar
compact model. IEEE Trans. Electron Devices 2005, 52, 375-384. [CrossRef]

Samelis, A.; Pavlidis, D. DC to high-frequency HBT-model parameter evaluation using impedance block conditioned optimization.
IEEE Trans. Microw. Theory Tech. 1997, 45, 886-897. [CrossRef]

58



Electronics 2024, 13, 1831

33. Zhao, X.H.; Lu, H.L.; Zhang, Y.M.; Zhang, Y.M. Impact of proton irradiation with different fluences on the characteristics of
InP/InGaAs heterostructure. Radiat. Eff. Defects Solids 2019, 174, 697-707. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

59



i% electronics

Article

Experimental Study of the Impact of Temperature on
Atmospheric Neutron-Induced Single Event Upsets in 28 nm
Embedded SRAM of SiP

Shunshun Zheng 12, Zhangang Zhang 2*, Jiefeng Ye "2, Xiaojie Lu 2, Zhifeng Lei 2, Zhili Liu 3, Gaoying Geng 3,
Qi Zhang 3, Hong Zhang ? and Hui Li !

Institutes of Physical Science and Information Technology, Anhui University, Hefei 230601, China;

q21201103@stu.ahu.edu.cn (S.Z.); q22201088@stu.ahu.edu.cn (J.Y.); huili@ahu.edu.cn (H.L.)

Science and Technology on Reliability Physics and Application of Electronic Component Laboratory, China

Electronic Product Reliability and Environmental Testing Research Institute, Guangzhou 510610, China;

202121551427@smail xtu.edu.cn (X.L.); leizhifeng@ceprei.com (Z.L.); 201931000121@smail xtu.edu.cn (H.Z.)

3 The 58th Institute of China Electronics Technology Group Corporation, Wuxi 214035, China;
liuzhl@cetccks.com (Z.L.); genggy@cetccks.com (G.G.); zhangqi@cetccks.com (Q.Z.)

*  Correspondence: zhangangzhang@163.com

Abstract: In this paper, the temperature dependence of single event upset (SEU) cross-section in
28 nm embedded Static Random Access Memory (SRAM) of System in Package (SiP) was investigated.
An atmospheric neutron beam with an energy range of MeV~GeV was utilized. The SEU cross-
section increased by 39.8% when the temperature increased from 296 K to 382 K. Further Technology
Computer Aided Design (TCAD) simulation results show that the temperature has a weak impact on
the peak pulse current, which is mainly caused by the change of bipolar amplification effect with
temperature. As the temperature increases, the critical charge of the device decreases by about 4.8%.
The impact of temperature on the SEU cross-section is determined competitively by the peak pulse
current and the critical charge. The impact of temperature on critical charge is expected to become
more severe as the feature size is further advanced.

Keywords: neutron; SEU; temperature; SRAM; bipolar amplification; critical charge

1. Introduction

With the rapid development of microelectronics technology, the feature size and
operating voltage of electronic devices are decreasing, the operating frequency is increasing,
and the number of devices per unit area is also increasing, which results in the single event
effect (SEE) induced by atmospheric neutrons in aviation and ground electronic systems
becoming more and more significant, and the reliability problems caused by this have
attracted a lot of attention [1]. In recent years, airplane malfunctions and supercomputing
data failures induced by atmospheric neutrons have become commonplace. In the aviation
environment, atmospheric neutron-induced SEE can lead to system state errors and data
upset, thus posing a considerable threat to the reliability of electronic devices, which can,
in turn, jeopardize human life safety [2-5].

In the aviation environment, electric devices are exposed to atmospheric neutron radi-
ation and temperature extremes (temperatures on the sunlit side of the device can be over
400 K, while temperatures on the shaded side can be as low as 90 K). Temperature affects
the carrier transport process and the collisional ionization process inside the semiconductor
device, which in turn leads to changes in the charge collection process inside the device [6].
Simulation work on Si p+/n/n+ diodes shows a significant temperature dependence of
the transient current induced by heavy ions [7,8]. Liu and his coworkers conducted SEU
irradiation of C1? heavy ions for 0.5-micron partially depleted Silicon-On-Insulator (SOI)
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SRAM devices. They found that the single event cross-section of the SRAM devices in-
creased by 98% when the operating temperature was increased from 293 K to 388 K [9]. Cai
and his coworkers investigated the temperature dependence of the SEU cross-section of
commercial 0.15-micron Thin Film Transistor (TFT) SRAMs in the temperature range of
215-353 K. It was found that the SEU cross-section hardly varied with the temperature in
the saturated region of the cross-section. In contrast, in the rising region of the cross-section,
the SEU cross-section increased by 257% at the incidence of the Cl particles [10]. TCAD
simulation results of charge sharing in 130 nm Complementary Metal Oxide Semiconductor
(CMOS) technology devices show an increase in charge sharing collection with increas-
ing temperature [11]. M. Bagatin and his coworkers irradiated commercial SRAMs with
thermal and wide-spectrum neutron beams, studying the impact of temperature on the
soft error rate. The experimental data, simulations, and analytical modeling show that,
depending on the device, temperature may or may not increase the soft error sensitivity
by a modest amount [12]. J. Cao et al. investigated the variation of SET pulse widths
(irradiation by alpha particles) on 7 nm bulk FInNFET D-FF in the temperature range of
300-360 K. The experimental results show that the SET pulse width at the 7 nm node is
significantly affected by temperature [13]. Cai et al. investigated the variation of SET pulse
width of 16 nm bulk FIinFET inverter chain at different temperatures. The results show
that an increase in temperature enhances the parasitic bipolar effect of the bulk FinFET
technology, leading to an increase in the SET pulse width [14]. However, due to the lack of
available spallation neutron sources, the above-mentioned research results on the impact
of temperature on the SEE are based on heavy ions, and there is a lack of research on the
case of the impact of temperature on the SEE of SRAM devices under atmospheric neutron
radiation conditions. Unlike heavy ions, neutrons are not electrically charged, but when
incident on the device, a nuclear reaction produces secondary particles, which react with
the device to cause SEE [15,16]. The SEE induced by neutrons consists of the following
two aspects: thermal neutrons react with B!? to produce alpha particles and heavy ions [17];
high-energy and medium-energy neutrons react with materials such as Si in the device to
produce recoil heavy nuclei, protons, etc. [18].

In this paper, an Atmospheric Neutron Irradiation Spectrometer (ANIS) [19], which
was jointly constructed by the China Electronic Product Reliability and Environmental
Testing Research Institute (CEPREI) and China Spallation Neutron Source (CSNS), was
used to conduct variable experiments on 28 nm static random memories under different
temperature conditions and investigate the variation of SEU in 28 nm embedded SRAM of
SiP in the temperature range of 296-382 K. The transient pulse currents are also simulated
using TCAD simulation software to analyze their physical mechanisms.

2. Experiments at the ANIS
2.1. Experimental Device

Memory is an important part of microelectronic devices. Atmospheric neutron SEE
was investigated using SRAM embedded in SiP as test board. The SRAM adopts the CMOS
process, and its core memory cell is a 6-transistor structure with a supply voltage of 0.9 V
and a feature size of 28 nm. The testing capacity of SRAM is 1020 KB.

2.2. Experimental Platform

JEDEC standards refer to a series of standards established by the Joint Electron Device
Engineering Council (JEDEC) to regulate semiconductor products, technologies, and testing
methods [20]. According to the JEDEC Standard JESD89A, the integrated neutron flux at
the terrestrial level is equal to 20 n/(cm?-h) in the energy range > 1 MeV. This value is
referenced to New York City at sea level, under conditions of average solar activity. Figure 1
shows ANIS’s simulated differential neutron spectrum at 20 m, with 100 kW of proton
beam power. The Joint Electron Device Engineering Council (JEDEC) neutron spectrum is
also presented for comparison. The differential spectrum matches the JEDEC standard well
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in the full energy range. In addition, the neutron flux is approximately 10° greater than
JEDEC standards. Therefore, it is very suitable for the study of atmospheric neutron SEE.

E 10" [0 O~ ANIS@20m
3 G R et JEDEC"10°
= > @f, -

g 1 F Y

®10 r ;,

> 10 b o

= ] N S

» r S N

"E 10" [ Rt

=

S~

= 5 F

—_ 10 X
ol -
é 3 r A~
= 10 r ,":
o r A
3 10 E
Z 10° 107 10° 10° 10" 10" 10°

Energy (MeV)

Figure 1. The differential neutron spectrum compared with the JEDEC standard [19].

The experimental site consists of two parts: the irradiation room, and the control room,
where the tester writes, reads, and detects the experimental data of the test system through
the host computer. The irradiation and control rooms are connected via Ethernet, as shown
in Figure 2.

Irradiation room Control room
Shield

Neutron beam
N

/ / I Remote computer

Test chip

Ethernet

Figure 2. Laboratory layout diagram.

The experiments were conducted at room temperature as well as high temperature.
The test board was placed in a thermal cycling chamber to heat it during the experiment.
Considering the memory’s working temperature range, the temperature points selected
for the thermal cycling chamber were 280, 300, 330, and 360 K, respectively. The control
panel of the thermal cycling chamber is outside the irradiation room, so the temperature
of the thermal cycling chamber can be controlled directly from the outside. Considering
the heat of the chip, in order to detect the temperature of the test board in real-time, one
side of the PT100 temperature sensor was pasted on the surface of the chip, and the other
side was connected to the PID digital display temperature controller. The changes in the
temperature figures on the digital display temperature controller can be observed from the
monitoring of the control room. During the experiment, the chip’s temperature was 296,
322, 351, and 382 K. When the temperature of the chip is kept constant, the experiment can
be started. Figures 3 and 4 show the experimental field diagram and the thermal chamber.
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Figure 4. Thermal chamber.

2.3. Experimental Method

The size of the neutron beam used in this experiment is 6 cm x 10 cm, and the flux rate
of neutrons is about 0.85 x 10° n/(cm?:s). During the experiment, the test board always
faced the neutron source, and the neutrons in the experiments were vertically incident.
Data 0xA5 was written during the experiment, and to ensure that the experimental data
had reliability and ideal statistics, measurements were taken 2-3 times under the same
conditions. The experiment was stopped when the number of errors reached 100 or more.
The SEU detection includes static and dynamic tests; in order to detect whether the upsets
occur in real-time, this experiment chose dynamic detection. The experimental data were
written to the memory unit before irradiation, and the data in the memory were read
back at intervals (Reading data every second). The number of error bits was counted
by comparing the read-out data with the original data written one by one. The chip’s
current was monitored in real-time during the experiment to avoid single event latch-up
and burning the chip. The electric threshold was set. When the current of the chip exceeded
the electric threshold, the single event latch-up was considered to have occurred. Then, it
was necessary to repower up the daughter board and rewrite the experimental data.

2.4. Experimental Result
The experimental data are shown in Table 1.
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Table 1. Experimental data.

Temperature Time Flux SEU Number SEU Cross-Section
296 K 1680 s 1.428 x 10° n/cm? 125 1.05 cm? /bit
322K 2005 s 1.704 x 10° n/cm? 167 1.17 em? /bit
351 K 2242 s 1.906 x 10° n/cm? 213 1.338 cm? /bit
382K 1803 s 1.533 x 10° n/cm? 188 1.468 cm? /bit

The SEU cross-section of SRAM is calculated as follows:

N
OSEu = Csfpu 1)

where sy is the SEU cross-section, Ngryy is the number of upsets measured at the irra-
diated chip, C is the total capacity of the measured SRAM to store data, and ¢ is the total
fluence of the atmospheric neutron. According to data provided by ANIS, the flux rate of
atmospheric neutrons is 0.85 x 10° n/(cm?-s). Figure 5 shows the variation of the SRAM
SEU cross-section under different temperature conditions. When the temperature increases
from 296 K to 382 K, the cross-section of SRAM increases from 1.05 x 10~ 14 ecm? /bit to
1.468 x 10~ cm?/bit, an increase of 39.8%. From the experimental results, the relation-
ship between the upset cross-section and temperature appears to be approximately linear.
Therefore, we conducted a linear fit and obtained the angular coefficient o for the linear fit,
which is 4.86 x 10717 cm?/bit/K in this paper. The linear energy transfer (LET) value of
secondary particles induced by atmospheric neutrons is very small, mainly causing soft
errors, and no latch-up events were observed during the experiment, so it is considered that
the experimental devices are not sensitive to latch-up under neutron irradiation. The SEU
cross-section of the SRAM versus temperature depends on the transient pulse current and
the electrical characteristics of the device, and the relationship between temperature and
cross-section variation is approximately linear, which will be explained in the next section.

- — -
N wn o
1 1

Cross-Section (10~"*cm?/bit)

=
o
L

280 300 320 340 360 380
Temperature (K)

Figure 5. Temperature dependence of SEU cross-section.

3. Discussion

In general, the impact of temperature on SEU depends firstly on the amount of charge
deposited within the effective collection depth and secondly on the charge collection
process as well as the electrical characteristics of the device, which are all functions of
temperature [13,21]. The temperature changes the forbidden bandwidth of the material,
which affects the amount of charge deposited by irradiated particle incidence in the ade-
quate collection depth range. The physical mechanisms of charge collection include drift,
diffusion, and bipolar amplification. Temperature changes the amount of charge collected
by the three mechanisms [22]. Changing temperature changes the upset voltage of the
device, and a decrease in the upset voltage reduces the critical charge of the device, thus
affecting its SEU cross-section [10].
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3.1. Temperature Dependence of Deposited Charge

An increase in temperature leads to a narrowing of the band-gap of Si, and a decrease
in the band gap means that more electron-hole pairs are produced for the same linear
energy transfer (LET) value of heavy ions. Therefore, the impact of temperature on the
electron-hole pairs deposited by heavy ions into the device is mainly reflected in its impact
on the band-gap. The variation of band-gap with temperature can be described by the
following equation [23]:

aT?
T+p

where T is the absolute temperature, E¢(0) is the band-gap energy at 0 K, and « and B
are material parameters. For silicon,  is 4.3 x 10~% eV /K, and B is 636 K by default. We
used default « and B values for all simulations, and the band-gap decreases from 1.1251 to
1.1018 eV when the temperature rises from 296 K to 382 K. According to [24], the average
energy expended per ionized electron-hole pair in silicon is

Eq(T) = Eg(0) — 2)

e = 2.2E4(T) + 0.96E;*(T)exp(0.75E¢(T) /T) 3)

As temperature increases from 296 K to 382 K, the average energy expended per
ionized electron-hole pair in silicon decreases from 3.62 eV to 3.54 eV, suggesting that
depositing the same energy increases the Coulomb charge by 2.26%.

3.2. Temperature Dependence of Charge Collection Efficiency

Changes in collected charge leads to variations in pulse current, which consists of
two parts: pulse current peak and pulse current duration. Changes in the pulse current
peak and duration will change the device’s LET threshold, thereby affecting the upset
cross-section of the device. The total charge collected is the sum of the drift, diffusion, and
bipolar amplification effect, and the impact of temperature on charge collection is reflected
in the impact on each of these mechanisms [23]. Increased temperature leads to decreased
mobility, and as a result, less charge is collected by drift. The drift charge determines
the value of the peak pulse current. A change in temperature leads to a change in the
diffusion length and change the charge collected by diffusion. The diffusion charge mainly
determines the transient pulse current duration. An increase in temperature causes the
bipolar amplification effect to be more significant, causing more charge to be collected. The
bipolar amplification charge can affect the peak pulse value and the pulse current duration.
The impact of temperature variation on the pulse current characteristics is investigated
below from the above three points.

In this paper, Synopsys’ Sentaurus TCAD tool was used to analyze the single event
charge collection mechanism of 28 nm MOSFET. The simulation model of the 3D device is
given in Figure 6. The source/drain doping concentration of the device is 1 x 10!? cm~3,
and the well doping concentration is 1 x 107 cm~3. The relevant dimensional parameter
values of the device are shown in Table 2. The single event transient response is most
sensitive when the transistor is in the off state, so all simulations were performed with
the device in the off state [25]. The model was calibrated to the SPICE model before the
simulation started to make the established model closer to the physical characteristics of
the actual device.

The following physical models were used: (1) Fermi-Dirac statistics, (2) band-gap
narrowing effect, (3) doping-dependent Shockley-Read-Hall (SRH) recombination and
Auger recombination, (4) temperature, doping, electricfield and carrier-carrier-scattering
impact on mobility, and (5) incident heavy ions were modeled using a Gaussian radial
profile with a characteristic 1/e radius of 10 nm. A hydrodynamic model was used for
carrier transport. Unless otherwise specified, default models and parameters provided by
Sentaurus TCAD vN-2017.09-SP1 (Synopsys, Mountain View, CA, USA) were used.
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Figure 6. 3D physical model of the device.

Table 2. Structural Parameters of Device.

Dimension Parameter/nm Value
Drain width: Wy 140
Drain length: Ly 38
Gate width: Wy 28

Gate length: Lg 120

Heavy ions were selected to incident vertically at the center of the drain region of
the N-type device, and the temperature of the device was chosen to be 296, 322, 351, and
382 K, respectively. The LET values of secondary ions produced by the interaction of
atmospheric neutrons with materials are relatively small. If the LET value is too small,
it will not cause upset in the device. The number of ions with larger LET values is very
limited, resulting in minimal impact on the devices. Therefore, ions with LET values of
1,5, and 10 MeV-cm? /mg are selected for simulation. In studying the impact of bipolar
amplification on the transient current of devices, the source is not doped. Therefore, the
drain and channel can be approximated as a diode. Since the source electrode is not
doped, it cannot inject electrons into the channel, eliminating the bipolar amplification
effect. Therefore, the transient current of the diode represents drift diffusion current [22].
Subtracting the total charge from the drift-diffusion collected charge to get the bipolar
amplification collected charge.

3.2.1. Temperature Dependence of Peak Pulse Current

To visualize the relationship between peak pulse current and temperature, this pa-
per plots the peak pulse current and the temperature as a curve in Figure 7. When the
temperature increased from 296 K to 382 K, the peak pulse current with LET of 1, 5, and
10 Mev-cmz/mg decreased from 0.417, 1.521, and 2.755 mA to 0.414, 1.483, and 2.707 mA,
which is a reduction of 0.7%, 2.5%, and 1.7%, respectively. As the LET increases, the total
amount of peak pulse increases. To distinguish the contribution of bipolar amplification
current and drift current to the current peak, the peak pulse current corresponding to the
diode is divided by the peak pulse current of the overall device, as shown in Figure 8, with
a temperature point of 296 K selected. As the LET value increases, the contribution of the
drift current and the bipolar amplification current to the peak pulse current of the device
shows different trends. When the LET value increases from 1 to 10 Mev-cm?/mg, the
proportion of drift current increases from 50.2% to 62.3%, while the proportion of bipolar
amplification current decreases from 49.8% to 37.7%.
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Figure 7. Temperature dependence of peak pulse current.

100

Il Drift and Diffusion
80 - I Bipolar Amplification

60 -

40-

20 1

The Contribution Percentage
of Drain Current Peak in %

0

1 5 10
LET(MeV-cm?*/mg)

Figure 8. Contribution of drift and bipolar amplification to pulse current peak (T = 296 K, Red: drift
diffusion current, Black: bipolar amplification current).

Figure 9 shows the variation of the corresponding peak pulse current of the diode
with temperature, which decreased from 0.209, 0.903, and 1.717 mA to 0.194, 0.799, and
1.473 mA for LET of 1, 5, and 10 Mev-cm?/mg when the temperature was increased from
296 K to 382 K. This is a reduction of 7.1%, 11.5%, and 14.2%, respectively. The impact of
temperature on the peak current of the pulse is more significant when only drift current is
considered. An explanation will be given below.
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Figure 9. Temperature dependence of drift pulse current.
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The amount of charge collected by the drift is related to the carrier mobility, and the
relationship between mobility and temperature can be given by the following equation:

poc T2 4)

From the equation, it can be seen that mobility is inversely related to temperature. As
the lattice vibration becomes more intense at higher temperatures, the probability of carriers
receiving scattering increases, resulting in decreased mobility. As shown in Figure 10, the
electron mobility around the drain decreases from 525.8 cm?/(V-s) to 313 cm?/(V-s) when
the temperature increases from 296 K to 382 K. Thus, the amount of charge collected
through the drift mechanism is consequently reduced, so the peak pulse current tends to
decrease with increasing temperature for the overall device and the diode. As mentioned
earlier, an increase in temperature will cause the bandgap of silicon to decrease, resulting
in more electron-hole pairs being generated for the same amount of deposited energy. On
the other hand, it will also cause the high energy hot carriers to create more holes through
collisional ionization, and these extra holes will further elevate the potential after entering
the well region, resulting in the bipolar amplification to collect more charges, which leads to
a more significant bipolar amplification effect. Therefore, without considering the bipolar
amplification effect, the peak pulse current is more significantly affected by temperature.
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Figure 10. Temperature dependence of electron mobility.

The smaller the pulse peak current, the larger the device’s LET threshold, resulting
in a reduction in the upset cross-section of the device. From the analysis above, it can
be inferred that an increase in temperature reduces drift current while increasing bipolar
amplification current. A smaller drift current leads to a larger LET threshold, while
a larger bipolar amplification current results in a smaller LET threshold, indicating a
competitive relationship between the drift current and bipolar amplification current. From
the simulation results, an increase in temperature raises the device’s LET threshold, thereby
reducing the device’s upset cross-section.

3.2.2. Temperature Dependence of Pulse Current Duration

In this paper, the duration is defined as the time from the beginning of the pulse
current until it first reaches 0 A. The relationship between pulse current duration and
temperature is shown in Figure 11. The LET of the particles is 1 Mev-cm?/ mg. When the
temperature increased from 296 K to 382 K, the pulse current duration increased from 13 ps
to 17.7 ps, an increase of 36%. The duration of the current is mainly determined by the
diffusion mechanism and the bipolar amplification mechanism. As discussed previously,
the bipolar amplification current increases with increasing temperature, which leads to an
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increase in duration. The variation of the diffusion coefficient with temperature can be
derived from the following equation [26]:

uKT

Diff = — ®)
ff q
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Figure 11. Temperature dependence of pulse current duration.

When the temperature increases, the mobility and the diffusion coefficient decrease,
which leads to an increase in the current duration. However, for SRAM, the current
duration is up to tens of picoseconds, much longer than the upset time, so this duration
will not be considered for SEU.

3.3. Temperature Dependence of Electrical Characteristics

Temperature changes will cause changes in the electrical characteristics of the device.
When the particle is incident to the device, it will produce a transient voltage. If the
transient voltage exceeds a specific value, it will cause the data to upset, called upset
voltage. The upset voltage decreases with increasing temperature, while a decrease in
the upset voltage decreases the LET threshold value of the device, which increases the
SEU cross-section of the SRAM. The empirical relationship between upset voltage and
temperature is as follows [10]:

Vupset(T) =KT+ VupsetO (6)

T is the operating temperature of the device, K = dVAT; Vypseto is the upset voltage
at 0 K, which is determined by the electrical characteristics of the device, and the linear
relationship between the upset voltage and the temperature is —0.2 mV /k [10]. The critical
charge can be estimated by the following equation:

Qc = Cg Vupset 7)

Qc is the critical charge, Cy is the gate capacitance, and the gate capacitance of the
28 nm transistor is generally 0.5 fF. According to Equation (7), it can be concluded that
the relationship of the critical charge with the temperature is —1 x 1073 fC/k. When
the temperature rises from 296 K to 382 K, the critical charge decreases by 0.0086 fC.
The relationship between critical charge and temperature is approximately linear, and
the decrease in critical charge is the main reason for the increase in cross-section. There-
fore, the relationship between temperature and cross-section variation also appears to be
approximately linear.

Literature [27] based on a combination of large amounts of modeling and experimental
data suggests that the critical charge and the characteristic dimensions of the transistor are
squarely related:

Q; = 0.2312 8)
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Q. is the critical charge, and L is the feature size of the device. According to the above
equation, the critical charge of 28 nm SRAM is 0.18 fC. When the temperature increased
from 296 K to 382 K, the critical charge decreased by 4.8%. The critical charge of devices
produced by different manufacturers will differ for the same feature size. Literature [28]
gives that the critical charge of the device is about 0.8 fC for the 65 nm feature size and
0.1 £C for the 22 nm feature size, which is basically comparable to the above equations.
The temperature dependence of the experimental device in this paper is more pronounced
compared to the devices in the literature [12] (with a feature size of 180 nm), which is due
to the fact that the critical charge decreases in square steps as the feature size decreases,
and thus also leads to an increasingly severe effect of temperature on the critical charge,
which is the main reason for the increase in the upset cross-section. As the feature size
continues to decrease, the impact on the SEU cross-section of the decrease in critical charge
from changing temperature will become more severe.

4. Conclusions

Based on the ANIS, the temperature dependence of the SEU cross-section in 28 nm
embedded SRAM of SiP in the temperature range of 296-382 K was investigated. Under
atmospheric neutron irradiation, the SEU cross-section increased from 1.05 x 10~ cm? /bit
to 1.468 x 10~ cm?2 /bit, an increase of 39.8%, when the temperature was increased from
296 K to 382 K.

The variation of SEU cross-section with temperature is mainly caused by the combi-
nation of the variation of the electrical characteristics and the transient pulse current with
temperature. The decrease of the peak pulse current increases the LET threshold, while the
decrease of the critical charge decreases the LET threshold. Raising the LET threshold will
decrease the upset cross-section, while lowering the LET threshold will increase the upset
cross-section, both of which play a competitive relationship. TCAD simulation results
show that when the temperature was increased from 296 K to 382 K, the transient pulse
current of the device decreased by 0.7%, 2.5%, and 1.7% under the irradiation of particles
with LET of 1, 5, and 10 Mev-cm?/mg, respectively. The temperature does not significantly
impact it, which is mainly caused by the fact that the bipolar amplification effect becomes
more significant with increasing temperature. By increasing the body contact, the bipolar
amplification effect on the peak value of the transient pulse current can be reduced, which
can enhance the upset resistance of the device and its reliability. The pulse current duration
up to tens of picoseconds, which is much longer than the SEU time, is not considered. As
the temperature increases from 296 K to 382 K, the critical charge of the device decreases by
about 4.8%. As the feature size advances further, the impact of changing temperature on
the critical charge will become more significant. The relationship between critical charge
and temperature is linear, and the decrease in critical charge is the main reason for the
growth of the upset cross-section. Therefore, the relationship between upset cross-section
and temperature is approximately linear. The above conclusions provide a theoretical basis
for the widespread use of SRAM in aerospace environments at temperatures of 296-382 K
and for future development of advanced SRAM.
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Abstract: This paper investigates the temperature-dependent effects of gamma-ray irradiation on
-Gap O3 vertical Schottky barrier diodes (SBDs) under a 100 V reverse bias condition at a total dose
of 1 Mrad(Si). As the irradiation dose increased, the radiation damage became more severe. The total
ionizing dose (TID) degradation behavior and mechanisms were evaluated through DC, capacitance-
voltage (C-V), and low-frequency noise (LFN) measurements by varying irradiation, and the test
results indicated that TID effects introduced interface defects and altered the carrier concentration
within the material. The impact of TID effects was more pronounced at lower temperatures compared
to higher temperatures. Additionally, the annealing effect in the high-temperature experimental
conditions ameliorated the growth of interface trap defects caused by irradiation. These results
suggest that compared to low-temperature testing, the device exhibits higher TID tolerance after
high-temperature exposure, providing valuable insights for in-depth radiation reliability studies on
subsequent related devices.

Keywords: 3-GapO3 Schottky barrier diode (SBD); temperature dependence; gamma-ray irradiation;
interface defects; total ionizing dose (TID)

1. Introduction

Compared to traditional narrow-bandgap semiconductor materials like Si and GaAs,
as well as other wide-bandgap semiconductor materials such as GaN and SiC, the ultra-
wide-bandgap semiconductor gallium oxide exhibits exceptional characteristics, including
a larger bandgap width, a stronger breakdown electric field, high-temperature resistance,
and radiation resistance [1-5]. These features make it a promising material for electronic
devices, particularly in high-radiation environments.

However, it is crucial to note that these electronic devices are susceptible to particle-
induced deterioration or malfunction [6]. Statistics reveal that approximately 40% of
satellite failures are attributed to anomalies caused by radiation effects in space. Con-
sequently, investigating the damage mechanism of spacecraft electronic devices in the
space radiation environment and establishing ground simulation test methods for space
radiation effects are essential, which enable the prediction of damage caused by the space
radiation environment on the ground, thereby improving the operational life and reliability
of spacecraft in orbit.

For semiconductor devices made of wide-bandgap materials such as GaN and SiC,
total ionizing dose (TID) radiation experiments on GaN-based diodes were conducted
in 2020 by Bian et al. In their study, the diodes were subjected to cumulative doses of
1 Mrad(Si) gamma-ray irradiation at room temperature and increasing forward current
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density [7]. In 2002, S. Metzger et al., reported on the linearity of the response of a SiC
ultraviolet photodiode detector after a total dose of 20 kGy (air); the experiments were
conducted at five constant temperatures ranging from 23 °C to 200 °C, and no significant
changes were observed after testing [8]. In 2019, Pincuda et al., reported on the influence
of high-temperature annealing on the threshold voltage drift in SiC MOSFETs after TID
effects [9].

While recent studies have reported on the effects of protons, heavy ions, electrons,
and neutron irradiation on 3-Ga;O3 material and device properties, there is limited liter-
ature reporting on the impact of the temperature of gamma-ray irradiation on 3-Ga;O3
SBD [10-12]. Chang et al., reported the impact of 100 MeV high-energy protons on f3-
GayO3-based solar-blind photodetectors, finding that a considerable number of oxygen
vacancies were formed at the metal-semiconductor interface after irradiation. In 2023,
R. M. Cadena et al., reported on low-energy ion-induced breakdown and single-event
burnout (SEB) in 3-GayO3 Schottky diodes; the study revealed fundamentally different
responses among alpha particles, Cf-252, and heavy-ion irradiation. For power devices like
gallium oxide diodes, Liu et al., reported the radiation effect of gamma irradiation (°°Co)
on Au/Ni/B-GayOs vertical Schottky barrier diodes; in addition, the carrier concentration
calculated from the C—V measurements increased slightly after gamma irradiation. These
results suggest that 3-Gap;O3 SBDs have high intrinsic gamma irradiation hardness, and
operating under bias voltage is inevitable. Due to the less-than-ideal thermal conductivity
of gallium oxide material, studying the effects of TID under different temperature levels
is crucial.

In this study, we performed temperature-controlled TID radiation experiments on
-GapO3 SBDs at low-to-high temperatures (—25 °C, 0 °C, 25 °C (room temperature),
50 °C, 75 °C, and 100 °C) using liquid nitrogen refrigeration equipment and a temperature-
regulated incubator at 100 V, with a cumulative dose of 1 Mrad(5i), used to meet the test
needs of temperature changes during the operation of spacecraft in orbit; the results indicate
that the forward current density of the devices not only increases with the irradiation dose
but also rises with the temperatures. Through analysis methods such as capacitance—
voltage (C-V) testing and low-frequency noise (LFEN), the impact of interface defects on
device performance is quite pronounced, and high-temperature annealing provides a new
approach to reducing interface trap concentration, improving the performance of gallium
oxide-based devices.

2. Materials and Methods

The fabrication process of the devices unfolded as follows: Following the formation of
N~ type material (net doping concentration of 3.0 x 10'® cm~3, silicon-doped), the epitaxial
film was grown using halide vapor-phase epitaxy (HVPE) on an N* type (001) crystal-
phase 3-Ga, O3 substrate (net doping concentration of 1.0 x 10! cm~3, stannum-doped),
and surface defects arising during the vapor-phase epitaxial growth of the halide layer
were eliminated through chemical mechanical grinding (CMP) technology. The schematic
cross-sectional structure of the Schottky barrier diode (SBD) is depicted in Figure 1.

Si02 Anode (Ni/All) Si02

10 pm N Ga,0,

650 pm N* Ga,O,4

Cathode (Ti/Au)

Figure 1. Schematic cross-section of 3-Ga,O3 SBD structure.
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Subsequently, the damage caused by the backside of the substrate during wafer
preparation was polished. BCl; was applied to the substrate’s backside for reactive ion
etching, concluding with the evaporation of the Ti/Au stack structure to establish an
ohmic contact, which was deposited by electron-beam evaporation, forming the cathode
of the devices. The thicknesses were 320 um and 200 nm. Before device fabrication,
the sample was cleaned ultra-sonically several times in acetone, isopropanol, deionized
water, and buffered oxide etch, and separately, a thin 200 nm SiO; film was grown on the
epitaxial layer through plasma-enhanced chemical vapor deposition. A round metal anode
was evaporated and stripped by Ni/Au evaporation in a SiO; window etched using a
photolithography-patterned and buffered hydrofluoric acid solution. The thicknesses were
50 nm and 200 nm, and prior to the fabrication of the anode, the device was thermally
oxidized in an oxygen atmosphere at a temperature of 400 °C for 20 min, which reduced
the concentration of electrons in the anode edge region of the device, effectively mitigating
the peak field at the edge of the device, thereby increasing the reverse breakdown voltage
of the device.

For this SBD, the impact of TID effects on the electrical performance of the devices
was studied at different temperatures under a reverse bias condition of 100 V, involving
the following specific experimental process. The experiments were conducted at the ®°Co
source of Xinjiang Technical Institute of Physics and Chemistry Chinese Academy of
Sciences, China. Gamma-ray irradiation experiments were carried out at temperatures
of —25°C, 0 °C, 25 °C (room temperature), 50 °C, 75 °C, and 100 °C with a reverse bias
condition of 100 V, and the radiation dose rate was 50 rad(Si)/s. The electrical performance,
C-V, and LFN of the SBD were tested using the B1500A semiconductor parameter analyzer
from Keysight Technologies and the Fs-Pro testing instrument from Primarius Electronics.
Measurements were performed under all experimental conditions, at least three devices of
each type and size were evaluated, and test junctions are averages. The tests were conducted
offline at cumulative doses of 0 krad(Si), 300 krad(Si), 500 krad(Si), and 1 Mrad(Si).

3. Results and Discussions

In Figure 2a, it can be observed that the forward conduction current of devices in-
creased as the cumulative radiation dose increased when experiments were conducted
at 25 °C. In Figure 2b, after gamma-ray irradiation with a cumulative dose of 1 Mrad(Si),
devices tested at six different temperature conditions showed varying increases in forward
current density at 1 V. For instance, at 25 °C, the forward current density at 1 V increased by
25%, while at 100 °C, it increased by 72%. Therefore, the impact on the forward conduction
characteristics of the devices became more pronounced with higher temperatures during
the irradiation process. Given the high carrier mobility and the substantial average free
path inherent in gallium oxide materials, the predominant current transport mechanism in
Schottky barriers is primarily attributed to the thermal electron emission of the majority
of carriers; following the theory of hot electron emission, the variation in forward current
density with voltage can be expressed as described in [13-15], as follows:

J= A*T%xp(—;ﬁ)exp(—%): ]sTExP<—1jkVT> @
Jsr= A*Tzexp (—Z?)A* :47rq1;l173n*k2 2)
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where ] is the current density; T is the thermodynamic temperature; g = 1.6 x 107 C,
which is the electron charge; k is the Boltzmann constant; 1 represents the Schottky diode
and ideal in the experiment, the ideality factor of the Schottky diode; Js7 is the reverse
saturation current density, which is independent of the applied voltage and is a function of
strong temperature dependence; @ is the Schottky potential, the base height, where A* is
the Richardson constant and is usually taken as 40.8 A/(cm?-K?); my," is the effective mass
of the electron. We extracted the electrical parameters and the variation in the irradiated
diode influenced by the data in Figure 2 and the above formulas, and the changes before
and after irradiation with a cumulative dose of 1 Mrad(Si) are presented in Table 1.

10" —=—0 krad 10"
o ol
310 —v—1 Mrad 310 |
510° £10°
= =
S 10° 510
2 =
E 100 107
‘‘‘‘‘ < | -
107 . . . . 1074853 : . ,
00 02 04 06 08 10 0 0.2 0.4 0.6 0.8 1.0
Anode Voltage (V) Anode Voltage (V)

(@) (b)

Figure 2. (a) Forward current density (J-V) in semi-log-scale at different doses (0 krad(Si), 300 krad(Si),
500 krad(Si), and 1 Mrad(Si)) at a temperature of room temperature and (b) forward current density
(IgJ-V) in semi-log-scale at different temperature levels (—25 °C, 0 °C, 25 °C, 50 °C, 75 °C, and 100 °C)
with a cumulative dose of 1 Mrad(Si).

Table 1. Changes in device electrical parameters before and after irradiation.

n (before) n (after) n @ (before) P (after) (] ]
—25°C 1.166 1.147 —1.63% 1.06 1.01 —4.3% +14%
0°C 1.19 1.161 —2.44% 0.987 0.951 —3.6% +19%
25°C 1.172 1.153 —1.6% 1.032 0.974 —5.6% +25%
50 °C 1.168 1.156 —1.02% 1.031 0.977 —52% +44%
75°C 1.156 1.143 —1.12% 1.102 1.057 —4.1% +57%
100 °C 1.174 1.140 —2.90% 1.024 0.985 —3.81% +72%

From Table 1, we can see that except for the increase in forward current density
with the experimental temperature, the changes in ¢ and n were not significant. As the
temperature increased, more electrons within the gallium oxide material gained energy,
transitioning from the valence band to the conduction band to participate in conduction;
simultaneously, the ionizing damage caused by irradiation increased with the accumulation
of irradiation dose. These two factors contributed to the systematic changes in the forward
current density of the devices. The changes in the reverse electrical characteristics of the
devices are shown in Figure 3; in Figure 3a, it is shown that the reverse current density of
the devices increased with the cumulative radiation dose. For this SBD, when the cathode
voltage exceeded a certain critical value, the device current suddenly increased, and this
reverse voltage was defined as the breakdown voltage of the diode; before the irradiation
experiment, the breakdown voltage of the device was 650 V. As shown in Figure 3b, after
irradiation at different temperatures, the breakdown voltage of the devices decreased;
compared to that at lower temperatures, the reduction in breakdown voltage was relatively
lower at higher temperatures.
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Figure 3. (a) Reverse current density (J-V) in semi-log-scale after different doses of gamma-ray
radiation at room temperature; (b) reverse current density (J-V) in the semi-log-scale plot at different
temperatures (—25 °C, 0 °C, 25 °C, 50 °C, 75 °C, and 100 °C) after 1 Mrad(Si) doses of gamma-
ray radiation.

Reverse leakage current is a crucial parameter influencing breakdown voltage. In
the SBDs, the reverse leakage current of the device increased with the accumulation of
irradiation dose before reaching the reverse voltage required for breakdown. The reverse
leakage current in the SBDs mainly consisted of thermal electron emission current and
recombination current; the former is strongly correlated with the Schottky barrier, while
the latter is influenced by carrier lifetime. From Table 1, it can be inferred that gamma-
ray irradiation led to a slight reduction in the Schottky barrier height (SBH), increasing
thermionic emission current, contributing to the observed slight increase in reverse leakage
current and the decrease in breakdown voltage. However, in Figure 3b, it is evident that
there was a slight decrease in reverse leakage current density with increasing irradiation
temperature. To further understand this phenomenon, we conducted C-V tests, and the
results are shown in Figure 4.

— =25 °C
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0x1071°- 0
8.0x10""1 Moty
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2.0x101° L
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Figure 4. 3-GayO3 SBD C-V plot after 1 Mrad(Si) dose of gamma-ray radiation at different tempera-
tures (—25°C, 0°C, 25 °C, 50 °C, 75 °C, and 100 °C) while the frequency is 1 MHz.

The corresponding carrier concentration in the drift layer can be obtained from the

following formula [16-18]:

- )

= ——— >< ——
eegA2 ~ dC?
qego v

where N, represents the carrier concentration; from the data in Figure 4, we extracted the
specific changes in the carrier concentration of the device before and after irradiation, as
shown in Table 2.
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Table 2. Carrier concentration before and after irradiation in the drift layer.

N, (before N, (after .
Irradfation cm—3) Irradi:tion cm—3) Change Magnitude
—25°C 8.520 x 1013 7.496 x 10%° —12.0%
0°C 8.416 x 1015 7.740 x 10%° —8.02%
25°C 8.526 x 1017 8.007 x 101° —6.08%
50 °C 8.231 x 1013 7.875 x 101° —4.32%
75°C 8.318 x 1010 8.097 x 1010 —2.65%
100 °C 8.532 x 1013 8.424 x 1013 —1.26%

As observed in Table 2, the concentration of carriers involved in conduction decreased
by 12%, dropping from 8.520 x 1015 /ecm? to 7.496 x 10'°/cm? after irradiation with
1 Mrad(Si) at an irradiation temperature of —25 °C. However, in devices irradiated at 100 °C,
the concentration of carriers participating in conduction decreased from 8.532 x 10> /cm?
to 8.424 x 10°/cm?3, showing a mere 1.26% decrease, and the carrier concentration of
the device exhibited a gradient change from low temperature to high temperature. For
semiconductors, the carrier concentration is mainly influenced by the material’s bulk
defects and interface defects. When a device is exposed to gamma-ray irradiation, it not
only generates ionizing damage, leading to a transient increase in forward current, but
also introduces additional hole—electron pairs inside the material, and the holes, with low
mobility, migrate under applied bias to the metal-semiconductor contact, forming interface
defects. Moreover, when the irradiation dose is sufficiently large, bulk defects are also
introduced into gallium oxide material. The combined effects of these two types of defects
impact the carrier concentration and the electrical characteristics of devices.

Electrical properties serve as external indicators of the internal structure and current
conduction of electronic devices; changes in a device’s internal structure can be reflected
through alterations in its electrical properties. As per the above analysis, TID effects
induced damage to the 3-GayO3 SBDs, leading to alterations in the internal conduction
characteristics of the device; these included a decrease in the ideality factor and an elevation
in forward current post-turn-on. Although these electrical parameters could characterize
the radiation resistance of the 3-Ga,O3 diode, they were not very sensitive indicators due
to the subtle nature of their changes.

Noise, on the other hand, is recognized for its sensitivity in reflecting various potential
defects that can lead to device failure; noise analysis provides a rapid and non-destructive
means of detection. As the lattice structure, electronic state, or impurity distribution of a
device undergoes slow changes over time or due to stress, noise exhibits more significant
increases and alterations compared to other structurally sensitive parameters (such as
leakage current and ideality factor). The failure of semiconductor devices is often attributed
to the presence of some underlying defects generated during the production and operation
processes of the device; the noise in electronic devices is quite sensitive to the defects
present in the device, and therefore, noise testing is often used to diagnose and predict the
reliability of devices. Numerous research results have indicated that 1/f noise can serve as
a sensitive parameter characterizing electronic components [19-21]. Hence, in the study
of space charge regions, oxide-layer defects near the oxide semiconductor interface, and
interface states, noise diagnostics prove to be a valuable technique, reflecting the degree of
radiation damage more effectively than traditional electrical parameters. The test results
for LEN are shown in Figure 5.
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Figure 5. 3-Gap;O3 SBD LEN plot after 1 Mrad(Si) dose of gamma-ray radiation at different temper-
atures (—25 °C, 0 °C, 25 °C, 50 °C, 75 °C, and 100 °C) while the frequency is 100 Hz. Before is the
device without radiation.

In gallium oxide material, Ga and O atoms have high displacement threshold energies
of 20.5 eV and 25.56 eV, respectively. This characteristic gives it higher radiation resistance
compared to arsenide materials, and introducing bulk defects in GaAs requires a cumulative
dose of gamma ray, reaching 5.45 x 10'® rad(Si) [22,23]. Therefore, the total dose of
1 Mrad(Si) in this experiment was not sufficient to introduce bulk defects in Ga,O3, a
material with stronger radiation resistance; the observed changes in the noise current
power spectral density in this experiment excluded the influence of bulk defects. From
Figure 5, at lower temperatures, —25 °C and 0 °C, the amplitude of the LEN current power
spectral density after irradiation was greater than that at room temperature. However, at
higher temperatures, 50 °C, 75 °C, and 100 °C, the amplitude of the LEN current power
spectral density was smaller after irradiation compared to at room temperature. Based
on the three formulas for LEN in a current diode, we conducted the following analysis to
study this mechanism.

Formula (1), HSU'’s proposed LFN carrier fluctuation model, suggests that the changes
in LEN in SBDs result from the modulation of the SBH by traps or fluctuations generated
by electron states in composite centers. This is primarily associated with variations in the
concentration of interface defects within the material, fundamentally caused by changes in
defect concentration, which in turn affect carrier concentration as follows [24]:

b= \4e, ) \4nq) 6m*NAW?

where B characterizes the carrier transport mechanism of the SBD which is equal to q/kT
for thermionic emission, f is the frequency of the noise test, g is the amount of charge, I is
the forward voltage at the time of the test, ¢ is the dielectric constant of the semiconductor
material (gallium oxide in this test), i is Planck’s constant, D; is the defect density of the
device body, m’" is the effective mass of electrons in the semiconductor material, Nj; is
the doping concentration after irradiation, A is the effective contact area of the device,
and W is the width of the space charge region. Due to the small variation in SBH and
as analyzed earlier, the influence of bulk defects is not considered in this experiment.
Therefore, Equation (6) does not apply to the current study.

Regarding Formula (2), Luo et al., posit that the 1/f noise observed in SBDs is induced
by fluctuations in carrier mobility within the space charge region. They propose models
based on the fluctuations in mobility and diffusion coefficient, outlined as follows [25,26]:

o = 1g7lff (ﬁ(VDl— VF>>5/2. <V’Zi*)2<n:1\§;)l/2 7
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where y is the electron mobility, « is carrier mobility, Vp is the built-in potential difference
of the pn junction, and VF is the forward bias voltage. From Equation (7), it can be seen
that the main variable that affected the noise power spectral density in this study was
the change in carrier concentration. Combined with the data from Figures 4 and 5, our
preliminary analysis indicates that the change in carrier concentration inside the devices
is more pronounced at low temperatures, while the decrease in carrier concentration is
smaller at high temperatures, with less fluctuation.

Regarding Formula (3), the concept of the random motion of electrons in Schottky-
touched interface states was initially introduced by Jantsch. According to his argument,
the interfacial current effect is directly linked to the generation-recombination of interface
states. The current-noise density spectrum of the interface state can be expressed as
proposed by Jantsch and others [27]. The expression for the current-noise density spectrum
of the interface state, as proposed by Jantsch and others, is given by the following:

_GB(qI\* 4Dy
SI”_f<4ss) N WA ®

where G is a constant with a value of 0.1; Dy is the interface state density; g = 1.6 x 10~
C, which is the electron charge; k is the Boltzmann constant; 3 characterizes the carrier
transport mechanism of the SBD which is equal to g/kT for thermionic emission; f is the
frequency of the noise test; g is the amount of charge; I is the forward voltage at the time
of the test; e is the dielectric constant of the semiconductor material (gallium oxide in
this test); 11 is Planck’s constant; Nj is the doping concentration after irradiation; A is the
effective contact area of the device; and W is the width of the space charge region. From this
formula, we find that, in addition to N, the main variable affecting the noise power spectral
density in this study is Dis, which is the interface state defect concentration. At higher
temperatures, the annealing effect inside the material leads to a rearrangement of the lattice
and other structures at the interface, resulting in a decrease in interface defect concentration.
Simultaneously, this reduction leads to a decrease in recombination current, as observed in
the changes in carrier concentration and reverse leakage current. The LFN power spectral
density of the device is influenced by both carrier concentration and interface defects.
Therefore, during high-temperature experiments, the noise power spectral density of the
device was relatively smaller, indicating a partial recovery of the device’s performance
under high-temperature conditions.

Gamma-ray irradiation induces TID effects in devices, leading to transient changes
in their electrical properties; it can also generate excess hole—electron pairs in gallium
oxide materials and form interface defects in SBDs under the influence of voltage. Once
irradiation stops, some defects rapidly return to their original state, leading to the initial
steady-state decay of the damage peak, which occurs in approximately 1 s; subsequently, the
damage decays to a lower level, and the presence of these defects leads to semi-permanent
changes in the device’s performance. At higher temperatures, defects in the Ga,Oj3 lattice
undergo annealing during the irradiation process; this annealing process allows for the
rearrangement and elimination of defects, reducing the defect concentration and restoring
the performance parameters of the irradiated device. And without heat treatment, these
defects cannot be reduced. Experimental results indicate that under the testing conditions
of —25°C and 0 °C, compared to room temperature, the concentration of interface defects
in the irradiated sample is higher. Therefore, the carrier concentration and LEN exhibited
larger changes. At 50 °C, 75 °C, and 100 °C, after annealing, the interface defect density
was improved, leading to the partial recovery of device performance [28].

4. Conclusions

We conducted gamma-ray irradiation experiments with a cumulative dose of 1 Mrad(Si)
under a reverse bias voltage of 100 V across a temperature gradient from —25 °C to 100 °C.
The results indicate that the forward conduction current density of the device increases
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with the cumulative irradiation dose, and the increase is more pronounced at higher tem-
peratures. Because the reverse leakage current decreases with the increase in irradiation
temperature, the reverse current of the device exhibits a different trend from the forward
current. Analysis through C-V testing and LEN testing indicates that at lower tempera-
tures, the increase in interface trap density caused by irradiation leads to an increase in
interface recombination current, resulting in an elevation of leakage current and a decrease
in reverse breakdown voltage. This is associated with a reduction in carrier concentration
and a decrease in the noise current power spectral density, contributing to the deterioration
of device performance. However, compared to room temperature, at higher temperatures,
the interface states of the device undergo annealing, allowing for the reordering of interface
lattices and a reduction in interface state density. This leads to a decrease in recombination
current, a reduction in leakage current, and the recovery of reverse breakdown voltage. The
trends in carrier concentration and noise current power spectral density changes also indi-
cate that high-temperature annealing can improve device performance, thereby restoring
its reliability.
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Abstract: This study experimentally analyzed the impact of air gaps between a magnetic sheet
and a test board with a microstrip line, which is used to measure the near-field magnetic shielding
effectiveness (NSE) of magnetic sheets made of metallic powder. To conduct the measurements, a
material fixture equipped with a microstrip line to generate the near magnetic field, a rectangular
loop probe, and an automatic probe positioning system capable of moving the loop probe along three
axes were designed and fabricated. In addition, to systematically vary the thickness of the gaps, three
paper spacers with a thickness of 0.11 mm per paper were used, and a 1.0 mm thick acrylic sheet,
along with a specially designed material fixture, was used to press down the magnetic sheets during
measurement. The magnetic shielding properties were measured and compared under various
air gap conditions using a near-field magnetic loop probe. The effect of the gaps on the shielding
performance of the magnetic sheets was quantitatively evaluated for three different magnetic sheets.
The experimental results showed that as the gap thickness increased, NSE tended to improve up
to a frequency around 1 GHz, while in the higher frequency range of a few GHz, NSE tended to
decrease. The physical background of this phenomenon was explained using an equivalent magnetic
circuit represented by reluctances for the structure, where the magnetic sheet is placed above the
microstrip line with an air gap. This model helps to elucidate how the presence of the air gap affects
the near-field magnetic shielding performance.

Keywords: magnetic sheets; near-field magnetic shielding effectiveness (NSE); equivalent magnetic
circuit

1. Introduction

As the speed and integration density of electronic devices continue to increase, the
issue of electromagnetic interference (EMI) has become increasingly critical. In high-speed
digital circuits, where high-frequency signals are utilized, EMI originating from the near-
field region of electromagnetic waves can cause interference between adjacent circuits,
degrading the reliability and stability of the entire system. In addition, reducing interfer-
ence or coupling from external noise or intentional electromagnetic fields is also a critical
problem. To address these issues, the importance of near-field EMI shielding techniques
is growing, becoming an essential element to minimize circuit-to-circuit interference and
ensure system stability. In this context, magnetic sheets are gaining attention as an effective
solution for near-field shielding [1-4]. Magnetic sheets, with their high magnetic perme-
ability, can effectively block EMI by absorbing or reflecting near-field magnetic fields [5].
Consequently, they are used in various applications such as high-frequency circuits, anten-
nas, and wireless communication devices. However, the shielding performance of magnetic
sheets can vary significantly depending on the installation environment. In particular, the
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presence of an air gap between the magnetic sheet and the object to be shielded can alter
the path of the magnetic field, potentially degrading the shielding effectiveness. Such air
gaps are common in actual circuit design and manufacturing processes, and the result-
ing decrease in shielding performance can negatively impact the overall performance of
electronic devices.

To address this issue, this study aims to experimentally analyze the impact of air
gaps between the magnetic sheet and the test board on near-field magnetic shielding
characteristics. A magnetic sheet was installed on a test board with a 50-ohm microstrip
line, and a near-field magnetic loop probe was used to measure the shielding performance
under various air gap conditions. The goal of this study is to quantitatively evaluate the
effect of the presence and size of air gaps on the shielding performance of magnetic sheets
and to propose an appropriate usage of the magnetic sheets in real applications to maximize
their shielding efficiency.

The structure of the paper is as follows. Section 2 introduces the near-field mag-
netic shielding measurement method, and the equipment designed for the measurements,
including the microstrip line PCB, a rectangular loop probe, a material fixture, and an
automatic probe positioning system (referred to as EME-28G), which functions as a type
of scanning system. Section 3 describes the three materials under test (MUTs), the paper
spacers intentionally applied to create air gaps, and the acrylic sheet used to press the
magnetic sheets. It also presents the setup used to measure the NSE of the MUTs with
the fabricated equipment. Section 4 compares the measured NSE for three commercial
magnetic sheets based on varying air gaps and discusses the different phenomena in NSE
at low and high frequency ranges by using an equivalent magnetic circuit represented by
reluctances. Finally, Section 5 offers a brief conclusion.

2. Method and Apparatus for Near-Field Magnetic Shielding Measurement
2.1. Measurement Configuration

In the IEC 62333-2 standard [6], four methods are proposed for measuring and eval-
uating the electromagnetic noise coupling attenuation characteristics of magnetic sheets.
One of these methods, the inter-decoupling ratio measurement, uses two circular loop
probes with a diameter of 3 mm to assess the near-field magnetic shielding properties of
the magnetic sheet. However, instead of circular loop probes, some studies use a microstrip
line to measure shielding effectiveness by generating near-field magnetic fields [7-9]. Uti-
lizing a microstrip line as the source enables the creation of broadband near-field magnetic
fields [10]. As shown in Figure 1, this study also employed a test board with a 50 (2
microstrip line, which was used as the near magnetic field source.

' Loop probe

Magnetic
sheet

Network analyzer

50Q
termination

RF cables

Dielectric
substrate

Ground plane

connector

Figure 1. Configuration of near-field magnetic shielding effectiveness (NSE) of magnetic sheets using
a 50 Q) microstrip line.

84



Electronics 2024, 13, 4313

Near-field magnetic shielding effectiveness (NSE) is measured as follows: First, using
a vector network analyzer (VNA), the coupling from the microstrip line to the loop probe
without the magnetic sheet (S;elf ) is measured. Then, with the magnetic sheet in place, the
coupling of the near-field magnetic field generated by the microstrip line through the mag-
netic sheet to the loop probe (S’z"lad) is measured. Finally, the ratio of these measurements is
expressed in dB to determine NSE, as given by the following equation.

NSE [dB] = 20l0g,, (S5 /55),

where S;elf and Slz"lad represent the two-port Sp; parameters between the microstrip line and
the VNA when the microstrip board is without and with the magnetic sheet, respectively.

2.2. Design of Measurement Apparatus and Material Fixture

To measure NSE using a microstrip line and loop probe, a 50 () microstrip line with
a length of 50 mm and a rectangular-shaped loop probe with 2 turns and a loop size of
2 x 3 mm were designed and fabricated, as shown in Figure 2.

42.2 mm

117 mm '
® ©® © © © et
} @ (1

@| | 67 mm Transmission
part
(78 mm)
: ©

- .

Sensing part E B

92.1 mm l (15 mm) { B
1.2 mm s i
(a) (b)

Figure 2. Design and fabricated 50 () microstrip line test board and rectangular loop probe.
(a) Microstrip line (transmitter). (b) Magnetic field probe (receiver).

The microstrip line has a width of 3.4 mm and a length of 50 mm on two-layer
printed circuit boards (PCBs). The substrate is made of Teflon with a relative permittivity
(er) of approximately 2.5 and a thickness of 1.2 mm. The overall dimensions of the test
PCB are 117 mm x 67 mm. The bottom layer of the PCB serves as the ground plane. A
rectangular copper ring with a width of 12.4 mm is connected to the ground plane via an
edge plating technique around the PCB sides. Additionally, 16 screw holes are drilled into
this rectangular ring to establish electrical contact with a material fixture.

To measure the magnetic field generated by the microstrip line, a custom-designed
magnetic field probe was utilized. The probe was fabricated using a printed circuit board
(PCB) process, offering greater design precision compared to conventional mechanical fab-
rication methods. The probe features a 4-layer structure: the top and bottom layers provide
electromagnetic shielding from external noise, while the inner layers house the sensing
and transmission components. The sensing element, designed as a 2-turn rectangular loop,
is capable of capturing magnetic fields with a measurement bandwidth of up to 20 GHz.
The transmission component transfers the captured magnetic signals to a connector, which
interfaces with the measurement equipment. Additionally, the PCB is fully shielded on
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S21[dB]

the sides with edge plating. To further enhance measurement sensitivity, a narrow 0.2 mm
slot is incorporated into the bottom of the loop to mitigate eddy currents induced in the
shielding structures [11].

Figure 3 shows the coupling property of the designed magnetic loop probe (NH-K3-1)
when using the microstrip line as a near magnetic field source, as shown in Figure 2a. The
distance between the microstrip line and the bottom of the probe was set to 3 mm. This
is the same setup for the reference measurement without a magnetic sheet. To improve
loop sensitivity, an amplifier with a 30 dB gain was used during the measurements. To
extract the pure coupling efficiency (521 or Z21) of the loop probe itself, the amplifier gain
was subtracted from the measured data in the dB scale. The coupling efficiency (521 or
721) is low in the low frequency range but increases linearly by a slop of +20 dB/decade
as the frequency increases because the probe acts as an inductance. In the GHz range,
the coupling saturates at a constant value, with some resonances caused by the parasitic
capacitance of the loop probe.
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0.0001 0.001 0.01 0.1 1 10 0.0001 0.001 0.01 0.1 d
Frequency [GHZz] Frequency [GHz]

(@) (b)
Figure 3. Coupling efficiency of designed magnetic loop probe from a microstrip line. (a) S21. (b) Z21.

Figure 4 shows the material fixture, which contains the microstrip line PCB, and the
automatic probe positioning system named EME-28G [12]. The material fixture consists
primarily of a test PCB holder and a cover. To ensure proper electrical contact, gaskets
are placed at the interface where the two meet, and there are three push buttons each
on the top and bottom. The holder houses the test PCB, i.e., the microstrip line PCB,
with both ends connected to two SMA connectors on the holder. These connectors allow
the material fixture to be linked to external measuring equipment via RF cables. During
shielding measurements, one SMA connector is connected to one port of a vector network
analyzer (VNA), while the other SMA connector is terminated with a 50 (3 SMA-type
load. The automatic probe positioning system, called EMC-28G, uses three step motors to
allow the probe to move along the three axes (XYZ). At the top center of the machine, a
high-definition (HD) camera is mounted for observing a scanned PCB, and a probe holder
is provided for securing the probe during measurements. The system is electrically and
mechanically protected by a shield box.
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Material Under Test
(MUT)

Test PCB cover

Test PCB holder

Cable connector

(@)

HD Camera / Shield Box

3-axis operation machine

Material fixture

Microstrip line board

(b)

Figure 4. Fabricated apparatus for NSE measurement [11]. (a) Material fixture. (b) Automatic probe

positioning system (EME-28G).
3. Measurement of Near-Field Magnetic Shielding Effectiveness (NSE)

In this section, we will explain how NSE was measured in detail. Figure 5 shows
the reference measurement without a magnetic sheet and the load measurement with a
sheet, using the EME-28G, a material fixture, and a loop probe. As mentioned earlier, the
two SMA connectors of the material fixture are internally connected to both ends of the
microstrip line. Externally, one SMA connector is connected to Port 1 of the VNA, while
the other is connected to a 50 () termination. The rectangular loop probe, EMCIS-NH-K3-1,
is positioned 3 mm above the microstrip line PCB. Using the control software that operates
the EME-28G, the probe can be automatically positioned at a height of 3 mm above the
center of the microstrip line. To improve the sensitivity of the received near magnetic field,
a PA 306 amplifier (AMP) from Langer EMV [13], providing a 30 dB gain from 100 kHz
to 6 GHz, is connected between the loop probe and the RF cable leading to Port 2 of the
VNA. For the load measurement, the magnetic sheet is placed above the microstrip line in
the material fixture, and the cover is applied. The two-port transmission parameter, S21, is
then measured at the same probe position as in the reference measurement.
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Microstrip line 30 dB AMP (Langer P306) Magnetic Sheet

Loop probe Loop probe
(a) (b)

Figure 5. NSE measurement. (a) Reference measurement without a sheet. (b) Load measurement
with a sheet.

Figure 6 presents the three types of commercial magnetic sheets as materials under
test (MUTs). The first and second sheets, referred to as model L and model Q, respectively,
are produced by the same manufacturer and have identical dimensions and thickness.
Each sheet measures 100 mm x 50 mm with a thickness of 0.4 mm and is made of metal
powder. Model L and model Q have a real relative permeability of 180 and 250, respec-
tively, at 1 MHz [14,15]. According to their data sheets, both models are effective as noise
suppression sheets within the 20 MHz to 3 GHz range. Despite having the same thickness,
their differing permeability allow for the observation of how real permeability impacts
NSE. Figure 7 shows the merged permeability data of models L and Q, which are the
measured data up to 120 MHz and the extrapolated data from 120 MHz to 10 GHz. The
MUTs with toroidal core shape and a thickness below 3 mm are coiled with a wire. Each
relative permeability of the models L and Q was calculated by measuring the impedances
of the MUTs based on the relationship between inductance and permeability [16]. The
measured permeability is a little smaller than that of the data sheets [14,15]. The measured
permeability was then imported into CST Microwave Studio [17], a numerical simula-
tion software, to obtain extrapolated data up to 10 GHz. This software allows us to fit
the frequency-dependent material properties with arbitrary order for the permeability by
magnetic disperse fit function.

100 mm 100 mm 80 mm

50 mm

Thickness 0.4 mm Thickness 0.4 mm Thickness 0.1 mm

(@) (b) (©)

Figure 6. Three types of commercial magnetic sheets used for the measurements. (a) Model L.
(b) Model Q. (¢) Model E.
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Figure 7. Relative permeability of model L and model Q.

The third sheet, model E, measures 80 mm x 50 mm with a thickness of 0.1 mm and
has a relative permeability of approximately 230 at 3 MHz. According to the data sheet,
this sheet is described as an effective noise suppression sheet within the 1 MHz to 3 GHz
range. The size difference in model E compared to model L and model Q is due to the
different manufacturers, resulting in varying sample sizes. Additionally, while model Q
and model E have similar permeability, their differing thicknesses provide an opportunity
to examine the effect of thickness on NSE.

Figure 8 illustrates the air gap that may exist between the microstrip line and the
magnetic sheet during NSE measurements. This study aims to analyze the impact of this
air gap on NSE through experimental measurements. To create a consistent air gap, three
paper sheets, each with a thickness of 0.11 mm and the same dimensions as the magnetic
sheet, were used as spacers, as shown in Figure 9a. If one paper sheet (spacer) is placed
between the microstrip line PCB and the magnetic sheet, it creates an air gap of 0.11 mm,
the same thickness as the paper. Using two paper sheets results in a 0.22 mm air gap, while
using three creates a 0.33 mm air gap.

Loop probe

Magnetic sheet

,,,,,, ey | gap

= Mfcrostrip line =

i

Figure 8. NSE measurement when there is an air gap between the microstrip line and the
magnetic sheet.

In addition to the paper spacers, another element is needed to ensure that no additional
air gaps are created beyond the thickness of the paper sheets. To achieve this, an acrylic
sheet with a thickness of 1.0 mm and the same dimensions as the magnetic sheet was
placed on top of the magnetic sheet, and the material fixture’s cover was secured. As seen
in Figure 3a, the cover of the material fixture has an opening in the center. By placing an
acrylic sheet thick enough to prevent bending on top of the magnetic sheet and securing
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the cover, the entire magnetic sheet, not just its edges, is pressed down by the acrylic sheet,
as shown in Figure 9b. This setup ensures that no extra air gaps are formed, and only
the intended air gap created by the thickness of the paper sheets remains between the
microstrip line PCB and the magnetic sheet.

100 mm

Paper sheet 50 mm||

Thickness : 0.11 mm/sheet Thickness : 1.0 mm

(@) (b)

Figure 9. Photo of the paper sheet and acrylic sheet used to create a constant air gap. (a) Paper spacer.
(b) Acrylic sheet.

4. Results and Discussion

Before measuring the NSE of the three magnetic sheets, the impact of the acrylic sheet
and paper spacers (sheets) used to create a consistent air gap on the S21 parameter was
verified. Figure 10 compares the S21 measurements of three cases including the 30 dB AMP
gain. The first case is the reference measurement, where only the microstrip line is present;
the second case includes an acrylic sheet placed on top of the microstrip line printed circuit
board (PCB); and the third case involves three paper spacers placed between the microstrip
line PCB and the acrylic sheet. The results show that when only the acrylic sheet is present,
521 is slightly higher than when only the microstrip line is present. Although a difference
increases slightly with frequency, the difference is small, and the maximum difference is
less than 1 dB, as shown in Figure 10. When the three paper spacers are added between the
microstrip line PCB and the acrylic sheet, the results are almost identical to those of the
acrylic sheet alone. Thus, it can be concluded that the paper spacers, which create the air
gap, behave similarly to air and have no significant effect, and the acrylic sheet also has
minimal impact on the 521 measurements.

The NSE of three magnetic sheets in Figure 6, which are used as noise suppression
sheets in the GHz frequency range, was measured. First, we compared the measured S}3*

of model L at various air gaps with S;elf in Figure 11a. It can be seen that S5 increases with

the number of paper spacers at frequencies above 1 GHz. Figure 11b shows the NSE, which

is the difference between sgelf and Si%* as presented in Figure 11a. The sheet of model L
exhibits approximately 20 dB of shielding effectiveness at low frequencies, regardless of
the air gap. However, as the frequency increases up to 700 MHz or 1 GHz, the shielding
effectiveness decreases. Interestingly, when the frequency exceeds 1 GHz, the shielding
performance of the magnetic sheet increases again at higher frequencies. This behavior is
similarly observed in the NSE characteristics of models Q and E.

The frequency-dependent NSE characteristics of the magnetic sheets can be predicted
by examining their permeability properties. The relative permeability of model L, shown
in Figure 7, is high at low frequencies and decreases as the frequency increases. Therefore,
it can be concluded that the shielding effectiveness in the low-frequency range is primarily
determined by the real permeability of the magnetic sheet. Specifically, the near magnetic
field generated by the microstrip line is guided into the magnetic sheet, which has a high
real permeability and then makes a low reluctance path, thereby reducing the magnetic
field that couples to the loop probe. As the frequency increases and the real permeability
decreases, this field-guiding effect diminishes, leading to a reduction in NSE.
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Figure 10. Effect of acrylic sheet and paper spacers on 521 measurement.

However, at higher frequencies in the GHz range, the imaginary permeability has
a greater influence on NSE than the real permeability [18]. The imaginary permeability
increases loss within the magnetic sheet, causing the near magnetic field generated by the
microstrip line to be attenuated as it converts into losses within the sheet. Consequently, the
magnetic field coupling to the loop probe is further reduced. In addition to the magnetic
loss, another factor that affects the high-frequency NSE characteristics is eddy current
loss. The eddy current loss occurs in magnetic sheets made of metal powder but is not
present in those made of ferrite, which is an insulator. Upon examining the metal powder
in the magnetic sheet, it is found to be composed of metal flakes. At high frequencies,
eddy currents are induced in these flakes, increasing the loss [19,20]. This explains the
frequency-dependent NSE characteristics of magnetic sheets made of metal powder.

Returning to an examination of the air gap’s impact on the near-field shielding ef-
fectiveness (NSE) of model L. As shown in Figure 11a,b, in the high-frequency range
above 1 GHz, S5 increases and NSE decreases, respectively, as the air gap increases.
When a 0.11 mm thick paper spacer is inserted, NSE decreases by as much as 2 dB to 10
dB compared to the case with no air gap. Adding one more paper spacer results in an
additional reduction in NSE by approximately 1 to 3 dB per spacer. At 6 GHz, when there
are three paper spacers, resulting in an air gap of 0.33 mm, NSE is 20 dB lower compared
to the case with no air gap. The impact of the air gap on reducing NSE becomes more
pronounced as the frequency increases. This phenomenon can be explained as follows. As
previously discussed, the magnetic loss and eddy current loss in the noise suppression
sheet made of metal powder increase in the high-frequency GHz range, which contribute
to improving NSE. However, when an air gap is introduced, the effective magnetic loss
for all regions of the air gap and the magnetic sheet is reduced, leading to a decrease in
NSE [21]. In conclusion, the presence of an air gap causes the NSE of the magnetic sheet to
be underestimated in the GHz frequency range.

Interestingly, as shown in Figure 11b, a different trend is observed in the frequency
range below approximately 700 MHz. To further investigate the NSE behavior at lower
frequencies, the x-axis for frequency is presented on a logarithmic scale in Figure 11c. In
the frequency range from 100 to 700 MHz, it is observed that NSE actually increases by
about 1-2 dB due to the presence of the air gap. This phenomenon can be explained using
the equivalent magnetic circuit composed of reluctances, as shown in Figure 12 [22,23].
Figure 12a illustrates the cross-sectional dimension of the air gap between the microstrip line
and the magnetic sheet. Using the magnetic flux path shown in Figure 12b, the equivalent
magnetic circuit, represented by reluctances, is also depicted in Figure 12c. Equations (1)—(4)
express the individual reluctances in terms of geometrical dimensions [22,23].
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where w; is the width of microstrip line and wy, is the distance from the edge of the signal
line to the place where the magnetic field intensity becomes 1/e [22]. The size of the
air gap can influence wy, by affecting the magnetic field distribution around the signal
line (microstrip line) where current flows. However, since it affects the magnetic field at
the edges rather than the top of the signal line, its impact is expected to be limited. In
addition, the coefficients of ws and w,, in (1) were obtained by fitting to the FEM simulation
results [23].
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Figure 12. Cross-sectional geometry of air gap between microstrip line and magnetic sheet.
(a) Dimensions of air gap between microstrip line and magnetic sheet. (b) Magnetic flux path.
(c) Equivalent magnetic circuit represented by reluctances.

When the thickness of the air gap, denoted as d, increases, the reluctance Rag also
increases, impeding the flow of magnetic flux. In addition, the reduced reluctance R4
causes part of the magnetic flux to flow not only through the magnetic sheet (Ry,) but
also through R 49. This redistribution of the magnetic flux due to the air gap leads to an
enhancement in shielding effectiveness. As a result, as shown in Figure 11c, the frequency
at which the lowest NSE occurs increases from 700 MHz to 1.2 GHz as the air gap expands
to 0.33 mm. When the frequency decreases below 100 MHz, the wavelength of the magnetic
field becomes large enough that the air gap’s effect can be neglected. As a result, as
shown in Figure 11, NSE remains nearly identical regardless of the air gap size in this low
frequency range.

Figure 13 presents the measured Slzolﬂd and NSE of model Q as the air gap varies. Model
Q is a similar product from the same manufacture as model L, and the thickness is the
same. Thus, model Q exhibits Slﬁad and NSE characteristics similar to those of model L, as
shown in Figure 11. However, as shown in the permeability in Figure 7, model Q has a
higher permeability than model L, and it is clear that the higher permeability leads to a
slightly increased NSE when comparing Figure 13b with Figure 11b. At frequencies above
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approximately 1 GHz, NSE decreases as the air gap increases, but the rate of decrease
diminishes as the air gap grows, eventually causing NSE to converge. This trend is also
observed in the frequency range below 1 GHz where NSE increases due to the air gap,
as shown in Figure 13c. For model Q, as the air gap increases to 0.33 mm, the frequency
corresponding to the lowest NSE rises from about 680 MHz to 930 MHz. When compared
to model L, the frequency with the lowest NSE has decreased slightly.

Figure 14 shows the measured S’z"l"”l and NSE of model E as the air gap varies. Model
E is from a different manufacturer than models L and Q, and it is also thinner, with a
thickness of 0.1 mm. Although its permeability is greater than that of model L, it is similar
to model Q in terms of permeability. However, the NSE of model E is lower than that of
model L as well as that of model Q. This suggests that while higher permeability is essential
for achieving better NSE, thickness is also a critical parameter. Generally, as the thickness
of the magnetic sheet increases and its permeability becomes higher, more magnetic flux is
concentrated in the sheet, resulting in improved NSE. The effect of the air gap on model
E is similar to that observed for models L and Q. However, a distinct difference is noted
in the frequency range above 1 GHz. Unlike models L and Q, where NSE continues to
increase with frequency, model E experiences a drop in NSE around 2.3 GHz. For model E,
as the air gap increases to 0.33 mm, the frequency corresponding to the lowest NSE shifts
from approximately 1 GHz to 1.52 GHz.
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scale of x-axis.

5. Conclusions

This study successfully demonstrated the significant impact of air gaps on the near-
field magnetic shielding effectiveness (NSE) of magnetic sheets made of metallic powder.
Using a custom-designed measurement setup, including a microstrip line, a material
fixture, a rectangular loop probe, and an automatic probe positioning system, the shielding
properties were evaluated under varying air gap conditions. The results revealed that the
air gap had a frequency-dependent effect on NSE: increasing the air gap enhanced shielding
performance in the low frequency range but reduced it in the high frequency range. In
other words, around 1 GHz, the air gap increases the near-field shielding effectiveness
(NSE) of the magnetic sheets in the low frequency range, while it decreases NSE in the high
frequency range. To explain this, we discussed that the influence of the real permeability
of the magnetic sheets is dominant in the low frequency range, using a magnetic circuit
composed of reluctances to illustrate the effect of the air gap. In contrast, in the high
frequency range, the explanation was based on the losses associated with the imaginary
permeability of the magnetic sheets. This research highlights the importance of controlling
the air gap in practical applications to optimize the shielding performance of magnetic
sheets, particularly in environments where both low and high frequencies are present. To
accurately evaluate the NSE of magnetic sheets using a microstrip line and loop probe, it is
crucial to properly manage the air gap between the microstrip line and the magnetic sheet
during measurements. To prevent the formation of air gaps, it is important to apply an
appropriate weight based on the thickness and rigidity or flexibility of the magnetic sheet
under evaluation. This ensures proper contact and reliable results. The findings of this
study not only provide valuable insights for evaluating the NSE of magnetic sheets but
also offer practical guidance for the application of magnetic sheets in real-world electronic
systems and devices. This includes how to effectively attach magnetic sheets to noise
sources to reduce noise coupling and electromagnetic interference (EMI). By following
the methods outlined in this research, engineers can better optimize the performance of
magnetic sheets in minimizing EMI in various electronic applications.
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Abstract: Generally, various technologies, including waveguide below cutoff (WBC), gasket sealing,
and bonding, are employed in metallic enclosures to achieve the high electromagnetic shielding per-
formance required for EMP protection and EMC countermeasures in shielding structures or facilities.
While the shielding structure or facility is properly constructed and maintained according to design
specifications, its electromagnetic shielding performance can remain at the required level, effectively
protecting internal electrical and electronic equipment from external electromagnetic interference.
However, unintended apertures often occur during the construction or maintenance of shielding
facilities, compromising their shielding performance. Therefore, it is crucial to develop technolo-
gies that prevent shielding effectiveness degradation caused by both intentional and unintentional
apertures. This paper proposes a structure incorporating a composite absorber (made of dielectric
and magnetic absorber) within a double metal panel of enclosure featuring an aperture, aimed at
maintaining and improving the facility’s shielding performance. The effectiveness of the proposed
structure was validated through numerical simulation.

Keywords: shielding effectiveness; metallic enclosure; absorber; aperture; electromagnetic compatibility

1. Introduction

With the rapid advancement of electrical and electronic technologies, along with
information and communication technologies (ICT), many critical infrastructures in various
countries are increasingly being remotely controlled or operated automatically. In this
context, the social impact of high-power electromagnetic threats and attacks, including
intentional electromagnetic interference (IEMI) [1], becomes significantly pronounced
when major facilities are targeted. As a result, there is a growing interest in and need for
protective technologies to safeguard essential equipment and systems against high-power
electromagnetic threats.

Metallic enclosures are commonly used to provide electromagnetic shielding and
mechanical protection for internal equipment and systems against both intentional and un-
intentional electromagnetic interference, such as unwanted noise or electromagnetic pulses.
However, these enclosures often feature intentional apertures for functional purposes, such
as cable routing, ventilation, or access points, as well as unintentional seams that may
arise during manufacturing or assembly. These apertures can compromise the enclosure’s
shielding effectiveness, leading to a potential reduction in its protective capabilities [2-12].

In practical applications, various types of holes or joints in the enclosure, such as those
for air ventilation, access doors, and cabling, are inevitable. However, these apertures
degrade the shielding performance needed to protect critical equipment and systems from
external electromagnetic fields. To ensure complete protection against electromagnetic
penetration, the openings and slots in the metal enclosure must be properly managed and
addressed [13-15].
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To date, the mechanism of electromagnetic coupling through apertures in metallic en-
closures has been investigated using both numerical and experimental analyses to minimize
the impact of these openings on shielding effectiveness. Research has focused on resistive
sheets and electromagnetic bandgap structures installed around the slots to enhance the
enclosure’s shielding performance without compromising the ventilation capabilities of
the apertures [16]. Additionally, the use of wire arrangements across the slots has been
proposed as a cost-effective method to attenuate and disrupt slot resonance [17]. These
methods can only be applied if the locations of the openings or slots are already known.
However, identifying unwanted apertures in shielding structures can be challenging, partic-
ularly in large shielding chambers or equipment. When an electromagnetic field penetrates
a large metal enclosure, it generates multiple resonance modes due to standing waves
that are continuously reflected from the enclosure’s metallic walls. These standing waves
and resonances increase the electric field strength at the resonant frequency, degrading
shielding performance and ultimately negatively impacting the internal devices within the
shielding facility. In addition, at the resonant frequency, the uniformity of the electric field
inside the enclosure diminishes, and the shielding effectiveness (SE) level varies signifi-
cantly based on the position within the enclosure. Therefore, it is essential to control and
enhance the shielding performance of large metallic enclosures with unknown openings.
By reducing the Q-factor of the enclosure, the field penetrating the enclosure becomes less
influenced by its resonance, preventing an increase in the internal electric field strength.
This phenomenon can positively impact the shielding properties of the enclosure. If there
are no apertures in the shielding structure or facility, it can achieve a high level of shielding
effectiveness exceeding 100 dB. However, even with the presence of unintentional aper-
tures, maintaining a certain level of shielding performance can enhance the reliability of the
shielding structure or facility and significantly reduce construction or maintenance costs.

In this paper, a structure is proposed that incorporates a composite absorber (either
dielectric or magnetic absorber) placed within a dual-metal-panel enclosure featuring an
aperture, aimed at enhancing the shielding performance of the facility. The effectiveness
of this structure was verified through numerical simulation. The proposed structure has
been confirmed to maintain a certain level of shielding effectiveness even in the presence of
arbitrary intentional and unintentional apertures in both dual shielding panels. Therefore,
it is suitable for electromagnetic protection facilities that require a minimum level of
shielding performance, such as those designed to protect critical equipment from high-
power electromagnetic threats.

2. SE of Enclosure with Aperture

The shielding performance of the conductive enclosures is determined by three ele-
ments, as illustrated in Figure 1. The first one is the effect of the material itself and the other
two are the effects of the enclosure’s structure. Shielding by reflection (R), absorption (A),
and multiple reflection (B) is the effect of the material itself, while shielding by leakage
through aperture and resonance is the effect of the structure [8-10,13].

Aperture Effect Enclosure Resonacne Effect
SE = A+ R+ B — Leakage Effect — Standing wave Effect (1)
———
Material Effects Structure Effects

where A represents the effect due to absorption by the material, R denotes the effect due
to reflection at the material’s surface, and B refers to the impact of multiple reflection
losses [11].
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Figure 1. Electromagnetic shielding mechanism of practical metallic enclosures with apertures [8-10].

This section investigates the shielding effectiveness of enclosures with apertures
through simulation. Figure 2 illustrates the structures used to analyze the shielding effec-
tiveness of an enclosure with an aperture of size [ x 10 mm?. Figure 2a shows a structure
with a vertically oriented aperture placed on an infinite metallic plane, while Figure 2b
depicts a vertically oriented aperture located on one side of a metallic enclosure. The
incident electromagnetic wave is a plane wave with horizontal polarization, striking either
the infinite plane or the enclosure perpendicularly. In Figure 2, the probe position, where
the electric field strength and shielding effectiveness were calculated, is located 4.5 m
away from the aperture in the horizontal direction for the infinite plate. In the case of
the shielding enclosure, the observation point is the center of the enclosure, where the
distance from the aperture remains the same at 4.5 m. The electric field strength at the
observation positions was analyzed using a numerical analysis tool CST MWS [18], and
the shielding effectiveness was subsequently calculated. The consistency of the simulation
results for metallic enclosure structures obtained using CSW MWS with the measured
shielding effectiveness has been validated in previous research [10].

Observation Point
center of enclosure)

(a) (b)

Figure 2. Structures of infinite conductive plane and enclosure with an aperture: (a) Aperture on
infinite metallic plates; (b) Metallic enclosure with an aperture.

Figure 3 illustrates the trends in shielding effectiveness for an infinite plane and an
enclosure with an aperture. The solid line represents the shielding effectiveness of the
infinite plane, while the dotted line indicates the effectiveness of the enclosure. As shown
in Table 1, the shielding effectiveness of the infinite metallic plane decreases up to the
resonance frequency range of the aperture. Although the overall trend for the enclosure
with the same aperture is similar to that of the infinite plane, variations arise from the
enclosure’s resonances, ultimately leading to reduced shielding effectiveness.
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Figure 3. Analysis results of shielding effectiveness for infinite plane and enclosure with aperture.

Table 1. Resonant frequencies according to aperture length.

Length [mm] 50 100 200 300 500
Resonance Frequency [MHz] 3000 1500 750 500 300

In practical metallic structures, any form of aperture permits electromagnetic fields to
enter, which can lead to resonance within the enclosure. Furthermore, the shape and size
of the aperture can induce its own resonance, resulting in increased electromagnetic fields
penetrating the enclosure around the resonant frequency range. To mitigate the impact of
electromagnetic fields caused by the structure, it is essential to minimize the number of
apertures and reduce the standing waves generated inside.

3. Proposed Structure and Analysis

This paper proposes a “dual-metal-panel shielding structure with embedded compos-
ite absorbers” that maintains a certain level of shielding performance even when apertures
are present in the shielding structure. As illustrated in Figure 4, the proposed design
consists of an enclosure with dual shielding panels, each featuring apertures, allowing for
an examination of whether shielding effectiveness is preserved in the presence of unin-
tended apertures. Three apertures of the dual-metal-panel shielding structure are located
at different positions on the inner and outer metal panels. The size of the metallic enclosure
is 0.8 x 0.6 x 0.5 m?, and the dimensions of the horizontally positioned aperture on the
panel exposed to the external electromagnetic field are 100 x 10 mm?, with a conductor
thickness of 3 mm. The gap between the dual metal panels is denoted as 4 mm, and the
distance between the apertures on the inner and outer panels is 125 mm, measured from
the center of the apertures.

In this study, to account for the worst-case shielding effectiveness scenario, the plane
wave was configured to incident perpendicularly on the surface containing apertures, with
the electric field polarization oriented perpendicular to the maximum length direction of
the aperture. To assess the electromagnetic shielding effectiveness of the enclosure with
apertures, a plane wave was employed as the incident electric field, specifically using
vertical polarization to examine the effects of the apertures. Since the apertures are oriented
horizontally on the enclosure, the vertical component of the electric field results in the
lowest shielding characteristics. The analysis frequency range is from 1 MHz to 3 GHz, and
the electric field at the center of the enclosure was analyzed using numerical simulation
tools, allowing for the calculation of shielding effectiveness. The parameters used in the
simulations considering the worst-case scenario are provided in Table 2.
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Figure 4. Enclosure structure with apertures at different positions on inner and outer metal panel:
(a) Dual-metal-panel enclosure without absorber; (b) Dual-metal-panel enclosure with absorber.

Table 2. Parameters for calculating the shielding effectiveness of enclosure with absorber.

Value
0.6 X 0.5 x 0.8 m°>

Simulation Parameter

Size of Enclosure

3 mm

Thickness of Enclosure’s Metal Panel
0.1 x 0.01 m?

Size of Aperture
Dielectric Absorber

Eccorsorb LS Series [18]
FSA300 [19], FS170 [20] & MF190 [21]
Center of Enclosure

0.001~3 GHz

Absorber -
Magnetic Absorber

Observation Point for Electric Field

Frequency Range

In this study, shielding performance was enhanced using a composite absorber, con-
sisting of a dielectric absorber and a magnetic absorber, to improve the shielding effect
across a broader frequency range. Laird’s product [19] was used as the dielectric absorber,
while magnetic absorbers from Laird, GSS [20], and DMEGC [21] were employed to en-
hance shielding performance in the low-frequency range. The complex permittivity and
permeability of the Laird absorber are provided in CST MWS, while the complex perme-
ability of the GSS and DMEGC magnetic absorbers was measured and is presented in
Figure 5. To assess the effectiveness of the absorbers in improving shielding performance,
numerical analysis was conducted, evaluating different absorber types, thicknesses, and

arrangement methods.
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Figure 5. Complex permittivity of magnetic absorber [7]: (a) FSA300; (b) FS170.
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4. Simulation and Result Analysis

In this paper, the shielding effectiveness of a dual-metal-panel enclosure with an
arbitrary aperture, to which a composite absorber comprising both dielectric and magnetic
materials is applied, was analyzed using CST MWS [18]. Additionally, Equation (2) was
employed to assess the shielding effectiveness when the absorber is placed within a dual-
metal-panel enclosure featuring an aperture, compared to the scenario where no metallic
enclosure is present.

SE = 201og(E“’/“E”C) )
Enc w Abs
where E;, /, g Tepresents the electric field intensity at the center of the enclosure when no
enclosure is present, while Eg,,. ;, aps denotes the electric field intensity within the enclosure
when an absorber is embedded within a dual-metal-panel enclosure. Since a plane wave is
employed as the incident wave, the electric field value, E;,/, gy, is set to 1 V/m when there
is no enclosure.

In this section, the electric field inside a dual-metal-panel shielding enclosure with
an aperture of the same dimensions (100 x 10 mm?) was analyzed, with the apertures
positioned at different locations on the inner and outer panels of the dual-panel enclosure,
as shown in Figure 4. The shielding effectiveness was calculated using Equation (2).
Additionally, the shielding effectiveness was compared to the case where the aperture
of the same size was located at the center of a single-metal-panel enclosure, serving as
a reference.

4.1. Dielectric Absorbers

To enhance the shielding effectiveness of enclosures with apertures, dielectric ab-
sorbers, which are commonly used as countermeasures against electromagnetic interference,
were employed in this study. Figure 6 analyzes the impact of the type of absorber (Laird’s
Eccosorb: LS20, LS22, LS24, and LS26) and thickness (specifically LS26 at d = 10 mm,
20 mm, and 30 mm) when the dielectric absorber is placed inside a dual shielding struc-
ture with apertures. The insertion loss of the Eccosorb absorber [19] follows the order
LS20 > LS22 > LS24 > LS26, with the loss increasing as the model number increases.
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Figure 6. Shielding property of the dual-metal-panel enclosure with dielectric absorber: (a) Effects of
absorber type with thickness of d = 10 mm; (b) Effects of absorber thickness.

Figure 6a illustrates the shielding effectiveness based on the type of absorber. When
the apertures are positioned differently on the inner and outer metal panels, the electric field
entering through the apertures of the outer shielding panel passes through the absorber to
the aperture of the inner panel, resulting in a reduction effect corresponding to the insertion
loss of the absorber. Consequently, a greater insertion loss of the absorber leads to a more
significant reduction in the electric field. Additionally, as the frequency increases, the
relative distance becomes longer, further diminishing the electric field. When LS20, LS22,
LS24, and LS26 are applied in the GHz band, the approximate levels of electromagnetic
attenuation are around 50 dB, 70~100 dB, 80~140 dB, and 100~180 dB, respectively.

Figure 6b illustrates the shielding effectiveness based on the thickness (d) of the
absorber. The thickness of the absorber, or the spacing between the inner and outer panels,
does not appear to significantly impact the shielding effectiveness. In the case of a dual-
metal-panel shielding structure with apertures, the electromagnetic field incident through
the aperture on the outer panel propagates into the dual-metal-panel shielding structure
and enters the interior of the enclosure through the aperture on the inner panel. The
electromagnetic field that enters through an aperture on the outer panel is attenuated by
the absorber within the structure. Since the electromagnetic field is attenuated by the
absorber located between the inner and outer apertures, variations in absorber thickness
have a minimal impact on the overall shielding performance.

However, the reduction effect remains relatively insignificant below GHz. This is
attributed to the fact that the absorber used is designed to operate in the GHz band,
resulting in minimal loss in the frequency range below GHz.

4.2. Magnetic Absorbers

To enhance the shielding effectiveness in frequencies below the GHz range, a magnetic
absorber designed to operate at low frequencies was proposed. In the dual-metal-walled
shielding structure with apertures, when the positions of the apertures on the inner and
outer panels differ, a magnetic absorber is placed inside the structure, and the electric field
strength is measured at the center of the enclosure. The absorbers used in the analysis
include magnetic types (FSA300, FS170, and MF190), each with a thickness of 20 mm, which
corresponds to the spacing of the dual-metal-panel shielding structure. The permeability
of the magnetic absorbers used in this study was highest for FSA300 [20], followed by
FS170 [21] and MR190 [19]. As shown in Figure 7a, it was confirmed that the loss induced
by the magnetic absorbers is proportional to their permeability.
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Figure 7. Shielding effectiveness of the dual-metal-panel enclosure with magnetic absorber: (a)
Effects of absorber type with thickness of d = 20 mm; (b) Effects of absorber thickness.

Figure 7a illustrates the shielding effectiveness at the center of the enclosure based
on the type of magnetic absorber used. The application of a magnetic absorber enhances
the attenuation of the electromagnetic field in the low-frequency band. Particularly, the
reduction level at the first resonant frequency (300 MHz) of the enclosure varies by absorber
type: approximately 69 dB for FSA300, 58 dB for FS170, and about 35 dB for MF190.
Interestingly, when magnetic absorbers are used, the SE increases significantly in the
frequency range below 1 GHz, compared to dielectric absorbers as shown in Figure 6a.
This is due to the higher permeability of the magnetic absorbers, as illustrated in Figure 4.

Figure 7b illustrates the variation in shielding effectiveness based on the thickness of
the magnetic absorber placed inside the dual metal walled shielding structure. FSA300
was used as the absorber, with thicknesses adjusted in 10 mm increments from 10 mm to
30 mm. As shown in the figure, when the absorber is positioned in a dual-metal-panel en-
closure with apertures at different locations, changes in absorber thickness, similar to those
observed with dielectric absorbers, do not appear to significantly affect the electromagnetic
field attenuation characteristics.

4.3. Composite Absorbers

From the previous analysis results, it was found that dielectric absorbers improve
electromagnetic field reduction effects in frequency ranges above GHz, while magnetic
absorbers show improvement in frequency ranges below GHz, particularly at resonant
frequencies. Reflecting these analysis results, a structure incorporating a composite absorber
composed of both dielectric and magnetic absorbers was proposed, and the shielding
effectiveness was analyzed. The GHz band absorber used was Eccosorb LS 26 provided by
Laird, while magnetic absorbers FSA300, FS170, and RF190 were employed. The spacing
of the dual-metal-panel shielding structure was set at 20 mm, with absorbers applied at a
thickness of 10 mm each.

Figure 8 shows the shielding effectiveness at the center of the enclosure when a plane
wave with vertical polarization is incident on a surface with an aperture. The application
of the composite absorber demonstrates a reduction effect of at least approximately 50 dB
across the entire frequency range, including the low-frequency band. This trend is similar
to the results shown in Figure 7, where only the magnetic absorber (FSA300 at 20 mm)
was applied. Specifically, considering the thickness of the magnetic absorber (10 mm) for
FSA300, the reduction performance in the resonant frequency range below GHz is relatively
small. However, in the GHz band, the composite absorber (LS26 at 10 mm and FSA300 at
10 mm) shows slightly improved performance compared to FSA300 at 20 mm. This suggests
that in the GHz band, LS26 contributes to a greater reduction of electromagnetic waves.
This study indicates that both dielectric absorbers (for the high-frequency range) and
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magnetic absorbers (for the low-frequency range) must be applied simultaneously in the
proposed structure to enhance the shielding effectiveness across a broader frequency range.
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Figure 8. Analysis results of the dual-metal-panel enclosure based on type of composite absorber
with total thickness of 20 mm.

4.4. SE According to Distance Between Apertures

In the dual-metal-panel structure, it is necessary to confirm that the shielding effec-
tiveness is primarily influenced by the distance between the apertures rather than the
thickness of the inner absorber. To this end, the effect of the distance between the apertures
on the inner and outer panels, as shown in Figure 9, was analyzed by varying the distance
between the apertures in the outer conductor of the double shielding panel structure. This
analysis aimed to interpret its impact on shielding effectiveness.
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Figure 9. Enclosure with varying distances between the apertures on the outer metal panel.

The variation in the electric field inside the enclosure was analyzed based on the
distance between the apertures located on the outer panel of the dual-metal-panel structure,
while the aperture on the inner panel remained fixed at the center. Eccosorb LS 26, with
a thickness of 10 mm, was used as the embedded absorber. The distances (/) between the
apertures on the outer panel were examined for configurations of 50 mm, 100 mm, 150 mm,
and 200 mm.

Figure 10 illustrates the shielding effectiveness at the center of the enclosure in relation
to the varying distance between the apertures on the outer panel of the dual-metal-panel
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shielding enclosure. As the distance between the apertures increases, the shielding ef-
fectiveness improves significantly. This indicates that when an aperture is present at a
different location on the inner and outer shielding panels, the electric field entering through
the aperture of the outer shielding panel travels through the absorber to the aperture of the
inner shielding panel. Consequently, as the distance between the outer and inner apertures
increases, the electric field strength inside the enclosure decreases, leading to an enhanced
shielding performance.
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Figure 10. Analysis results of dual-metal-panel enclosure due to varying distances between the

apertures on the outer metal panel.

Next, the electric field inside the enclosure was calculated with the apertures posi-
tioned at the inner and outer panels, as shown in Figure 11, while adjusting the distance
between the two apertures based on the center of the enclosure surface. Eccosorb LS 26 was
used as the embedded absorber in the dual-metal-panel shielding structure. The analysis
focused on configurations where the distance (I) between the openings on the inner and
outer panels was set to 0 mm, 50 mm, 100 mm, and 150 mm.
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Figure 11. Enclosure with varying distances between apertures on the outer and inner metal panels.

Figure 12 shows the shielding effectiveness at the center of the enclosure in relation
to the varying distances between the apertures on the inner and outer panels of the dual-
metal-panel structure. Consistent with the results presented in Figure 10, the shielding
effectiveness appears to increase significantly as the distance between the apertures widens.
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Specifically, as the distance between the outer and the inner apertures increases, the electric
field strength inside the enclosure decreases, resulting in improved shielding effectiveness.
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Figure 12. Enclosure with varying distances between the apertures on the outer metal panel.

However, if the apertures on the inner and outer panels are aligned, the electric field
entering the aperture of the outer panel passes through the relatively thin absorber and
enters the enclosure through the aperture of the inner panel. This configuration leads to
resonance, resulting in diminished shielding effectiveness that is comparable to that of a
single-panel enclosure structure.

In actual shielding facilities, multiple conductive panels are connected to create the
structure. During construction, inadequate electrical connections between the panels can
result in gaps, and over time, elongated slot-shaped gaps may develop at the junctions
between the panels. It is confirmed in Figures 10 and 12 that the application of dual metal
panels with embedded composite absorbers in these shielding structures can maintain a
significant level of shielding effectiveness.

5. Conclusions and Discussion

Apertures are widely recognized as essential components in conductive enclosures,
serving various purposes such as air ventilation, power and signal cabling, and operator
access. When an electromagnetic field interacts with an enclosure that has apertures, it
penetrates through these openings and interacts with the enclosure’s resonance proper-
ties, generating an internal electromagnetic field. In metallic enclosures, even minimal
electromagnetic transmission can induce a significant electric field at resonant frequencies,
posing a potential threat to internal equipment. To mitigate this issue, it is advisable to first
minimize the number of apertures and subsequently adjust the resonance properties of the
enclosure using electromagnetic absorbers.

In this paper, a dual-metal-panel shielding enclosure incorporating a composite ab-
sorber composed of dielectric and magnetic materials is proposed to maintain and enhance
the shielding performance of the facility. The effectiveness of this structure was verified
through simulation.

While the mechanism by which the electromagnetic field, incident through the external
aperture, causes resonance within the shielding structure and subsequently enters the inte-
rior of the shielding enclosure through the internal aperture remains the same, the presence
of the absorber inside the dual-metal-panel shielding structure significantly reduces the
strength of the electromagnetic waves. As a result, the intensity of the electromagnetic field
entering the shielding enclosure is considerably diminished.

The use of dual-metal-panel shielding structures with embedded absorbers is more
costly than single-metal-panel designs. However, this approach provides more reliable
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shielding performance. Required effectiveness can be maintained as long as unintentional
apertures do not coincide. If they do, increasing the absorber’s loss or thickness can still
achieve the desired shielding. To further enhance effectiveness while minimizing the impact
of unintended apertures, dividing the dual-panel structure into manageable sections can
improve performance and facilitate maintenance. Staggering the shielding plates during
fabrication may also prevent coinciding apertures, enhancing the overall performance of
the dual-shielding structure.

Further research is needed to enhance the shielding effectiveness of conductive en-
closures with apertures, focusing on exploring different absorber configurations and im-
proving the performance of the absorbers. To this end, simulations will be conducted to
analyze various structural configurations, including different types and placements of
apertures, as well as the types and arrangements of absorbers. Additionally, the shield-
ing effectiveness of metallic enclosures with apertures will be further evaluated through
experimental measurements.
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Abstract: Aiming at the significant needs of flexible DC converter valve applications in high-altitude
areas, we investigate the effect of atmospheric neutrons on the failure rate of key core power devices
in three kinds of converter valves, namely IGBTs, thyristors, and diodes. The safe working voltage
boundary of the devices is obtained, and the failure rate caused by atmospheric neutrons in the
real working environment of the power devices is calculated according to the results of the ground-
accelerated irradiation test of atmospheric neutrons and the atmospheric neutron environment under
the actual working conditions. The test results show that the failure rate of IGBTs, thyristors, and
diodes caused by atmospheric neutrons is greatly affected by the blocking voltage, and the larger
the blocking voltage is, the higher the failure rate of the device is. The research results can provide
a basis for the design of the operating voltage of key core power devices of flexible DC converter
valves and guide the evaluation of the failure rate and engineering design of the electronic system of
DC ultra-high-voltage power transmission and transformation converter stations in the high-altitude
environment of the Qinghai-Tibet Plateau.

Keywords: IGBT; thyristor; diode; atmospheric neutron; single-event burnout; failure rate

1. Introduction

In alignment with the national dual-carbon strategy, energy consumption in China
is set to rapidly transition towards a green, low-carbon model. This shift will involve the
large-scale harnessing of clean energy sources such as wind, solar, and hydroelectric power,
particularly in the western regions of the country. Flexible direct current (DC) transmission
technology is expected to play a crucial role in the efficient transmission of this new energy.
However, the western region of China presents unique challenges due to its high altitude.
Notably, there are currently no existing flexible DC transmission projects completed at
altitudes above 2000 m, either domestically or internationally. Furthermore, there is a lack
of data on cosmic ray atmospheric neutron tests conducted on the power devices of flexible
DC converter valves [1-7]. The forthcoming results from these tests will be instrumental in
advancing both domestic and international research in this field.

The flexible DC converter valve is the central component of the DC transmission
system, utilizing key core power devices such as IGBT, thyristor, and diode valves to
achieve AC/DC conversion. However, increasing altitude and latitude result in a rise in
neutron flux, posing significant challenges. For instance, China’s western region, which is
generally at a higher altitude, experiences an atmospheric neutron flux over 20 times that
of Guangzhou. Operating power devices at high altitudes using the same standards as in
the plains may exacerbate failure problems due to cosmic rays and atmospheric neutrons.

In areas of high cosmic ray and neutron radiation, the phenomenon of degradation
or failure of individual electronic components or material particles due to impact by
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energetic particles (e.g., neutrons, protons, etc.) is known as single-event burnout (SEB).
This phenomenon is particularly important in power electronic equipment at high altitudes,
where the neutron flux increases significantly, which can lead to reliability and safety issues,
directly impacting the safety and stability of the DC transmission system. To address this
issue, accelerated irradiation tests can be conducted in a laboratory setting, where power
devices are exposed to neutron flux for periods ranging from a few hours to decades [8-11].
The results of these tests can directly inform engineering design, making it highly efficient
and effective in ensuring the reliability of power devices in high-altitude environments.
In 2013, Merlin et al. used the LiCAF neutron detector for high-latitude atmospheric
neutron measurements [12], and in 2022 Akin et al. conducted a study of SiC power device
failure due to atmospheric neutron irradiation, and in their results, the devices did not fail
significantly at neutron fluxes less than 10'° n/cm? [13]. This research addresses the critical
need for versatile DC converter valve implementation in high-altitude regions by inves-
tigating the impact of atmospheric neutrons on the failure frequency of essential power
core devices in three types of converter valves: IGBTs, thyristors, and diodes. Using data
from atmospheric neutron ground-accelerated irradiation tests and atmospheric neutron
environment assessments, this study calculates the failure rate of these devices under actual
working conditions. The safe working voltage limit for each device is determined, reveal-
ing that the failure rate of IGBTs and thyristors is significantly influenced by the blocking
voltage [14-16]. Specifically, the failure rate increases proportionately with an increase in
blocking voltage. These findings provide a foundation for establishing optimal operating
voltages for critical power devices in flexible DC converter valves. Furthermore, they offer
valuable insights for assessing failure rates and guiding the engineering design of elec-
tronic systems in DC ultra-high-voltage power transmission and transformation converter
stations, particularly in the high-altitude environment of the Qinghai-Tibet Plateau.

2. Materials and Methods

The irradiation tests were carried out on the Atmospheric Neutron Irradiation Spec-
trometer (ANIS) test bed based on the China Scattered Neutron Source (CSNS); the altitude
of Dongguan, where the platform is located, is about 0-50 m above sea level. The neutron
energy range of the atmospheric neutron irradiation spectrometer test platform covers
meV~GeV, and the shape of the neutron energy spectrum in its samples is close to that
of the natural atmospheric neutron energy spectrum, but the neutron flux is increased
by a factor of 1.65 x 108 times compared with that at sea level so that it can accelerate
the equivalent simulation of the effect of the natural atmospheric neutrons on the power
devices. The comparison of the neutron energy spectrum of the test platform with that of
the natural atmosphere is shown in Figure 1. The main parameters of the irradiated test
source are shown in Table 1. A list of the main equipment for the experiment can be found
in Table 2, and the experimental site plan is shown in Figure 2.
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Figure 1. Comparison of the neutron energy spectrum of the irradiated test platform with the neutron
energy spectrum of the natural atmosphere.
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Table 1. Atmospheric neutron irradiation test platform main parameter.

Parameter Name Parameter Index
Energy range meV~GeV
Neutron irradiation spot area 20 cm x 15 cm
Neutron flux at sample (Energy above 10 MeV) 4.7 x 10°/n/cm? /s

Table 2. List of major equipment and its model.

Equipment Name Equipment Model
Atmospheric Neutron Irradiation Spectrometer ANIS
High-voltage DC power supplies DSP
High- and low-temperature box NT125-55AS

(b)

Figure 2. Three devices’ experimental field diagram: (a) IGBT chip; (b) diode chip; (c) thyristor chip.

In the process of the atmospheric neutron acceleration and irradiation test, it is neces-
sary to bias the power device in the high-voltage blocking state and monitor its off-state
current in real-time, and its test principle is shown in Figure 3. In the figure, from left
to right, the scattering neutron source, the sample to be tested and the fixture, the multi-
channel test platform, and the high-voltage DC power supply are shown in order. During
the irradiation test, the samples and fixtures to be tested are placed in the irradiation room,
and the test equipment (including the high-voltage DC power supply, the multi-channel
test platform, the computer, etc.) and the testers are in the test room. The high-voltage
power supply is connected to the multi-channel test platform and then connected to the
sample to be tested through a cable of more than 30 m to supply power to it.

To enhance experimental efficiency, accelerated testing involves irradiating multiple
devices simultaneously. During the test, all devices are connected in parallel and powered
by a high-voltage source. If a device experiences a single-event burnout, it loses its blocking
capability and exhibits a short-circuit characteristic. This failure can prevent the other
parallel-connected devices from being properly energized. Therefore, it is necessary to
disconnect the failed device branch from the power supply. In order to achieve the above
purpose, a multi-channel test platform is used to realize parallel testing of multiple samples.
The multi-channel test platform mainly consists of a control circuit board, current sensors,
and relays. Each sample to be tested is connected to the same high-voltage power supply
through the sensor and relay and then irradiated at the same time [17-19]. When a sample
fails, the sensor detects a change in the corresponding current and sends a signal to the
control circuit, which then controls the relay to disconnect from the high-voltage power
supply, thus ensuring that the voltage is only applied to the non-failed sample.
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Figure 3. Diagram of the experimental setup for the atmospheric neutron irradiation test, where the
irradiation room is on the left and the test room is on the right.

During irradiation, a sample is considered to have failed if there is an instantaneous
surge in off-state current and a loss of blocking capability. One failure event is recorded if a
sudden surge in off-state current of 100 mA is detected during irradiation. After calculating
the neutron flux at 29.79° N, 97.71° E, and 4000 m above sea level, the neutron flux above
10 MeV that may lead to the failure of the power device is 116 n/cm?/h. According
to the requirement that the failure rate of the thyristor device is not higher than 50 FIT,
i.e., 50 samples are failing in 1 x 10 device hours, 5 chips are selected and irradiated at
the same time. Galvanic irradiation, and then the total irradiation of each test chip, is
approximately as follows:

116 n/em?/h x 1 x 10° h/(5 x 50) = 4.64 x 10® n/cm?

Therefore, when the thyristor chip is used to carry out the test, the maximum neutron
injection during the test is set at 4.64 x 108 n/cm?, and the irradiation test can be stopped
even if there is no device failure when the cumulative neutron injection during the test
reaches 4.64 x 10% n/cm?. The atmospheric neutron accelerated irradiation test is carried
out under selected temperature and voltage conditions, and the test obtains the failure
rate at different voltages and temperatures. Since the average temperature in Tibet is
3-17 °C, we conducted the experiment at a lower temperature of 5 °C to restore the
temperature of the real application scenario; the irradiation test is carried out at a minimum
of 5 different voltages for each sample, and the neutron irradiation injection and bias
voltage chosen for the experiment are the result of a combination of experimental conditions
and recommendations from the literature [13].

A matching fixture is designed for the test sample. The fixtures are used to hold the
samples to be tested and to ensure that the neutrons are incident vertically on the samples.
The fixture is also used to lead out the charging port of each sample. Among them, the
IGBT chip and the diode chip share a common set of fixtures. The cross-sectional size of
all the samples mounted in the fixture does not exceed the size of the neutron beam spot
for the test (20 cm x 15 cm). Through laser positioning, it is ensured that the neutron
beam spot can cover all the samples to be tested. Throughout the test, the samples to be
tested were placed in a high- and low-temperature chamber, which was set at a constant
temperature of 5 °C. The chamber had a 40 cm x 40 cm space for the sample to be tested.
A 40 cm x 40 cm glass viewing port is left in the chamber, through which the neutrons
irradiate the sample to be tested.
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Record the number of samples r for which failure occurred during the irradiation test
and record the total effective sample injection Ts;;p1 (neutron injection with energy above
10 MeV):

TSUM = Z”i (1)

where i is the ith test sample, #; is the neutron injection at the time of failure of the ith
sample, or n; is the cumulative neutron injection at the time of stopping the beam if no
failure of this sample occurs. Thus, the accelerated test failure rate A 4cc is as follows:

Aacc =1/Tsum ()

Based on the number of sample failures r recorded in the accelerated irradiation test,
the corresponding confidence interval for the failure rate can be calculated as follows:

(2Tsum) X3 5(2r) < Aacc < (2Tsum) ™ 'X5_,/»(2r) 3)

where X? is the chi-square function with a degree of freedom of 27; Tsyys is the total neutron
injection of the effective sample. The confidence intervals are all calculated in this report
according to the 95% confidence level, which corresponds to the 95% confidence level of
o = 5%. The actual device failure rate A4cc is obtained by multiplying the failure rate
Aacr obtained in the test by the average neutron flux @, (energy above 10 MeV) in the
actual environment:

AAcrR = Aacc X Pn 4)

Based on the results of the accelerated irradiation test, the device failure rates corre-
sponding to 4000 m above sea level, 2000 m above sea level, and sea level are calculated
in this work. In particular, the natural atmospheric neutron flux ($n) above 10 MeV
varies significantly with altitude. At an altitude of 4000 m, the flux is calculated to be
116 n/cm? /s. This value decreases to 32 n/cm? /s at an altitude of 2000 m. At sea level, the
neutron flux further diminishes to 6.2 n/cm?/s. These calculations highlight the inverse
relationship between altitude and neutron flux, with higher altitudes experiencing greater
neutron activity.

3. Results and Discussions

Figure 3, showing the results for the IGBT chips, depicts the irradiation tests that
were carried out under five voltage conditions, 2000 V, 2050 V, 2100 V, 2200 V, and 2300 V,
respectively, at 5 °C. When the IGBT chips were operated at 2000 V, no failure was observed
in the tests, and the failure rate at 4000 m above sea level was less than 0.96 FIT; when they
were operated at 2050 V, the failure rate of a single chip was 1.96 FIT at 4000 m above sea
level. The test results of the IGBT chip and the failure rate calculation results are shown
in Table 3, and the atmospheric neutron failure rate of the IGBT single chip at different
altitudes is shown in Figure 4.

Table 3. Statistics of IGBT chip failure due to atmospheric neutron irradiation at different bias voltages.

No. Voltage (V) Number of Nurflber of Total !Eff(?ctive Neutron
Samples Failures Injection (n/cm?)
1 2000 30 0 1.21 x 101!
2 2050 30 2 1.18 x 1011
3 2100 30 3 1.13 x 101
4 2200 30 11 7.83 x 1010
5 2300 37 23 3.54 x 1010
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Figure 4. Curve of IGBT chips’ failure rate versus bias voltage due to atmospheric neutron irradiation
at different altitudes (temperature = 5 °C).

According to the cosmic ray failure rate model for power devices proposed by
Zeller et al. [9], the SEB failure rate is exponentially related to the applied voltage. The
parameters a and b in the failure model require experimental testing, as they vary across

different device models. \
(T)

)\(T, VDC) = LZ(T)Ei% (5)

In this context, A represents the failure rate, and Vpc is the applied direct current
voltage. The SEB failure caused by cosmic rays is inherently random. For a given voltage,
temperature, and altitude, the failure rate remains constant throughout the device’s lifecycle.
High-speed proton irradiation tests are used to simulate atmospheric cosmic ray exposure,
allowing for a rapid determination of the thyristor SEB failure rate. To prevent unexpected
results and enhance the accuracy of the failure rate experiments, 3-5 samples are tested
under each set of conditions. The average failure rate is calculated to represent the failure
rate of the wafer or device under those conditions. The formula for calculating the average
failure rate FR is as follows:

.

_ 12
FR = (m—r)xAP+2;:1AFiX3'6X1O FIT (6)

In this context, r represents the number of failures observed under a specific irradiation
condition in the experiment, while m denotes the total number of device samples under the
same condition; both r and m are measured in units. AF is the equivalent experimental time,
calculated as the ratio of the total fluence of non-failed devices to the atmospheric neutron
flux in the actual application environment. AFi is the ratio of the total fluence for the ith
device during the experiment to the atmospheric neutron flux in the actual application
environment, measured in seconds. The neutron irradiation test results were processed
using the formula for calculating the average failure rate of devices, yielding the failure
rate of the IGBT chip under neutron irradiation, as shown in Table 4. In the experimental
process, due to the device failure at a lower bias voltage, a single experiment time is too
long; with regard to the device residual radiation hazards, taking into account the safety
of experimental personnel and the reliability of the experimental equipment, when the
bias voltage of the device does not fail, we will consider increasing the bias span for the
experiment, making it easy to find the voltage value of the failed device. At the same time,
in the vicinity of the voltage in which failure of the device occurred, we will then carry out
an adjustment of the voltage up and down. At the same time, in the vicinity of the device
failure voltage value, we will then conduct the experiment within the time interval, that
is, consider increasing the bias span for the experiment, which is the reason why our test
voltage is not exact according to the same step [20].
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Table 4. Statistical results of chip failure rate of IGBT chips due to atmospheric neutron irradiation

with altitude at different bias voltages.

. 4000 m Failure . 2000 m Failure . Sea Level Failure
Failure Rate . Failure Rate . Failure Rate .
Voltage Rate Confidence Rate Confidence Rate Confidence
at 4000 m at 2000 m at Sea Level
V) (FIT) Interval (FIT, (FIT) Interval (FIT, (FIT) Interval (FIT,
95% Confidence) 95% Confidence) 95% Confidence)
1 2000 <9.60 x 1071 / <2.65 x 1071 / <5.13 x 1072 /
-2
2 2050 1.96 238 x 1071,546 541 x 107! 655x1072,1.51  1.05 x 107! 127 10,1'
292 x 10
-2
3 2100 3.08 6.35 x 1071,741 849 x 107!  1.75x1071,2.04 1.64 x 107! 232 i ig,l'
4 2200 16.3 8.13,27.2 4.49 2.24,7.51 871 x 1071 435 x 1071, 1.46
5 2300 75.4 47.8,109 20.8 13.2,30.1 4.03 2.56,5.84

For the built-in diode chip of 4500 V /3000 IGBT, ten voltage conditions of 2100 V,
2150V, 2200 V, 2250 V, 2300 V, 2700 V, 2800 V, 2900 V, 3000 V, and 3100 V were selected at
5 °C for the irradiation test. No failure was observed when the diode chip was operated
below 2150 V. The failure rate of a single chip at 2200 V, corresponding to an altitude of
4000 m, was 8.58 FIT. At the same voltage of 2200 V, the failure rate of the diode chip was
half that of the IGBT chip. The test results of the diode chip are recorded, and the failure
rate is calculated as shown in Table 5. The calculated results of atmospheric neutron failure
rates of built-in diode chips at different voltages are shown in Table 6. The curves of the
atmospheric neutron failure rate of the diode single chip with different voltages at different
altitudes are shown in Figure 5.

Table 5. Statistics of diode chips’ failure due to atmospheric neutron irradiation at different bias voltages.

No Voltage (V) Number of Number of Total Effective Neutron
) 8 Samples Failures Injection (n/cm?)
1 2100 15 0 5.94 x 1010
2 2150 15 0 5.92 x 1010
3 2200 15 3 4.05 x 101
4 2250 15 4 1.44 x 10'°
5 2300 15 10 2.78 x 1010
6 2700 15 12 5.46 x 10°
7 2800 15 13 1.99 x 10°
8 2900 15 14 8.32 x 108
9 3000 15 14 3.17 x 108
10 3100 15 13 1.33 x 108
10,000 ——FIT of sea level
—@—FIT of 2000 m above sea level
—A— FIT of 4000 m above sea level
10004
|
=
=3 1
> 100
)5
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=
El
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Figure 5. Curve of diode chips’ failure rate versus bias voltage due to atmospheric neutron irradiation

at different altitudes (temperature = 5 °C).
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Table 6. Statistical results of chip failure rate of diode chips due to atmospheric neutron irradiation

with altitude at different bias voltages.

4000 m Failure 2000 m Failure Failure Rate at Sea Level Failure
Voltage Failure Rate at Rate Confidence Failure Rate at Rate Confidence Sea Level Rate Confidence
V) 4000 m (FIT) Interval (FIT, 95% 2000 m (FIT) Interval (FIT, 95% (FIT) Interval (FIT,
Confidence) Confidence) 95% Confidence)
1 2100 <1.95 / <5.39 x 107! / <1.04 x 107! /
2 2150 <1.96 / <5.40 x 107! / <1.05 x 107! /
3 2200 8.58 1.77,20.7 2.37 488 x 1071,5.70 459 x 1071 9.46 x 1072,1.10
4 2250 32.3 8.79,70.7 8.90 2.43,19.5 1.72 470 x 1071, 3.78
5 2300 41.7 20,71.2 11.5 5.51,19.6 2.23 1.07,3.81
6 2700 255 132,418 70.3 36.3,115 13.6 7.04,22.3
2
7 2800 759 404, 1220 2.09 x 102 égg >><< igz’ 40.6 21.6,65.4
3 2
8 2900 1.95 x 10° Sy 5.38 x 102 2o X 1.04 x 102 57.0,1.66 x 102
3.90 x 103 1.08 x 10° 2.09 x 102
3 ’ 3 ’ 2 ’
9 3000 5.12 x 10 814 x 10° 1.41 x 10 204 % 10° 2.74 x 10 435 % 102
6.05 x 10° 1.67 x 10° 3.23 x 10?
4 ’ 3 ’ v s
10 3100 1.14 x 10 183 « 104 3.14 x 10 506 % 10° 6.07 x 10 980 « 102

For the thyristor chip, six voltage conditions, 2000 V, 2100 V, 2150 V, 2250 V, 2300 V,
and 2400 V, were selected at 5 °C for the irradiation test. No failure was observed when
the thyristor chip was operated at 2000 V. The failure rate of a single chip at 2100 V,
corresponding to an altitude of 4000 m above sea level, was 76.4 FIT. The test results of the
thyristor chip and the calculation of the failure rate are shown in Table 7, and the calculated
results of atmospheric neutron failure rates of bypass thyristor chips at different voltages
are shown in Table 8. The atmospheric neutron failure rate of the thyristor chip at different
altitudes is shown in Figure 6.

Table 7. Statistics of thyristor chips’ failure due to atmospheric neutron irradiation at different

bias voltages.

No Voltage (V) Number of Number of Total Effective Neutron
’ 8 Samples Failures Injection (n/cm?)
1 2000 5 0 1.01 x 1010
2 2100 5 3 456 x 10°
3 2150 5 5 3.71 x 107
4 2250 5 4 2.27 x 10°
5 2300 5 5 1.96 x 107
6 2400 5 3 1.81 x 100
—ll— FIT of sea level
10,000 ] —@— FIT of 2000 m above sea level
—A— FIT of 4000 m above sea level
1000 -
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Figure 6. Curve of thyristor chips’ failure rate versus bias voltage due to atmospheric neutron

irradiation at different altitudes (temperature = 5 °C).
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Table 8. Statistical results of chip failure rate of diode chips due to atmospheric neutron irradiation
with altitude at different bias voltages.

. 4000 m Failure . 2000 m Failure . Sea Level Failure
Failure Rate . Failure Rate . Failure Rate X
Voltage Rate Confidence Rate Confidence Rate Confidence
at 4000 m at 2000 m at Sea Level o
V) (FIT) Interval (FIT, (FIT) Interval (FIT, (FIT) Interval (FIT, 95%
95% Confidence) 95% Confidence) Confidence)
1 2000 <11.5 / <3.18 / <6.16 x 1071 /
2 2100 76.4 15.7,1.84 x 102 21.1 4.34,50.7 4.08 842 x 1071,9.83
3 2150 1.56 x 102 50.8, 3.20 x 102 43.2 14.0, 88.4 8.36 2.72,17.1
4 2250 2.04 x 102 55.7,4.48 x 107 56.4 15.4,1.24 x 102 10.9 2.98,23.9
9.59 x 10° 2.64 x 103 5.12 x 102
4 ’ 3 ’ 3 ’
5 2300 295 x 10 6.05 x 10* 8.14 x 10 167 x 104 1.58 x 10 323 % 103
1.02 x 100 2.81 x 10° 5.44 x 10%
5 ’ 4 ’ 4 ’
6 2400 1.92 x 10 119 x 107 5.31 x 10 328 x 100 1.03 x 10 6.35 % 105

When high-energy neutrons (>10 MeV) strike power devices such as IGBTs, diodes,
and thyristors, they cause ionizing recoils with silicon atoms in the substrate material.
This interaction generates a large number of electrons and holes locally within the de-
vice, disrupting the electric field in the space charge region and leading to single-event
burnout (SEB). This SEB, induced by high-energy neutrons, is a primary cause of device
failure [21-23]. We conducted a failure analysis on IGBTs that experienced SEB, and the
results are shown in Figure 7. Figure 7a presents the OBIRCH analysis of the damaged
area, while Figure 7b shows the SEM morphology of the damaged region.

mode det

mag O HV curr ) de det
7xJ 6500x 10.00kV 034nA 41mm SE  TLD

(b)

2 mago HV curr )
TX)° 250x 30.00kV 0.34nA 5.

Figure 7. Failure analysis of the IGBT with SEB. (a) OBIRCH analysis of IGBT. The “bright spot”
area represents the damaged region. (b) SEM diagram of the damaged region after stripping the
metal layer.

Based on the results of the accelerated irradiation test and the atmospheric neutron
environment under the actual working conditions, the failure rate caused by atmospheric
neutrons under the real working environment of the power devices is calculated. The test
results show that the failure rate of IGBTs and thyristors caused by atmospheric neutrons is
greatly affected by the blocking voltage [24]. The larger the blocking voltage, the higher
the failure rate. For IGBT chips, when working at 2000 V, the failure rate at 4000 m above
sea level is less than 0.96 FIT; when working at 2050 V, the failure rate of a single chip at
4000 m above sea level is 1.96 FIT; for a diode chip, when working at 2150 V, the failure
rate at 4000 m above sea level is less than 1.96 FIT; when working at 2200 V, the failure
rate at 2200 V is less than 1.96 FIT. For thyristor chips, the failure rate at 2000 V is less than
11.5 FIT at 4000 m. At 2100 V, the failure rate at 4000 m is 76.4 FIT.

4. Conclusions

This study simulates the single-event burnout (SEB) effects on power devices such as
IGBTs, diodes, and thyristors in flexible DC converter valves caused by high-energy neu-
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trons in the atmospheric environment using a neutron irradiation spectrometer. Accelerated
tests were conducted using an equivalent total particle injection method, confirming the
presence of SEB under neutron irradiation. The failure was characterized by a significant
increase in off-state current, leading to the loss of the device’s blocking capability. Addi-
tionally, a method for calculating the average SEB failure rate of power devices like IGBTs,
diodes, and thyristors was proposed. Results showed that the failure rate of these devices
increases with applied voltage and is positively correlated with altitude, due to the increase
in neutron flux at higher altitudes. These findings provide a reference for designing the op-
erating voltage of thyristors in flexible DC converter valves, avoiding excessive redundancy
and enhancing the reliability and cost-effectiveness of DC transmission projects.
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Abstract: In this paper, a method to predict near-field magnetic shielding effectiveness
(NSE) of ferrite sheets is proposed by measuring their relative permeability. The NSE
prediction for ferrite sheets is developed using eight regression models based on higher-
order terms of permeability, extracted through Minitab’s regression analysis using data
from the measured NSE and relative permeabilities of the ferrite sheets. To analyze the
accuracy of the predicted NSE in comparison to the measured NSE, the mean square error
(MSE) was computed. As a result, the extracted regression models enable fast and accurate
NSE predictions for ferrite sheets up to 100 MHz, achieving an MSE of less than 1.0, in
contrast to numerical simulation methods that require several hours.

Keywords: magnetic ferrite sheet; magnetic shielding effectiveness; relative permeability;
regression model; mean square error

1. Introduction

In modern electronic devices, high clock speeds, densely packed PCB layouts, and
the proximity of high-speed circuits exacerbate electromagnetic interference (EMI) issues.
Furthermore, the extensive use of wireless communication and sophisticated power man-
agement systems adds to the challenge. As concerns about EMI grow, the importance of
effective shielding and noise suppression techniques is also increasing.

Magnetic sheets, typically made from flexible magnetic materials like ferrite or metal
alloy composites, are designed to absorb and dissipate unwanted electromagnetic noise that
can interfere with electronic circuits and components as shown in Figure 1. Furthermore,
when the coupling between noisy components and susceptible components increases
due to the metallic boxes or enclosures that package them, attaching magnetic sheets
to the metallic surfaces can help reduce noise coupling caused by the induced currents
on the inner conducting plane, as depicted in Figure 2. Therefore, in an increasingly
noisy electromagnetic environment, magnetic sheets are indispensable for maintaining the
performance and integrity of electronic devices.

In particular, noise suppression sheets (NSSs) are commonly employed for reducing
and suppressing noise coupling and propagation at the GHz frequency range in modern
electronic devices. Numerous studies have been conducted on NSSs [1-5]. In addition
to their use in the GHz high-frequency range, magnetic sheets are increasingly being
employed to reduce low-frequency noise in electric vehicles [6,7]. The noise reduction
mechanisms of magnetic sheets differ between high-frequency and low-frequency ranges.
In high-frequency ranges, noise is absorbed due to the loss characteristics associated with
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the imaginary component of the permeability of the magnetic material. In contrast, in
low-frequency ranges, the real component of the permeability causes the magnetic field to
concentrate within the magnetic material, thereby converting or guiding the magnetic field
path to reduce noise coupling between the noise source and victim circuits.

L —

Ferrite sheet

Electronic device

Magnetic field —"
(a) (b)

Figure 1. Usage of magnetic sheets for a reduction in EMI in densely packed electronic devices.
(a) Without magnetic sheet. (b) With magnetic sheet.

Metallic case Metallic case Ferrite sheet

o

Induced - Induced
> current e > current

7N TN

Magnetic field Magnetic field
(a) (b)

Figure 2. Usage of magnetic sheets for suppressing noise coupling of electronic devices in metallic
cases due to the induced current on inner metal surface. (a) Without magnetic sheet. (b) With
magnetic sheet.

During the design phase of electronic devices, accurately predicting the near-field
magnetic shielding properties of magnetic sheets is essential for selecting the most suitable
materials to mitigate noise coupling. However, conventional approaches that rely on nu-
merical simulations, such as finite element analysis (FEA) or other complex computational
methods, have several limitations. These simulations often demand computational time
and resources due to the complexity of the magnetic materials and the need to model
intricate device geometries accurately. Additionally, they require specialized expertise to
set up and interpret the results effectively, making the process labor-intensive and poten-
tially impractical for quick design iterations. As a result, there is a need for more efficient
prediction methods that can provide reliable results with less effort and time investment.

In this paper, we propose a method to predict the near-field magnetic shielding effec-
tiveness (NSE) of the ferrite-based magnetic materials up to 100 MHz by measuring their
real permeability using regression analysis. To extract the eight regression models, complex
relative permeability and NSE were measured using commercial ferrite sheets. Addition-
ally, the differences or errors between the predicted NSE from the extracted regression
models and the measured NSE were analyzed using an error assessment indicator: mean
square error (MSE). The results confirmed that the proposed regression models provide
sufficiently accurate predictions of NSE in the low-frequency range up to 100 MHz. The
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proposed method achieves comparable accuracy with negligible computational time when
compared to numerical simulations.

2. Methodology

The procedure of regression analysis consists of three phases for predicting the NSE
of ferrite sheets and for verifying the accuracy of the predicted results, as illustrated in
Figure 3. In phase 1, regression models were developed using the measured permeability
and NSE data of five commercial ferrite sheets (Group #1). The regression analysis was
performed using Minitab [8]. In phase 2, the NSE was predicted using the measured
permeability data of another two commercial ferrite sheets (Group #2) as input for the
extracted regression models. In phase 3, the NSE of the ferrite sheets in Group #2 was
measured, and the accuracy was verified by comparing them with the predicted NSE. The
predicted NSE of the ferrite sheets in Group #1 used for extracting the regression models
was also compared with the measured NSE.

4[ MUTs (Group #1) ]7

MSE
Measurement

Figure 3. Flow chart of three-phase procedure for regression analysis and prediction.

Phase 1: ! Permeability MSE
Model ! Measurement Measurement
Extraction \_\L H
__________ i________ Extract Regression Models |____________________.
! by Minitab
Phase 2: i 4
MSE =
Prockitici | Permeability MSE
! Measurement Prediction
---------- JA[ MUTs (Group #2)]—----------
: Accuracy Verification
Phase 3: by MSE and FSV
Accuracy
Verification '

The prediction of NSE is made by the regression models, which were extracted through
the measured frequency-dependent permeabilities and the NSE of five commercial ferrite
sheets (Group #1). For NSE prediction, the measured permeability is required not only
for the ferrite sheet in Group #1 but also for the ferrite sheets in Group #2. The complex
relative permeability of the ferrite sheets was measured from 1 kHz to 100 MHz using
the 16454A magnetic material test fixture provided by Keysight [9]. A material under test
(MUT) with a toroidal core shape and a thickness below 3 mm was coiled with a wire.
Its relative permeability was calculated by measuring the impedance of the MUT based
on the relationship between inductance and permeability. Table 1 lists the measured real
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relative permeability at 1 MHz and the thickness of the commercial ferrite sheets used in
the analysis.

Table 1. Real relative permeability at 1 MHz and thickness of ferrite sheets used in the analysis.

Name of MUTs Real Relative Permeability at 1 MHz  Thickness !
R1 143 0.4
R2 166 0.4
Group #1 R3 273 0.2
R4 316 0.4
R5 734 0.2
P1 152 0.4
Group #2 P2 324 0.3

1 The unit is mm.

The NSE was measured using a microstrip line and loop probe [10-12]. Figure 4
shows a fabricated test fixture for magnetic shielding measurement of a thin magnetic
sheet, which consists of a test board with a 50 () microstrip line and a loop probe. The
size of the test board is 140 mm x 140 mm and the thickness is 2.0 mm with FR4 substrate
(e; = 4.3). The length and width of the microstrip line are 60 mm and 3.78 mm, respectively.
To capture the leakage near-field passing through a magnetic sheet, a magnetic loop probe
(RF-R 400-1 [13]) with a diameter is 24 mm is employed. The distance (/) between the loop
probe and microstrip line is set to be 1 mm. The size of ferrite sheets is 140 x 140 mm,
which is the same as that of the test board and is sufficiently larger than that of the loop
probe. The ferrite sheets are mounted at the center of the test board. One port of the vector
network analyzer (VNA) is connected to the microstrip line, and the other port is connected
to the loop probe. The other end of the microstrip line is terminated by 50 (2. The NSE is
defined by a ratio of two-port S-parameters between the microstrip line and loop probe as
NSE = 20 lo 210 (55l / Sél), where 551 and S%l are transmission coefficients of S-parameters
in the absence (reference) and presence (load) of the magnetic sheet, respectively. The
measured permeabilities and NSE were used as input data for Minitab’s regression analysis
to obtain the regression models.

Figure 4. Photos of fabricated test fixture for magnetic shielding measurement. (a) Reference
measurement. (b) Load measurement.
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Figure 5 shows the complex relative permeability and near-field magnetic SE (NSE)
of the R2 ferrite sheet with 0.4 mm thickness measured up to 100 MHz. The real part of
the relative permeability remains nearly constant up to 10 MHz, peaks at 20 MHz, and
then decreases linearly at higher frequencies. The imaginary part of the permeability is
close to zero up to 10 MHz, increases up to approximately 30 MHz, and then decreases.
The measured NSE closely follows the changes in the real permeability of the MUT as a
function of frequency. This indicates that the NSE is determined by the value of the real
permeability and can be predicted using the real permeability value.

220 24
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(a) (b)

Figure 5. Measurement results of R2. (a) Relative permeability; (b) Near-field magnetic shielding
effectiveness (NSE).

Eight regression models were derived using the measured real relative permeability
and NSE of five ferrite sheets in Group #1. Model #1 is a linear combination of frequency
and real permeability. Model #2 adds a square term of the permeability to this linear
combination and Model #3 includes up to a cubic term of the permeability. Model #4
includes the fourth-order term of permeability. Model #5 incorporates a square term of the
frequency into the linear combination of frequency and real permeability, and Model #6
includes both the square terms of frequency and permeability. Model #7 includes the third-
order term of permeability from Model #6, while Model #8 includes the fourth-order term
of permeability from Model #7. All models contain a linear term of thickness. As a result,
these models demonstrate the impact of higher-order terms of permeability and frequency
on the prediction accuracy of NSE. These models are determined by the coefficients in front
of each term, which are derived through Minitab’s regression analysis, and the results are
listed in Table 2.
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Table 2. Extracted eight regression models, their adjusted coefficient of determination (R-Sq(adj)),
and p-values in regression analysis.

Models Prediction Equations of NSE * R-Sq(adj) p-Value
#1 NSE = 9.03 — 0.0345 x f* 423.2 x t* 4 0.0209 x p, 89.2% 0.00
#2 NSE = 4.31 + 0.00068 x f + 25.2 x t +0.0451 x p, —0.285 x 107% x (yr)2 92.6% 0.00

— _ -3 2
4 NSE = 0.70 4 0.0234 x f 425.5 x t +0.08 x yr7 0.1343>< 1072 % (u,) 93.3% 0.00
—0.902 x 107" x (p,)
- _ _ -3 2
44 NSE = —3.14 4+ 0.042 x f +25.5 x t +0.135 x pr — 0.411 x 107° x (p,) 93.9% 0.00

+0.641 x 1076 x (p,)> —0.364 x 1079 x (u,)*
#5 NSE = 7.49 +0.05237 x f — 0.0941 x 102 x f2 4243 x t 4+ 0.0227 X 91.7% 0.00
NSE = 2.74 +0.0881 x f — 0.0946 x 1072 x f2 4 26.3 x t + 0.047 X jiy

#6 95.2% 0.00
—0.286 x 107* x ()2
_ _ -2 2
. NSE = 1.05 4 0.0926 x f 0.0872;: 1072 x £2 4264 % tj—70.0644 X pr 05.49% 0.00
—0.818 x 107* x (p,)* +0453 x 107 x (u,)
_ _ -2 2
i NSE = 0.42 4 0.0926 x f — 0.0834 x 1072 x 2+ 26.4 x t +0.0739 X ji, 05,49, 0.00

—0.129 x 1073 x (p1,)* +0.136 x 1076 x (i,)*> —0.58 x 10710 x (u,)*

r

*NSE is in dB, f is in MHz, and ¢ is in mm.

When performing regression analysis, we should check two output results as criteria
that determine the reliability of the analysis: p-value and adjusted coefficient of determina-
tion (R-Sq(adj)). The p-value measures the probability of obtaining the observed results,
assuming that the null hypothesis is true. The lower the p-value, the greater the statistical
significance of the observed difference. If insignificant independent variables are included
in the regression equation, the R-Sq(adj) decreases and is often used as a criterion for
selecting the optimal model. If the p-value is smaller than 0.05 and R-Sq(adj) is large, it
means that the regression equation is statistically significant and accurate. Table 2 also lists
the R-Sq(adj) and p-value for each model. It can be seen that the p-value for all models is
0.00, and the R-Sq(adj) for all models, except for Model #1, is above 90%, with R-Sq(adj)
increasing to 95.4% in Models #7 and #8. This indicates that the extracted regression models
are statistically significant and accurate. As higher-order terms of the permeability are
included, the R-Sq(adj) increases, but models with the fourth-order term in permeability
show similar R-Sq(adj) values to those with the third-order term. Therefore, it means that
the fourth-order term of permeability is not necessary. Additionally, models that include
the squared frequency term have a higher R-Sq(adj) compared to those that do not.

Figure 6 shows the regression analysis results for Model #6 and the residual plots for
the predicted NSE. A normal probability plot of the residuals is used to check whether the
residuals follow a normal distribution. The residuals histogram helps identify whether the
data are skewed in a specific direction or if there are any outliers. The residuals versus fits
plot is used to verify if the residuals are randomly distributed. If the plot shows a random
distribution without any consistent pattern, it suggests that the assumptions of linearity
and homoscedasticity are met. The residuals versus order plot checks whether the residuals
are independent over time; if a specific pattern appears over time, it may indicate the
presence of autocorrelation, suggesting that time-dependent factors are not accounted for
in the regression model. Consequently, the residuals for the NSE in Model #6 are randomly
distributed, follow a normal distribution, have no outliers, and are independent over time.
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Regression Analysis: NSE [dB] versus Freq]MHz], Freq2, TH [mm], MU, MU2

The regression equation is

INSE [dB] =2.74 + 0.0881 Freq[MHz] - 0.0946x102 Freq2 + 26.3 TH [mm]
+0.0470 MU - 0.00286x102 MU2

Predictor Coef SE Coef T P
Constant 2.7424 0.6203 4.42 0.000
Freq[MHz] 0.08811 0.01092 8.07 0.000
F2 -0.09461 0.01057 -8.95 0.000
TH [mm] 26.3421 0.8135 32.38 0.000
MU 0.047011  0.002435 19.31 0.000
MU2 -0.0028645 0.0002766 -10.36 0.000

S=0.817365  R-5q=954%  R-Sq(adj) =95.2%
Analysis of Variance

Source DF SS MS F P
Regression 5 1988.14 397.63 595.18 0.000
Residual Error 144 96.20 0.67
Total 149 2084.35
Residual Plots for NSE [dB]
Normal Probability Plot of the Residuals Residuals Versus the Fitted Values
99.9
99
= 90 L3 E’
§ 50 g
g 10 ;
1
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Histogram of the Residuals Residuals Versus the Order of the Data
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Figure 6. Regression analysis results for Model #6 and the residual plots for the predicted NSE.

3. Comparison and Error Analysis

3.1. Comparison

The predicted NSE for the five ferrite sheets in Group #1 and the two ferrite sheets
in Group #2 listed in Table 1 were calculated using the eight regression models. Figure 7
compares the predicted and measured NSE as a function of frequency for R1 and R2 in
Group #1, and P1 and P2 in Group #2. As previously mentioned, the NSE characteristics
up to 100 MHz can be broadly divided into three regions: a region where NSE remains
constant below 10 MHz, a region around 20 MHz with a hill-like shape, and a region above
20 MHz where NSE decreases linearly. In the constant NSE region, all prediction models,
except for Model #1, appear to show an error within 1 dB compared to the measured
NSE. In the hill region around 20 MHz, prediction models other than Model #1 provide
predictions that closely match the measured values. In the linearly decreasing region above
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NSE [dB]

NSE [dB]

NSE [dB]

NSE [dB]

20 MHz, models with only the first-order frequency term (Model #1, #2, #3, and #4) appear
to be more accurate than those including the second-order frequency term (Model #5, #6,
#7, and #8). Anyway, the regression models provide predicted NSE that reasonably match
the measured results for both the MUTs used in the model extraction and those not used in
the extraction process. Consequently, various commercial magnetic sheets are verified and
consistency is shown at the engineering level within 2 dB difference. It is confirmed that
the proposed regression models can accurately predict the NSE of ferrite sheets using only
the measured permeability values up to 100 MHz.
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(d)
Figure 7. Comparison of predicted and measured NSE versus frequency. (a) R1; (b) R2; (c) P1; (d) P2.

Additionally, the measured permeability was imported into CST Microwave Stu-
dio [14] to perform numerical simulations, and the results were compared with the mea-
sured NSE as shown in Figure 7. For R1, R2, and P1, the numerical simulation results were
approximately 2 dB lower than the measured NSE values. In the case of P2, the numerical
simulation results closely matched the measured values. Although it was challenging to
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pinpoint the exact cause of the discrepancies between the numerical and measured values,
it was likely due to differences between the actual permeability of the magnetic sheets
and the measured permeability, as well as discrepancies between the numerical simulation
setup and the measurement conditions.

3.2. Error Analysis

To quantitatively analyze the difference or error between the predicted NSE and the
measured NSE, the mean square error (MSE) was calculated [15] and compared. Figure 8
compares the accuracy of the eight regression models by calculating the MSE between
the predicted and measured NSE for the five MUTs in Group #1 (for regression) and the
two MUTs in Group #2 (for prediction) separately. As shown in Table 2, Models #1, #2,
#3, and #4 include only the linear term for frequency, while Models #5, #6, #7, and #8
include the quadratic term for frequency as well. From Figure 8§, it can be observed that
models incorporating the quadratic term for frequency exhibit smaller MSE values. For
models with only the linear term for frequency, the inclusion of higher-order permeability
terms reduces the MSE. However, higher-order terms beyond the quadratic term do not
significantly decrease the MSE. This trend also applies to models that include the quadratic
term for frequency. In conclusion, the simplest predictive model with the smallest MSE is
Model #6. For models with only the linear frequency term, the average MSE for Group #1
(Regression) and Group #2 (Prediction) fluctuates depending on the inclusion of higher-
order permeability terms. However, for models incorporating the quadratic frequency
term, the average MSE for Group #1 (Regression) is consistently smaller than that for Group
#2 (Prediction). Model #6 achieves the smallest total average MSE across all MUTs.
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Figure 8. Mean square errors (MSEs) of MUTs according to the eight regression models.

Table 3 numerically presents the values shown in Figure 8. The values with the
smallest MSE among the 8 models in each category (Regression, Prediction, and Total) have
been bolded. Among the average MSEs of the MUTs in Group #1, which were used to
extract the regression models, the smallest value is 0.426 for Model #8. For the MUTs in
Group #2, which were used exclusively for prediction, the smallest average MSE is 0.484
for Model #6. The total average MSE for all models, except Model #1, is less than 1, with
Model #6 having the smallest MSE of 0.46. In the case of numerical simulation, the average
MSE for the MUTs in Group #1 is significantly higher, at 9.659, which is also evident in
Figure 7. In contrast, the average MSE for the MUTs in Group #2 is 1.236. The total average
MSE for numerical simulation is 5.446, which is ten times larger than that of Model #6.
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In conclusion, the prediction accuracy of the regression models is far superior to that of
numerical simulation.

Table 3. Comparison of averaged MSEs of extracted eight regression models and numerical simulation.

Average Mean Square Errors (MSEs)

Models Regression (Group #1)  Prediction (Group #2) Total
#1 1.218 1.370 1.294

#2 0.833 0.761 0.797

#3 0.797 0.689 0.743

#4 0.643 0.760 0.702

#5 0.810 1.013 0.912

#6 0.435 0.484 0.460

#7 0.436 0.526 0.481

#8 0.426 0.556 0.491
Numerical 9.656 1.236 5.446

Lastly, the time required to calculate NSE using regression models was compared
with the time required using numerical simulations. Here, the time to extract regression
models was excluded; only the calculation time for NSE, given permeability data, was
considered. For regression models, the calculations involve only basic arithmetic operations
such as addition, subtraction, and multiplication, allowing results to be obtained almost
instantaneously. In contrast, numerical simulations require extensive meshing due to the
high permeability of the magnetic sheets. As a result, using a standard PC (Intel Core
i7-6800K, 64 GB) without an accelerator, the simulation takes several hours to complete.
Table 4 presents the NSE computation time for the smallest case among the seven sheets
listed in Table 1. In conclusion, from a computation time perspective, regression models are
significantly more efficient for NSE prediction compared to numerical simulation methods.

Table 4. Comparison of computation time.

Methods Computation Time
Regression Models <ls
Numerical Simulation >4h31m9s

4. Conclusions

In this paper, we presented a method to predict the near-field magnetic shielding
effectiveness (NSE) of ferrite sheets using the prediction models obtained through regres-
sion analysis. The commercial ferrite sheets used in the analysis were divided into Group
#1 and Group #2. Eight regression models were developed using the measured relative
permeability and NSE of the sheets in Group #1. The predicted NSE of the sheets in both
Group #1 and Group #2 were then calculated and compared with the measured NSE. To
verify the accuracy of the proposed regression models, an analysis of mean square errors
(MSEs) was employed. The regression models with second-order frequency terms exhibited
lower MSE compared to those with only first-order frequency terms. Additionally, while
the inclusion of higher-order permeability terms further reduced MSE, the improvement
was not significant beyond quadratic terms. Among the eight regression models, Model #6,
which includes quadratic terms for both frequency and permeability, achieved the smallest
MSE of 0.46. This is less than one-tenth of the MSE from numerical simulations. In terms of
computation time, numerical simulations require over 4 h, whereas the proposed regression
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models can predict NSE in real time. Therefore, the regression models provide a highly
effective method for NSE prediction compared to numerical simulations. As a result, if the
real permeability and thickness information of ferrite sheets are known, the NSE can be
predicted using regression models without the need for NSE measurements.

Finally, we would like to point out the limitations of the NSE prediction method
proposed in this paper using regression analysis. First, since regression analysis is a
statistical technique, the accuracy of the predictive model improves as the amount of
data increases. Therefore, it is crucial to secure a sufficient number of MUTs. Second,
the accuracy of the data used to extract the regression models is essential. If the data
contains outliers, the prediction accuracy of the extracted model will decrease. Thus, for
accurate NSE prediction, the precise measurement of the permeability of magnetic sheets is
paramount. Not only the accurate measurement of the NSE of magnetic sheets but also
the reproducibility and repeatability of the measurement methods for precise permeability
measurements must be secured first.
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Abstract: This paper presents a preliminary investigation into the total dose effects and
displacement damage effects on f-Ga,O3 Schottky barrier diodes (SBDs) induced by X-rays
with an average energy of 8-20 keV and 1 MeV reactor neutrons. The electrical performance
of the devices before and after irradiation was evaluated through direct current (I-V) and
capacitance-voltage (C-V) measurements. The results indicate that under X-ray irradiation,
as the irradiation fluence increases, the forward current density, leakage current, and reverse
current density of the devices increase, suggesting a progressive degradation of device
performance with higher irradiation fluence. In the case of neutron irradiation, the forward
current density decreases, while the leakage current and reverse current density increase
with rising irradiation fluence. By employing techniques such as low-frequency noise (LFN)
and deep-level transient spectroscopy (DLTS), changes in defect concentrations before and
after irradiation were analyzed. It was found that the primary causes of device performance
degradation are the interface defects induced by X-ray irradiation and the increased bulk
defect concentration caused by neutron irradiation. These findings were further validated
through two-dimensional numerical simulations using TCAD tools, providing significant
theoretical insights and experimental data to enhance reliability and optimize the design of
such devices.

Keywords: -Ga;O3 SBD; X-ray irradiation; neutron irradiation; defects

1. Introduction

B-Gap O3 SBDs for high-power space applications: Radiation effects and degradation
mechanisms of B-GayOs, with its ultra-wide bandgap and high breakdown electric field,
exhibit exceptional properties that enable it to withstand high voltages, making it highly
suitable for high-power electronic devices in spacecraft, such as power amplifiers and
power management modules. These devices can significantly enhance the energy utilization
efficiency of spacecraft. The Baliga’s figure of merit (BFOM) for f-Ga,Os is as high as
3214, approximately ten times that of SiC and four times that of GaN. This indicates that
devices fabricated using f-Ga,O3 will exhibit lower conduction losses and higher power
conversion efficiency, making them ideal for high-voltage and high-power environments in
spacecraft [1-5].

However, in space applications, the reliability of f-Ga;O3 SBDs is critically affected
by radiation effects caused by the harsh space radiation environment. The impact of
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various high-energy rays and particles in space cannot be overlooked. Due to its high
density, thermal stability, chemical stability, and strong theoretical breakdown electric field,
B-GapyO3 possesses unique advantages in X-ray detection [6-9]. Therefore, investigating
the radiation effects of X-rays on f-GayO3 SBDs is essential.

Neutrons, which are electrically neutral and widely distributed in space, primarily
cause displacement damage in f-Ga;O3 SBDs. Previous studies on displacement damage
in B-GapO3 have mainly focused on the material itself. For instance, Polyakov et al. [10].
observed an increase in deep trap states at Ec—0.74 eV, Ec—1.05 eV, and Ec—1.20 eV in
silicon-doped B-Ga;Oj3 after 1.25 MeV neutron irradiation. Similarly, Cojocaru et al. [11].
found that fast neutron irradiation leads to the formation of gallium vacancies, thereby
reducing the conductivity of f-Ga;O3;. These findings raise questions about whether
B-GapO3 SBDs can fully leverage the radiation resistance of -GayO3; material. Thus,
investigating the degradation mechanisms of -Ga;O3 SBDs under neutron irradiation is
crucial for evaluating their resistance to displacement damage [12-14].

In this work, the total dose effects of -Ga,O3 SBDs under X-ray irradiation at different
doses and the displacement damage effects under neutron irradiation at various fluences
were systematically studied. The degradation mechanisms induced by X-ray and neutron
irradiation were analyzed using low-frequency noise (LFN) and deep-level transient spec-
troscopy (C-DLTS) techniques. The conclusions were further validated through TCAD
simulation tools, providing a comprehensive understanding of the radiation-induced degra-
dation in f-GayO3 SBDs and offering valuable insights for improving their reliability in
space applications.

2. Materials and Methods

Figure 1 illustrates the cross-sectional schematic of the device. The epitaxial layer
of the device was grown using halide vapor phase epitaxy (HVPE) technology, with a
thickness of 10 um and a doping concentration of 3.0 x 10'® cm~3. The substrate of the
device consists of a 650 um thick 5-GayOs single crystal. The cathode employs a Ti/Au
(20/200 nm) ohmic contact, deposited via electron beam evaporation and subjected to
rapid thermal annealing in a nitrogen (N,) atmosphere to significantly enhance the ohmic
contact properties. The anode, on the other hand, utilizes a Ni/Au (50/200 nm) Schottky
contact fabricated through a lift-off process. The entire device is packaged in a dual-pin TO

configuration with an anode area of 4 mm?.

10pm N- Ga,0;

Figure 1. Cross-sectional schematic of the f-GayO3 SBD device structure.

The high-temperature thermal oxidation process effectively reduces the oxygen va-
cancy concentration at the edge of the Schottky contact; the thermal oxidation treatment
was conducted at a temperature of 400 °C for a duration of 20 min, thereby significantly
lowering the peak electric field at the device edges and substantially increasing the break-
down voltage. The breakdown voltage of this SBD is approximately 650 V. This optimized

136



Electronics 2025, 14, 1343

design not only improves the device’s electrical performance but also enhances its reliability
for high-power applications.

The X-ray irradiation experiments were conducted at the Xinjiang Technical Institute
of Physics and Chemistry, Chinese Academy of Sciences. The experiments were performed
at room temperature, with the device pins grounded. The X-rays used had an average
energy ranging from 8 to 20 keV, a dose rate of 50 rad(Si)/s, and cumulative doses of
500 krad(Si), 1 Mrad(Si), and 2 Mrad(Si). There are a total of ten samples for the X-ray
irradiation experiment, with one serving as a control and three each for the other three
different irradiation fluences used in the experiment, with the experimental results being
the average values. Noise information was extracted using the LS-PRO system before and
after irradiation.

The neutron irradiation experiments were carried out at the Northwest Institute of
Nuclear Technology. These experiments were also conducted at room temperature, with
the device pins grounded. The devices were irradiated with 1 MeV neutrons at a fluence of
1 x 1013 n/em?, the neutron irradiation fluence rate is 1 x 10° n/cm?, and the irradiation
time is 1000 s. After irradiation, bulk defect information was obtained using DLTS.

These experiments provide critical insights into the radiation-induced degradation
mechanisms of B-Gap;O3 SBDs under both X-ray and neutron irradiation, contributing to a
better understanding of their performance and reliability in radiation-rich environments.

3. Results and Discussion

A.  X-ray Irradiation

Figure 2a,b illustrate the forward and reverse electrical characteristics of the device
before and after X-ray irradiation; in the figure, “Fresh” represents the sample before
irradiation, and the three different doses are 500 krad, 1 Mrad, and 2 Mrad. It is evident from
the figures that both the forward and reverse current densities of the device increase with
the increasing irradiation dose. The forward current of the device is primarily associated
with the thermionic emission mechanism related to the Schottky barrier height. Based
on this mechanism, the ideal factor and Schottky barrier height of the device after X-ray
irradiation were calculated using Equation (1) and Equation (2), respectively. In these
equations, ] represents the current density, A is the anode area of the device, T is the
thermodynamic temperature (300 K at room temperature), g = 1.6 x 1071 C is the electron
charge, k is the Boltzmann constant, n is the ideality factor of the SBD, J; is the reverse
saturation current density, A* is the Richardson constant, which is typically 40.8 A/(cm?-K?)
for 3-GapO3 material, and ¢ is the Schottky barrier height [14-16].
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Figure 2. Variations in the electrical properties of the device after X-ray irradiation: (a) forward
current density; (b) reverse current density.
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The calculations indicate that the Schottky barrier height ¢ decreases with the increas-
ing irradiation dose, while the ideality factor n decreases with the increasing irradiation
dose. The results are shown in Table 1. The reduction in the Schottky barrier height leads
to an increase in the forward current density of the device, and simultaneously, it also
increases the reverse current density.

Table 1. Changes in device electrical parameters before and after irradiation.

n (Before) n (After) n @ (Before) @ (After) )
1.126 1.108 —1.59% 1.09 1.04 —4.58%
1.170 1.137 —2.82% 1.17 1.08 —7.69%
1.212 1.183 —2.39% 1.13 1.06 —6.19%
1.188 1.162 —2.19% 1.11 1.07 —5.41%

The reverse current of the SBD is not only related to the current due to thermionic
emission but also closely associated with the change in the carrier concentration in the
epitaxial layer due to the variation in the concentration of internal defects in the material.

C-V measurement is a technique used to characterize the electrical properties of
semiconductor materials or devices by analyzing the relationship between capacitance
and voltage. It is particularly effective for determining the carrier concentration in SBDs.
Under reverse bias conditions, the capacitance of an SBD is closely related to the carrier
concentration. As the reverse bias voltage changes, the width of the depletion region
varies accordingly, and this variation is reflected in the capacitance. By measuring these
capacitance changes, the carrier concentration can be accurately inferred. Consequently, to
evaluate the impact of irradiation on the device, we utilize the C-V characteristic curves
of the 3-GapO3 SBD before and after irradiation to calculate the changes in carrier concen-
tration within the epitaxial layer. The C-V variation is shown in Figure 3. The calculation
process follows Equations (3) and (4) [17-19]. In these equations, Np represents the carrier
concentration, and es is the relative permittivity of 3-GapO3, which is 10.2¢(, where ¢ is
the vacuum permittivity with a value of 8.85 x 10712 F/m.

1

i m(vm V) 3)
2 (a7
Np = e, A2 ( dv ) @

The calculated results of the carrier concentration variation in the epitaxial layer of the
device are shown in Table 2.

Table 2 shows that the carrier concentration of the device decreases significantly as
the irradiation dose increases. When X-rays strike the device, they generate numerous
electron-hole pairs in its epitaxial layer. Since electrons have higher mobility than holes,
the generated holes tend to remain in the epitaxial layer and accumulate at the interface
between the metal and semiconductor, forming interface defects. These defects capture
carriers, leading to a reduction in the carrier concentration of the device.
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Table 2. Carrier concentration before and after irradiation in the drift layer.

N, (Before Irradiation) N, (After Irradiation) Change

Fresh 8.410 x 101 8.196 x 101° —2.54%
500 Krad 8.206 x 10%° 7.910 x 10%° —3.61%
1 Mrad 8.124 x 10%° 7.707 x 10%° —5.13%
2 Mrad 8.138 x 10%° 7.575 x 10%° —6.92%

—=— Fresh
1—e— 500 Krad

—4— 1 Mrad
—v— 2 Mrad

Anode Voltage (V)

Figure 3. Variation of C-V curves of the device under different X-ray irradiation doses.

Electrical characteristics provide insight into the internal structure and current con-
duction mechanisms of electronic devices, with changes in these characteristics indicating
structural alterations. X-ray irradiation causes TID effects that damage [3-Ga;O3; SBDs,
leading to changes in their electrical properties, such as a decrease in the ideality factor
and an increase in forward current density after the device is activated. Although these
electrical parameters can characterize the radiation resistance of 3-GayO3 diodes, their
minimal changes make them less sensitive indicators of irradiation-induced alterations.

In contrast, noise is increasingly recognized as a highly sensitive method for detect-
ing potential internal defects in devices. It offers a rapid and non-destructive testing
approach [20,21]. When changes occur in the device’s original lattice structure, electron
state density, or impurity distribution over time or under stress, noise detection exhibits
more significant variations compared to other structure-sensitive parameters [22]. Noise
in electronic devices is highly sensitive to these defects, making noise testing a common
method for diagnosing and predicting defect changes [23]. Numerous studies have shown
that 1/f noise serves as a sensitive parameter reflecting defect information in electronic
components [24]. Therefore, when studying defects and interface state changes in the space
charge region and near the oxide—semiconductor interface after irradiation, noise diagnostic
techniques more effectively reflect the extent of radiation damage than traditional electrical
parameters, as shown in Figure 4.

The current noise density spectrum induced by interface defects can be expressed
using the formula proposed by Jantsch et al. [25]. The expression for the current noise
power spectral density is as follows.

_GB( gl \* 4Dy
SI"_f<4ss) N WA ®

The current noise power spectral density can be described by the following equation
proposed by Jantsch et al. [25], where G is a constant with a value of 0.1, Djs is the density
of interface states, g = 1.6 x 1071 C is the electron charge, k is the Boltzmann constant, and
B is a parameter describing the carrier transport mechanism in the Schottky barrier diode
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(SBD). For the thermionic emission mechanism, B = gkT, f is the frequency at which the
noise is measured, [ is the forward current during the measurement, ¢g is the permittivity
of B-GayO3, Ny is the doping concentration after irradiation, / is the Planck constant, W is
the width of the space-charge region, and A is the effective contact area of the device.

10"
Fersh
10-14_ ——500 Krad
———1 Mrad
g 107154 ——2 Mrad
1/fnoise * -
S -16 | .
< 10
< 107
wi—i
107134
10" ; : . ———
10 1000 100000

Frequency (Hz)

Figure 4. Variation of low-frequency noise power spectral density of the device with irradiation dose.

It is evident that besides the doping concentration, the density of interface states
is a key factor affecting noise power spectral density. At higher irradiation doses, the
concentration of interface defects within the device increases, leading to a rise in noise
power spectral density.

B. Neutron Irradiation

Figure 5 illustrates the changes in the device’s forward and reverse electrical perfor-
mance before and after neutron irradiation; in the figure, “Fresh” represents the sample
before irradiation, and the neutron irradiation fluence is 1 x 103 n/cm?2, denoted as
1 x 103 in the figure.
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Figure 5. Variations in the electrical properties of the device before and after neutron irradiation:
(a) forward current density; (b) reverse current density.

As shown in Figure 5, the electrical characteristics of the device after neutron irradiation
differ from those after X-ray irradiation. The forward current density of the device decreases
while the reverse current density increases. Calculations using Equations (1) and (2) reveal
that the SBH of the device decreases from 1.12 eV to 1.09 eV, and the ideality factor decreases
from 1.17 to 1.10, with relatively small changes. In the research by Yue et al. [26]., it was
suggested that the degradation of the device’s electrical properties after neutron irradiation
is not due to the influence of interface defects.
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Neutrons, as highly penetrating particles, interact with atoms in the 3-Ga;O3; mate-
rial, displacing them from their lattice positions and creating vacancies. If the vacancies
and interstitial atoms are still influenced by their elastic and Coulomb fields, they may
recombine. However, if they exceed the range of these fields, they can form interstitial-
vacancy pairs, i.e., Frenkel defects. These defects can lead to device performance degrada-
tion or permanent damage. Therefore, the degradation of the device’s electrical properties
after irradiation may be caused by changes in the bulk defect concentration induced by
neutron irradiation.

Figure 6 shows the variation in capacitance of the device before and after irradiation.
Through the change in C-V characteristics, it was calculated that the carrier concentration of
the device decreased from 8.328 x 10'°> em ™3 to 7.734 x 10 cm ™3 after neutron irradiation.
This reduction in carrier concentration is the direct cause of the decrease in the device’s
forward current.

1.0
—=— Fresh
13

0.8{ —*—1x10
=
£0.6-
Q

0.4

0.2+ . . ’

-5 4 -3 -2 -1 -0
Anode Voltage (V)

Figure 6. Variation of capacitance of the device before and after neutron irradiation.

The reduction in carrier concentration is attributed to the carrier removal effect of bulk
defects. DLTS is a powerful and widely used technique for characterizing deep-level defects
in semiconductors. It operates by applying a voltage pulse to the sample, which captures
carriers (electrons or holes) into deep-level traps within the material. The subsequent
release of these trapped carriers generates a transient current signal that is measured as
a function of temperature. By analyzing the temperature dependence of these transient
signals, DLTS can provide detailed information on the energy levels and concentrations
and capture cross-sections of deep-level defects. This non-destructive and highly sensitive
method is essential for understanding the electronic properties of semiconductor materials
and devices, particularly in the context of quality control and fundamental research. To
verify this, we conducted validation using DLTS defect spectra. During the test, the reverse
voltage (Ur) was set at —5 V, the Up at 10 V, the Tyy at 7 s, and the pulse width (Tp) at 1 ms.
The test results are shown in Figure 7.

As can be observed from the figure, the temperature at which the defects within the
device are excited remains the same after irradiation, indicating that the defect energy
levels have not changed. However, the peak value of the vertical axis in the DLTS spectra
increased from 1.64 fF to 1.97 {F after irradiation, which suggests an increase in defect
concentration. The defect energy levels and concentrations can be determined through
the Arrhenius linear relationship plot, as shown in Figure 8. Before irradiation, the
primary defect within the device had an energy level depth of Ec—0.28 eV, with a defect
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concentration of 2.67 x 101°cm~3. After irradiation, the defect energy level deepened to
Ec—0.31 eV, and the defect concentration decreased to 8.94 x 10'* cm 3.

2.0
1.6
~1.2
<
“o0s8
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0 100 200 300 400
Temperature(K)
Figure 7. DLTS defect spectra of the device before and after neutron irradiation.
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Figure 8. (a) Arrhenius plot of the energy levels of the device before irradiation. (b) Arrhenius plot of
the energy levels of the device after irradiation.

The DLTS spectra unveiled the emergence of specific defect states introduced by
neutron irradiation, which function as carrier traps and substantially influence the car-
rier concentration within the material. This observation corroborates the reduction in
carrier concentration following neutron irradiation, thereby affirming that the bulk defects
generated by neutron irradiation are the primary cause of the carrier removal effect.

C. TCAD Simulation

TCAD (Technology Computer-Aided Design) simulation is a powerful tool in the
semiconductor industry for the development, optimization, and characterization of semi-
conductor devices and processes. It provides a comprehensive framework for various
aspects of semiconductor manufacturing, including the simulation of process steps, device
structures, and electrical performance. TCAD tools, such as those from Silvaco and Synop-
sys, can model complex physical phenomena, optimize device performance, and predict
the impact of process variations on device characteristics. These simulations are crucial for
understanding the behavior of advanced semiconductor devices. TCAD is also used for
device optimization and reliability analysis.

Therefore, to theoretically validate our experimental results, we performed two-
dimensional numerical simulations of the SBD devices after neutron irradiation using
the Sentaurus 2018 TCAD software. To ensure the accuracy of the simulation results,
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we employed a variety of physical models, including the Shockley—Read-Hall (SRH)
recombination model, high-field saturation model, thermionic emission model, Auger
recombination model, and bandgap narrowing model. The material parameters of gal-
lium oxide used in the simulation were derived from previous studies and are specifically

summarized in Table 3.

Table 3. 3-GayO3 material parameters used in simulation [27-29].

Parameter Value (Unit)
Bandgapat 0 K, Eg(0) 4.823 (eV)
Hole Mobility 1.0 x 107 (cm?/V-S)
Electron Mobility 300 (cm?/V-S)
Dielectric Constant 10.0
Hole Life 2.1 x 1078 (S)
Electron Life 2.0 x 10710 (S)
Temperature 300 (K)

After completing the simulation parameter settings, we first conducted a simulation
of the TID induced by X-ray irradiation and extracted the relevant physical parameters of
the device. The results are shown in Figure 9.
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Figure 9. Distribution of hole-trapped charge inside the device after X-ray irradiation at different
doses: (a) Fresh, (b) 500 Krad, (c¢) 1 Mrad, and (d) 2 Mrad.

Figure 9 illustrates that the hole density in the device’s epitaxial layer increases with
higher radiation doses, aligning closely with our experimental findings. The simulation
results of the device’s current density distribution are shown in Figure 10.

As shown in Figure 10, the simulation results indicate that the internal current density
of the device increases with the increase in irradiation dose. In conjunction with the analysis
of Figures 2b and 9, this increase is attributed to the higher concentration of interface defects
caused by the TID. This finding corroborates our experimental results.

During the neutron irradiation simulation, since the defect energy levels remained
almost unchanged before and after irradiation, we added defects with an energy level of
Ec—0.3 eV to the device both before and after irradiation. The defect concentration in the
device before irradiation was set to 2.67 x 10'° cm—3, and the defect concentration in the
device after irradiation was set to 8.94 x 10'* cm~3. This approach allowed us to more
accurately simulate the experimental results. The simulation results are shown in Figure 11.
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Figure 10. Distribution of total current density inside the device after X-ray irradiation at different
doses: (a) Fresh, (b) 500 Krad, (c¢) 1 Mrad, and (d) 2 Mrad.
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Figure 11. [llustration of the electric field intensity distribution within the epitaxial layer under a
reverse bias of 100 V both before and after irradiation: (a) pre-irradiation and (b) post-irradiation.

As llustrated in Figure 11, after introducing defects into the device, a reverse bias voltage
of 100 V was applied. The electric field intensity in the sensitive region of the epitaxial layer
post-irradiation was observed to be higher compared to the pre-irradiation state. This finding
is consistent with the neutron irradiation results shown in Figure 5b. Neutron irradiation
generates a significant number of lattice defects in semiconductor materials. These defects,
including vacancies, interstitial atoms, and complex defects, disrupt the periodic structure
of the lattice, leading to increased carrier scattering and a consequent reduction in carrier
mobility. To further investigate this effect, the hole mobility in the epitaxial layer region was
extracted both before and after irradiation, as shown in Figure 12.

As shown in Figure 12, after irradiation, the mobility of holes and other defects
decreases, which leads to an increase in the local electric field inside the device. Meanwhile,
acting as leakage channels, they enhance the reverse current density, thereby reducing the
breakdown voltage of the device and affecting its reliability.

In summary, neutron irradiation introduces a large number of lattice defects, such
as vacancies and interstitial atoms, into the semiconductor material of the diode. These
defects disrupt the crystal structure of the material, leading to a decrease in carrier
mobility and an increase in recombination rates. Since these defects are randomly and
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disorderly distributed, it is almost impossible to restore the material to its pre-irradiation
ordered state. This results in a decline in the forward current transport performance of
the diode and an increase in the reverse leakage current. These changes are irreversible
because the defects introduced by irradiation permanently alter the carrier transport
paths and recombination mechanisms.
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Figure 12. The simulation results of the change in hole mobility in the device before and after neutron
irradiation: (a) before irradiation and (b) after irradiation.

4. Conclusions

This study examines the degradation of electrical properties in 3-Ga,O3 SBDs due to
varying doses of X-ray irradiation using both experimental and simulation methods. The
results indicate that the degradation of device performance is associated with interface
defects induced by the TID of X-rays. In contrast, neutron irradiation primarily causes
displacement damage in the devices. DLTS characterization revealed that the energy levels
of bulk defects caused by displacement damage remain unchanged, but their concentration
increases. The carrier removal effect induced by these bulk defects reduces the forward
current density of the devices after neutron irradiation. Meanwhile, these defects serve as
leakage channels, leading to an increase in reverse current density, a decrease in carrier
mobility inside the device, and a reduction in the breakdown voltage of the device. By
employing the TCAD two-dimensional simulation tool, this study investigates the effects of
TID and displacement damage on devices exposed to varying doses of X-ray and neutron
irradiation. The simulation results demonstrate strong consistency with experimental
observations, validating the accuracy of the computational approach. Furthermore, the
findings shed light on the degradation mechanisms affecting the electrical properties of
-Ga;O3 under radiation exposure, offering valuable insights for enhancing the radiation
tolerance of 3-Ga;O3 devices. These results provide a foundation for optimizing radiation-
hardening processes in future device development.
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Abstract: This study systematically investigates the mechanism by which total ionizing
dose (TID) affects the lifetime degradation of NMOS devices induced by hot-carrier injection
(HCI). Experiments involved Cobalt-60 (Co-60) gamma-ray irradiation to a cumulative
dose of 500 krad (Si), followed by 168 h annealing at 100 °C to simulate long-term stability.
However, under HCI stress conditions (Vp = 2.7V, V5 = 1.8 V), irradiated devices show a
6.93% increase in threshold voltage shift (AV};) compared to non-irradiated counterparts.
According to the IEC 62416 standard, the lifetime degradation of irradiated devices induced
by HClI stress is only 65% of that of non-irradiated devices. Conversely, when the saturation
drain current (Ips;) degrades by 10%, the lifetime doubles compared to non-irradiated
counterparts. Mechanistic analysis demonstrates that partial neutralization of E’ center
positive charges at the gate oxide interface by hot electrons weakens the electric field
shielding effect, accelerating AVy, drift, while interface trap charges contribute minimally
to degradation due to annealing-induced self-healing. The saturation drain current shift
degradation primarily correlates with electron mobility variations. This work elucidates
the multi-physics mechanisms through which TID impacts device reliability and provides
critical insights for radiation-hardened design optimization.

Keywords: total irradiation dose; hot-carrier injection; lifetime

1. Introduction

The rapid advancement of space science and aerospace technology has transformed
deep space exploration from science fiction into an operational reality, with sustained
Mars missions now exceeding 1500 sols and lunar base construction underway. While
public attention often focuses on spectacular achievements like extraterrestrial landings,
the engineering community faces critical reliability challenges in semiconductor devices
that power these ambitious missions. Space radiation environments induce total ionizing
dose effects that generate oxide trap charges and interface trap charges in MOS devices,
causing threshold voltage drift and leakage current increases exceeding several orders
of magnitude [1,2]. Concurrently, prolonged operational stresses during active mission
phases subject devices to hot-carrier injection mechanisms, where electric fields > 6 MV /cm
accelerate charge carriers, creating additional interface traps that degrade transconductance
by 18-22% [3-5]. These parallel degradation pathways demonstrate striking similarities in
their physical manifestations, yet current reliability assessments persist in evaluating them
through isolated single-mechanism approaches.
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Emerging evidence suggests synergistic interactions between radiation-induced de-
fects and electrothermal stress mechanisms [6,7]. Accelerated aging tests reveal non-linear
degradation patterns where combined TID-HCI exposure causes 40% greater threshold
voltage shifts than linear superposition predictions, particularly in advanced 14 nm FInFET
nodes. This interaction stems from radiation-created defect precursors lowering activation
energy for subsequent hot-carrier damage by 0.15 eV, while trapped charges modify local
electric fields to enhance carrier injection probabilities sixfold. Such cross-mechanism am-
plification effects remain unaddressed in current space qualification standards, potentially
leading to 55-70% lifetime overestimations for five-year Mars missions.

Some combined studies on space radiation and electrical stress reliability in semicon-
ductor devices have emerged globally [8-15]. References [8,9] conduct preliminary investi-
gations on the combined damage of total ionizing dose radiation and hot-carrier injection
in MOS capacitors, concluding that their synergistic damage effect does not follow simple
linear superposition, though the underlying causes and mechanisms are not analyzed.
Studies [10,11] have investigated the impact of different TID testing methodologies—such
as direct HCI testing post-TID irradiation, or TID irradiation followed by high-temperature
annealing and subsequent HCI testing—on the interplay between TID effects and HCI-
induced degradation. Reference [12] examines TID radiation effects on hot-carrier behavior
in 10 nm FinFET devices. Study [13] proposes TID-induced annealing effects in the buried
oxide layer of SOI devices under HCI-induced stress, and Reference [14] reveals differen-
tial impacts of TID-induced charges on hot-carrier effects in n-channel versus p-channel
FinFETs. Additionally, Reference [15] identifies layout-dependent radiation-enhanced
hot-carrier degradation in 65 nm MOS devices. However, these studies rarely analyze the
impact of the combined stress of total ionizing dose irradiation and hot carriers on device
degradation lifetime.

This study investigates the impact of TID irradiation on the hot-carrier lifetime of
NMOS devices. Co-60 radiation is employed to irradiate the devices with a total dose
of 500 krad (Si), followed by annealing at 100 °C for 168 h. HCI stress tests under three
voltage conditions for 5000 s are conducted on both irradiated and non-irradiated devices to
analyze their characteristic degradation and defect evolution under combined TID and HCI
stress. According to the IEC 62416 standard for device lifetime calculation under hot-carrier
injection effects, the lifetime under HCI stress associated with a 10% increase in threshold
voltage for irradiated devices is approximately 65% of that for non-irradiated devices.
Conversely, when the saturation leakage current decreases by 10% under HCI stress, the
lifetime of irradiated devices is approximately twice that of non-irradiated devices.

2. Materials and Methods

The tested devices are Bulk N-Metal-Oxide-Semiconductor (NMOS) transistors fabri-
cated by the Semiconductor Manufacturing International Corporation (SMIC), featuring a
gate oxide thickness of 2 nm, a gate length of 130 nm, and a width-to-length ratio (W /L)
of 100:1.

The total dose irradiation test is conducted with a dose rate of 50 rad (Si)/s and a
total radiation dose of 500 krad (Si), under ON bias conditions (gate voltage Vg =1.2V,
drain voltage, source voltage, and substrate voltage Vp = Vs = V= 0 V). Irradiation is
performed at the Xinjiang Technical Institute of Physics and Chemistry, Chinese Academy
of Sciences with a Cobalt-60 source. Following the total dose irradiation, an annealing test
is conducted at a high temperature (100 °C) under ON bias for a duration of 168 h. Given
that the actual space environment exhibits an extremely low dose rate (0.01 rad (Si)/s),
high-temperature annealing tests following total ionizing dose irradiation are adopted to
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simulate space radiation effects. This approach ensures that the combined TID and HCI
stress testing results more accurately reflect realistic space operating conditions.

According to the IEC 62416-2010 standard [16], the drain voltage for hot-carrier testing
is determined based on the device’s drain breakdown voltage. The gate voltage is specified
by applying the maximum substrate current method at each corresponding drain bias.
Both the source and the substrate are connected to the ground. The test conditions for the
hot-carrier test are presented in Table 1, and the test is performed under room temperature
conditions (25 °C 4+ 2 °C).

Table 1. The test condition of samples.

HCI Stress Condition Vpl/V VeV VIV V!V
Condition 1 2.7 1.8 0 0
Condition 2 2.5 1.7 0 0
Condition 3 2.3 1.6 0 0

The hot-carrier test conditions for samples subjected to total dose rate irradiation,
post-irradiation annealing, and non-irradiated samples are identical. For each sample
under each test condition, five devices are subjected to the hot-carrier test, with a test
duration of 5000 s. The I-V characteristics of the NMOS devices are measured using the
Keysight 1500 A Semiconductor Device Parameter Analyzer (Keysight Technologies, Santa
Rosa, CA, USA). The Keysight 1500 A offers voltage measurement accuracy at the 1 pV
level and current measurement accuracy at the 1fA level.

3. Results and Discussion
3.1. Irradiation and Annealing Test Results

The transfer characteristic curves (Ip-Vg curves) before and after total dose irradiation
and annealing tests are shown in Figure 1.

102———— .
F Radiation with 50rad(Si
1074 by 60Co y-ray i
=
= 107
Fresh
1078 — 500 krad(Si)
y — Anealing 168h
10—10 ; 1 i ! ; | ;
=0, 5 0.0 0.5 1.0 1.5
Vs V)

Figure 1. Transfer characteristic curves (Ip-V curves) before and after irradiation and annealing.

Experimental results demonstrated distinct radiation effects and recovery behaviors in
NMOS devices: Under a total ionizing dose of 500 krad (Si), the threshold voltage exhibited
exceptional stability with a drift of <5 mV, confirming minimal oxide charge trapping
influence on gate control. However, off-state leakage current surged from 1077 A to 1077 A
due to radiation-induced interface traps creating parasitic conduction paths. Subsequent
annealing at 100 °C for 168 h fully restored leakage to 10~ A and recovered the Ip-Vg
curve to its pre-irradiation profile, attributed to hydrogen-mediated passivation of interface
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defects during thermal treatment. These findings establish that while ionizing radiation
primarily degrades off-state leakage through trap-assisted tunneling, standard annealing
protocols can completely reverse such damage without compromising threshold voltage
integrity, highlighting the robustness of NMOS devices in radiation-aware applications.

To spread device-to-device variation effects on irradiation and annealing responses,
threshold voltage, maximum transconductance (Gy-uax), and subthreshold swing (SS) dis-
tributions are statistically analyzed across multiple devices, as shown in Figure 2. Notably,
the Ip range of 107> A to 10~% A is selectively used for SS extraction to eliminate miscal-
culations caused by radiation-elevated off-state leakage currents. The threshold voltage
shifted from 0.4745 V (pre-irradiation) to 0.4771 V after 500 krad irradiation, only resulting
in a AVy, of +2.6 mV. This positive drift dominance indicates that interface trap charges
(contributing to Vy, increase) outweighed oxide-trapped charges (inducing V;, decrease).
Post-annealing Vy, remained at 0.4768 V, showing no significant recovery trend. Further
analysis of SS demonstrated irradiation-induced degradation from 0.1420 V/decade to
0.1433 V/decade, consistent with interface trap generation, followed by near-complete
restoration to 0.1421 V/decade after annealing. The change in the maximum transconduc-
tance value is also very small during the total dose irradiation process, and the change in
the maximum transconductance value after irradiation is less than 1 mS.
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Figure 2. (a) Vi, (b) Gp-max (€) SS distribution of DUTs before radiation, after 500 krad radiation and
after annealing.

The persistent Vy, stability during annealing suggests a balanced recovery mechanism:
both oxide-trapped charges and interface traps recovered at comparable rates, with their
opposing contributions (negative vs. positive Vy, drift) resulting in a net-zero drift. These
observations confirm that while interface traps dominate SS degradation and partial Vy,
shifts, the counteracting recovery dynamics between oxide and interface charges maintain
Vi, homeostasis during thermal treatment.
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3.2. Hot-Carrier Test Results

After conducting irradiation and annealing tests, hot-carrier tests are performed. The
Ip-V curves under different time conditions are shown in Figure 3. The results reveal that
during the hot-carrier test, the threshold voltage exhibited a positive shift, and the slope of
the subthreshold region decreased, indicating an increase in the subthreshold swing.

stress time
increase

HCI votalge:
V,=2. 7V

10—12 .‘Fvgf ] YG: 11' 8V

-0.5 0.0 0.5 1.0 1.5 2.0
Vi (V)

Figure 3. Ip-V curves of sample with HCI test.

The Vy, variations during irradiation, annealing, and hot-carrier tests are illustrated in
Figure 4. The results show that the Vy;, of the NMOS device is insensitive to TID irradiation,
with minimal changes induced by irradiation (AVy, ~ 2.6 mV, as shown in Figure 2a).
However, during the hot-carrier test, the threshold voltage increased rapidly. At HCI
condition 1, the Vy, rose from 0.4771 V to 0.6598 V after 10,000 s of hot-carrier stress,
resulting in a AVy, = 182.7 mV. This shift is significantly higher than the average AV},
caused by TID irradiation (2.6 mV), highlighting the severe degradation under hot-carrier
stress compared to irradiation effects.
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Figure 4. Threshold voltage during irradiation, annealing, and HCI tests.

Hot-carrier injection tests are performed on both non-irradiated and irradiated de-
vices under identical conditions. Figure 5 illustrates the average values and variances
of threshold voltage shift (AVy,) and saturation drain current shift (Alps,) for five de-
vices under three stress conditions as functions of testing time under hot-carrier stress.
AV}, represents the change in threshold voltage between before and after HCI testing,
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while Alpg,; denotes the change in saturation drain current between before and after HCI
testing. Observations from Figure 5 reveal that the degradation rate of AVy, in total-dose-
irradiated NMOS devices under HCI stress is slightly faster than that of non-irradiated
devices, whereas the degradation rates of Alpy; under HCI stress are slower in irradiated
devices compared to non-irradiated ones, exhibiting trends opposite to AVy;,. As shown
in Figure 5a, under HCI Stress Condition 1 (Vp =2.7V, Vg =1.8 V), the AV}, of irradiated
devices increases by 185 mV after 5000 s of HCI stress, while non-irradiated devices show
a AVy, of 173 mV, with a minimal difference of 12 mV. Under HCI Stress Condition 3
(Vp =23V, V5 =1.6V), the AVy, values after 5000 s of stress are 71 mV (irradiated) and
68 mV (non-irradiated), differing by only 3 mV. This indicates that the AV, difference
between irradiated and non-irradiated devices is negligible under low HCI stress but
becomes more pronounced as stress intensity increases. In contrast, Alp,,; exhibits an op-
posing trend to AVy,. From Figure 5b, under HCI Stress Condition 1, Alps,; reaches —2.11
mA (irradiated) and —2.34 mA (non-irradiated) after 5000 s of stress, with a difference
of +0.23 mA. Under HCI Stress Condition 3, Alps,; values are —0.79 mA (irradiated) and
—0.95 mA (non-irradiated), differing by +0.16 mA. It is evident from Figure 5b that the sat-
uration leakage current decreases with increasing HCI stress time. However, the reduction
in saturation leakage current for the unirradiated device is less pronounced compared to
the irradiated device, which is contrary to the variation trend of AVy,. Furthermore, the
difference in Alpg,; between the irradiated and unirradiated devices increases slightly as
the hot-carrier stress voltage rises.
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Figure 5. Variations in NMOSFET parameter drift under three hot-carrier injection stress conditions
with stress duration: (a) threshold voltage shift and (b) saturation drain current shift.

3.3. Comparative Analysis of Hot-Carrier Lifetime

To quantitatively evaluate the impact of irradiation on hot-carrier degradation, degra-
dation model parameters extracted before and after irradiation are compared.

According to IEC 62416-2010, the relationship between the degradation amount of
MOS device parameters and the degradation time, as well as the stress voltage value,
during hot-carrier injection effect testing can be expressed by the following formula:

AD = A X exp(B/Vd,stress) x 1 1

where AD represents the degradation amount of the MOS device parameter caused by hot-
carrier injection stress, A and B are coefficients determined through the same global fitting
procedure, C is the degradation time exponent, and t is time. Based on Formula (1), the
threshold voltage shift caused by hot carriers can be expressed by the following equation:

AV’th =AX exp(B/Vd,stress) X tC (2)
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Using the least squares method, a global fitting is performed based on Equation (1) for
the degradation data for unirradiated devices under three stress voltages (Vp s¢ress = 2.7 V,
2.5V, 2.3 V), yielding the degradation time exponent C = 0.42 in Equation (2), as shown in
Figure 6a.
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Figure 6. Threshold voltage shifts in the NMOSFET devices measured and predicted from the power
law model (a) before and (b) after irradiation.

By setting the stress time ¢ = 100 s, the threshold voltage shift AV}, at 1 s corresponds to
the value of A x exp (B/Vp stress)- Based on the linear relationship AVy, @100 s~1/Vp stress,
the coefficients are determined as A = 8.003 and B = —19.21. The hot-carrier degradation
model for non-irradiated devices is expressed as follows:

AVip, = 8.003 x exp(—19.21/ Vp stress) x t°4 3)

Using the same model parameter extraction methodology, the hot-carrier degradation
model for irradiated devices is derived as follows, with the parameter extraction process
illustrated in Figure 6b:

AVip = 9.455 % exp(—19.20/ Vi stress) ¥ 1042 W

According to the IEC 62416-2010 standard [16], based on the model Equations (3) and (4),
using AVy, = 50 mV (approximately 10% degradation of the initial Vy;,) as the failure
criterion, the calculated hot-carrier lifetimes for non-irradiated and irradiated devices
operating at Vp = 1.2 V are 2.018 x 10!! s and 1.330 x 10'! s, respectively. This indicates
that the hot-carrier lifetime for 10% threshold voltage degradation in irradiated devices
is approximately 65% of that in non-irradiated devices, demonstrating that total ionizing
dose radiation effects accelerate the degradation of threshold voltage under hot-carrier
stress.

The saturation drain current variation Alp,,: can be expressed by the following equation:

AIDsat =AX exp(B/Vd,stress> X tc (5)

By fitting the average Alpy, values of irradiated and non-irradiated devices (as shown
in Figure 7), the hot-carrier degradation model for Alpg; in non-irradiated devices is
derived as follows:

Alpsat = 0.0655 x exp(—17.776 / Vg siress) % 104 ©)

Using the same parameter extraction method, the hot-carrier degradation model for
Alpga in irradiated devices is obtained as follows:

Alpsat = 0.0589 X exp(17.998/ Vg stress) X 142 )
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Based on Equations (5) and (6), with Alpg; = 0.6 mA (approximately 10% degradation
of the initial Ipgy; as the failure criterion), the calculated hot-carrier lifetimes for 10%
saturation drain current degradation in non-irradiated and irradiated devices operating
at Vp = 1.2 V are 2.917 x 10'° s and 5.835 x 10'0 s, respectively. This reveals that the
hot-carrier lifetime for 10%, Ips, degradation in irradiated devices is approximately twice
that of non-irradiated devices, which is completely contrary to the degradation trend
observed for the 50 mV threshold voltage criterion. It can be observed that, despite the
minimal threshold voltage shift in the device caused by total dose irradiation, the lifetime
corresponding to a 10% saturation leakage current degradation is significantly extended
due to the total dose effect.
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Figure 7. Saturation drain current shifts in the NMOSFET devices measured and predicted from the
power law model (a) before and (b) after irradiation.

3.4. Analysis of Hot-Carrier Lifetime Differences

During TID irradiation of NMOS devices, the structural degradation of the gate oxide
layer near the Si-SiO, interface initiated with the dissociation of Si-Si bonds, creating
dangling bonds that preferentially trapped holes to form E’ centers (Figure 8a). These E’
centers functioned as stable positive oxide trap charges due to their unpaired electrons
localized at oxygen vacancy sites. Subsequent hot-carrier injection testing revealed a
dynamic interplay between these trapped holes and injected hot electrons: the energetic
electrons neutralized the trapped holes in dangling bonds, leading to a net reduction in
positive charge within the oxide layer. This charge imbalance directly contributed to a
measurable positive shift in threshold voltage, reflecting the cumulative impact of oxide
trap charge modulation on device electrostatics.
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Figure 8. The trap centers: (a) E’ center; (b) Pb center.

Concurrently, TID irradiation triggered the transformation of silicon dangling bonds
at the Si-SiO; interface into Pb centers (Figure 8b), which exhibited amphoteric trapping
behavior. These centers preferentially captured electrons under operational bias, generating
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negative interface trap charges. Intriguingly, the radiation-induced oxide trap charges dis-
played non-monotonic evolution during HCI testing, characterized by partial annihilation
of trapped holes followed by charge inversion to negative polarity. Similarly, the interface
trap charge density exhibited a bimodal trajectory: initial reduction due to recombination of
electron-hole pairs with oxide traps near the interface during early HCI stages, succeeded
by progressive accumulation as source-injected electrons became trapped by interface
defects. The synergistic effect induced by TID and HCI stresses led to dual-phase evolution
of oxide traps and interface traps, where the negative oxide trap charges and negative
interface trap charges collectively amplified the positive threshold voltage shift through
electrostatic coupling across the gate dielectric.

To elucidate the distinct contributions of oxide trap charges (Qot) and interface trap
charges (Dj), comparative analysis of subthreshold swing (SS) degradation kinetics under
hot-carrier stress is conducted on irradiated and non-irradiated devices (Figure 9). The
subthreshold current can be expressed by the following [17]:

V
Ip = Ipgexp gz’;{l —exp (_qk"_l?) } (8)

where V is the gate—source voltage, Vp is the drain—source voltage, Ip is the channel
current when V is equal to Vy,, 15 is the surface potential, and n is the body factor which
can be expressed by the following;:

n— Cox“‘cd"'cit

Cox )

where C,y is the gate oxide capacitance per unit area, C; is the depletion capacitance per
unit area, and Cj is the interface trap capacitance per unit area.

0.30 S
L hollow: unirradiated DUTs
0.25} solid: irradiated DUTs

| - —— Conditionl
80'20 - —@— Condition2

b - —4&— Condition3
220.15
(7))

%0.10|
0.05
o.00f £+

10" 102 10° 10°

stress time (s)

Figure 9. ASS/SS0 of HCI tests between irradiated and unirradiated NMOSFET.

So, the subthreshold swing can be expressed by the following;:

dVg
d(h’l ID)

55 =In10x% (10)
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By substituting Equations (7) and (8) into Equation (9) for calculation, the subthreshold
swing (SS) can be expressed as follows:

kT

SS—qlnlO*(1+Cd+Cit

) a1

Since Cj; = q2 x Djt, where Dy, is interface trap density, it can be considered that the
SS is a function of the interface trap density according to Equation (11).

However, Figure 9 demonstrates negligible differences in SS degradation patterns
between irradiated and pristine devices, accompanied by minimal variations in Dj; evo-
lution during HCI testing. This critical observation conclusively demonstrates that the
pronounced hot-carrier lifetime reduction caused by TID radiation predominantly stems
from oxide trap charge dynamics (Qot) rather than interface trap charge accumulation. The
mechanistic dominance of Q¢ is further corroborated by the charge inversion phenomena
and sustained negative charge buildup in the oxide layer, which directly modulates carrier
transport and enhances local electric fields, thereby accelerating device degradation under
hot-carrier stress conditions.

The calculation formula for the saturation drain current is as follows [17]:

1 \4
Ipsat = 5HnCox 7 (VG = Vin)? (12)

L
where p, is electron mobility; W/L is the width-to-length ratio.

Although the total dose irradiation causes only a minor threshold voltage shift, radi-
ation induces positive oxide trap charge and negative interface trap charge. To separate
these two effects, the flat band voltage method [18] was employed. The threshold voltage
shift (AV,;) caused by the oxide trap charge and the threshold voltage shift (AV}) caused
by the interface trap charge are presented in Figure 10. As can be observed from the figure,
despite the total dose irradiation resulting in a small threshold voltage shift of 2.6 mV,
AV is —0.131 V and AV, is 0.134 V. This indicates that the induced oxide trap charge and
interface trap charge counteract each other in terms of voltage.
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010k [ AVth i
’ [ 1 Avot
[ Avit
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Figure 10. The values of AV}, AV, and AV, after irradiation with a total dose of 500 krad (Si).

The formation of oxide trap charges within the gate dielectric layer under total ionizing
dose irradiation enhances Coulomb scattering events between charge carriers and lattice
defects, significantly increasing the collision probability and degrading electron mobility
through two mechanisms: (1) direct momentum transfer via charged defect scattering
and (2) modification of the inversion layer charge density. However, during prolonged
HCI testing, the injected high-energy electrons penetrate the oxide layer and undergo
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recombination with trapped holes in radiation-induced defects, partially neutralizing the
positive oxide trap charges and even inducing charge inversion at certain defect sites
where trapped holes are replaced by electrons. This dynamic charge compensation process
reduces the net positive oxide trap charge density in irradiated devices to levels marginally
below those observed in pristine devices under identical stress conditions, paradoxically
resulting in less severe electron mobility degradation within the irradiated oxide layer.

Since electron mobility varies less in irradiated devices compared to unirradiated
devices, this also results in a similar pattern for the maximum transconductance (G-ax)-
Figure 11 shows the variation in the ratio between the change in subthreshold maximum
transconductance (AGy-mqx) and the pre-stress maximum transconductance (Gy-maxo) with
stress time under three hot-carrier injection stress conditions. It can be seen from the figure
that all three HCI stress conditions exhibit a consistent trend: the AGy;-yax/ Gui-maxo Value
for irradiated devices is smaller than that for unirradiated devices.
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Figure 11. AGy-max/ Gu-maxo of HCI tests between irradiated and unirradiated NMOSFET.

The maximum transconductance in the subthreshold region is expressed as fol-

lows [17]:

dl W
Gm—max = ﬁ X ,unCOXfVD (13)

As shown in Equation (13), when Vp is fixed, Gpmax depends linearly on electron
mobility. Due to mobility degradation in irradiated devices, unirradiated devices exhibit
lower Alps,; values compared to irradiated ones. This behavior contrasts with the AVy,
trend, ultimately leading to a significantly extended lifetime of irradiated devices in hot-
carrier stress tests compared to unirradiated counterparts.

Consequently, irradiated NMOS devices exhibit smaller electron mobility variations
(Apy) in the gate oxide region compared to non-irradiated devices during HCI stress, as
the radiation-modified defect population provides both trap sites for charge neutralization
and recombination centers that mitigate scattering effects. This counterintuitive behavior
directly correlates with the observed degradation patterns in Alpg,, confirming that Ipg,;
degradation kinetics are predominantly governed by electron mobility changes rather than
threshold voltage shifts under these coupled radiation-HCI stress conditions. The experi-
mental validation of this mechanism through parameter extraction and defect spectroscopy
aligns with theoretical models describing defect—charge interaction dynamics in irradi-
ated MOS systems, establishing a comprehensive framework for understanding reliability
degradation in radiation-hardened devices subjected to combined environmental stresses.
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4. Conclusions

This study reveals the dual-effect mechanism of total ionizing dose (TID) radiation on
HCI reliability in NMOS devices. Experimental data demonstrate accelerated threshold
voltage shift in irradiated devices under specific HCI stress conditions, while the degra-
dation of saturation drain current shows a deceleration trend. Quantification using the
IEC 62416-2010-based degradation model indicates that when AV}, = 50 mV is set as the
failure criterion, the HCI lifetime of irradiated devices (1.330 x 10! s) decreases to 65%
of non-irradiated counterparts. Conversely, with Alpg,; = 0.6 mA as the criterion, the HCI
lifetime of irradiated devices (5.835 x 100

This paradoxical behavior stems from fundamentally distinct physical mechanisms

s) doubles compared to non-irradiated ones.

activated by total ionizing dose (TID) radiation: During hot-carrier injection (HCI) stress,
the partial neutralization (30—40% recombination efficiency) of positive charges trapped
in E’ centers—created by radiation-induced rupture of strained Si-Si bonds at the oxide
interface—disrupts the localized electric field screening previously maintained by these
trapped holes. The resultant electric field intensification near the gate edge accelerates
high-energy carrier injection into the oxide, forming positive feedback that amplifies thresh-
old voltage drift through two interrelated pathways—enhanced trap-assisted tunneling
and increased charge trapping probability at radiation-modified defect sites. Conversely,
interface traps exhibit diminished contributions to degradation due to thermally activated
self-recovery mechanisms during HCI stress, where elevated temperatures facilitate de-
fect annealing and recombination of trapped charges, effectively “healing” a portion of
radiation-induced interface states. This annealing-driven recovery suppresses interface
trap charge accumulation, decoupling Alpg,; degradation from threshold voltage shifts and
instead tethering saturation current reduction primarily to electron mobility degradation
governed by scattering dynamics. Crucially, the mobility degradation demonstrates an
inverse proportionality to oxide trap charge neutralization efficiency—as trapped holes in E’
centers are progressively neutralized by hot electrons, the resultant reduction in Coulomb
scattering centers temporarily mitigates electron mobility loss despite the ongoing AVy,
drift. These dual mechanisms collectively reveal a competitive interplay between oxide
trap charge modulation and electron mobility driven transport degradation, establishing
a predictive model where AV}, scales with trapped charge neutralization kinetics while
Alpgyt correlates with defect scattering cross-section evolution. The identification of this
decoupled degradation paradigm provides critical insights for radiation-hardened circuit
co-design, enabling simultaneous optimization of threshold voltage stability and drain
current retention through strategic balancing of oxide defect passivation techniques and
electron mobility-enhancing channel engineering, ultimately advancing the development
of dual stress-tolerant integrated circuits for extreme radiation environments.
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Abstract: Proton and heavy ion irradiation experiments were carried out on Cascode
GaN HEMT devices. Results show that device degradation from heavy ion irradiation is
more significant than from proton irradiation. Under proton irradiation, obvious device
degradation occurred. Low-frequency noise testing revealed a notable increase in internal
defect density, reducing channel carrier concentration and mobility, and causing electrical
performance degradation. Under heavy ion irradiation, devices suffered from single-event
burnout (SEB) and exhibited increased leakage current. Failure analysis of post-irradiation
devices showed that those with leakage current increase had conductive channels without
morphological changes, while burned out devices showed obvious damage between the
gate and drain regions. SRIM simulation indicated that ionization energy loss-induced
electron-hole pairs and displacement damage from nuclear energy loss were the main
causes of degradation. Sentaurus TCAD simulation of heavy ion irradiated GaN HEMT
devices confirmed the mechanisms of leakage current increase and SEB.

Keywords: Cascode GaN HEMT; proton irradiation; heavy ion irradiation; displacement
damage; single event burnout

1. Introduction

Gallium Nitride has several advantages compared to other semiconductor substrate,
such as wide bandgap (3.39 eV), high electron mobility, high thermal conductivity, high
breakdown voltage, high-temperature and high-pressure resistance, and strong radiation
tolerance [1]. Based on these outstanding characteristics, Gallium Nitride based devices
display great competitiveness in the field of high-frequency and high-power electronic
devices [2].

In recent years, several studies have been performed on the impact of proton irradia-
tion on GaN HEMT device performance and the single-event effects (SEEs) in GaN HEMT
devices due to heavy ion irradiation. X. W. Hu et al. [3] reported that the drain saturation
current of AlIGaN/GaN HEMT decreased after 1.8 MeV proton irradiation when the total
dose reached 1 x 102 cm~2. D. Keum et al. [4] studied 1 MeV and 2 MeV proton irradi-
ated AlGaN/GaN HEMT, where the drain saturation current decreased and the threshold
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voltage showed positive drift when the total dose reached 5 x 10'* cm~2 under 1 MeV and
2 MeV proton irradiation. L. Lv et al. [5] found that after 70 keV proton irradiation (with a
total dose of 1013 cm_Z), the maximum drain saturation current density and the maximum
transconductance density of AlGaN/GaN MIS-HEMT decreased, and the threshold voltage
increased. References [6-9] studied single-event effects in GaN HEMT using protons and
reported that a significantly negative effect on the device occurs only when the total proton
dose exceeds 10 cm~2. In references [10-12], heavy ion irradiation was used to study
the DC and RF characteristics of the devices before and after irradiation, and the results
indicated that heavy ion irradiation increased the gate leakage current and source-drain
leakage current of the devices.

Currently, a substantial amount of research primarily focuses on depletion-mode
GaN devices and p-type gate structure enhancement-mode GaN devices subject to low-
energy protons or low-energy heavy ions. However, there is a lack of reported research
on the effects of high-energy protons or high-energy heavy ions on Cascode GaN HEMTs,
particularly the comparative studies on the impacts of high-energy protons and high-energy
heavy ions on Cascode GaN HEMTs.

In this work, proton and heavy ion irradiations were both performed on Cascode GaN
HEMTs. The variations in the radiation damage induced by the two kinds of radiation
sources were comparatively studied. The mechanisms of different radiation damages were
analyzed based on electrical characterization and failure analysis techniques. After heavy
ion irradiation, the devices were positioned using Emission Microscopy Imaging (EMMI)
to locate the burnout points, and the device’s failure modes were observed using a Focused
Ion Beam (FIB) microscope, and finally the Sentaurus TCAD simulation facilitating the
explanations of the damage mechanism.

2. Samples and Experimental Setups

The devices under test (DUTs) selected in this work are normally-off cascade Al-
GaN/GaN HEMT devices (TP65H050WS, 650 V, 50 m(2) from Transphorm company,
Goleta, CA, USA. Figure 1 shows the Cascode device structure. It consists of a lower layer
with a high-voltage depletion-mode GaN HEMT and an upper layer with a low-voltage
enhancement-mode Si MOSFET, both of which are cascade-connected with a common
source and gate. When the Si MOSFET is turning on, the drain-source voltage of the
Si MOSEFET is forward close to 0 V, at which point the gate-source voltage of the GaN
HEMT is negatively close to 0 V and greater than its negative threshold voltage, enabling
the GaN HEMT to conduct. When the Si MOSFET is turned off, the externally applied
source-drain bias divides across the channels of the GaN HEMT and Si MOSFET, causing
the normally-on GaN HEMT’s gate-source voltage to be less than its threshold voltage,
thus turning it off.

The proton and heavy ion irradiation experiments were both carried out at the Space
Environment Simulation and Research Infrastructure (SESRI) at Harbin Institute of Tech-
nology. This facility encompasses multiple key technologies including vacuum, cryogenics,
dust particles, electromagnetic radiation, electron/proton radiation, plasma sources, weak
magnetic fields, in situ or semi in situ online measurement and analysis, and life behav-
ioral characteristic analysis. The protons had an energy level of 300 MeV, a dose rate
of 2 x 108 cm~2:s71, and a beam spot area of 1.5 x 3 cm?, resulting in a total dose of
1 x 10" p/ecm?. Proton experiments were performed at room temperature with a high
voltage of 650 V applied to the drain. The Keysight BI500A semiconductor parameter ana-
lyzer was employed to conduct comprehensive parameter characterization of the devices
before and after irradiation. A theoretical analysis was performed on the post-irradiation
variations in electrical characteristics. Subsequently, the low-frequency noise testing system
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was utilized to measure and analyze defects in the devices pre- and post-proton irradiation,
thereby validating the conclusions derived from the semiconductor parameter analyzer.
Finally, SRIM simulation software (V2013) is used to simulate the ionization and nuclear
energy losses induced by 300 MeV proton irradiation into the devices with depth to ana-
lyze and verify the defect formation mechanism due to electron—hole pair excitation and
displacement damage effects of proton irradiation on Si MOSFET and GaN HEMT devices.
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> —o0 D

'_ ——
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h
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low-voltage enhancement-type
(a)

Figure 1. Cascode device structure. (a) Equivalent schematic; (b) physical diagram of the device.

The heavy ion irradiation used Kr ions with an energy of 500 MeV, a beam spot
area of 1.5 x 3 cm?, and a total dose of 3.167 x 10° p/cm?, with a linear energy transfer
(LET) of 37 MeV-cm?/ mg and a range of 110.61 um in GaN. The heavy ion experiment
was conducted at room temperature, with three devices from the same batch subjected
to different drain biases of 100 V, 150 V, and 200 V (#1 device with 100 V bias, #2 device
with 150 V bias, and #3 device with 200 V bias). The output characteristics, transfer
characteristics, and gate leakage current of the device were measured using the Keysight
Company (Santa Rosa, CA, USA) B1500 semiconductor parameter analyzer before and
after heavy ion irradiation, and the causes of the changes in electrical parameters caused
by irradiation were analyzed.

After irradiation, the experimental devices underwent a decapsulation process. The
decapsulated devices were used to locate the failure areas with an emission microscope
(EMMI) (Advaced Company, Shanghai, China), and a focused ion beam (FIB) (Ther-
moFisher Company, Waltham, MA, USA) was used to spot cut and observe the device
burnout. The SRIM simulation software was used to simulate the irradiation of 500 MeV
Kr ions incident on Cascode GaN HEMT devices, clarifying the impacts of ionization
and nuclear energy loss effects from heavy ion irradiation on the devices. Finally, the
Sentaurus TCAD simulation software (V2019) was utilized to deeply reveal the microscopic
physical mechanisms causing the increased leakage current and single-event burnout effect
in Cascode GaN HEMT devices.

3. Results and Discussions
3.1. Degradation of Electrical Parameters of Devices Induced by Proton Irradiation

Electrical characterization of samples before and after proton irradiation reveals sig-
nificant degradation in the electrical performance of the enhanced Cascode GaN HEMT
devices. However, it is worth to note that the Cascode GaN HEMT device did not exhibit
the Single Event Burnout (SEB) effect under 300 MeV proton irradiation with a drain bias
of 650 V. Figure 2a depicts the output characteristics of the GaN HEMT device before and
after irradiation, with configuration of Vgs = 4.0-4.4 V and a drain voltage swept of 0—4.0 V.
A noticeable decrease in the saturated output current can be observed after irradiation. For
instance, the maximum drain current of the device decreases by 14.23% after irradiation for
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the output curves at Vgs = 4.4 V. Figure 2b further illustrates the output resistance curves
of the device before and after irradiation, indicating that the output resistance of the device
does not change significantly after proton irradiation. Figure 2c,d show the transfer charac-
teristics curves in linear and logarithmic scale of the device before and after irradiation,
with a test condition of Vds = 0.05 V and Vgs = 0-7 V. The peak transconductance of the
device decreases by 5.59% after irradiation, and the threshold voltage negatively shifts
by 0.27 V. Figure 2e displays the Igs-Vgs characteristic curve before and after irradiation,
showing minimal change in gate leakage current.
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Figure 2. Electrical characteristic curves of Cascode GaN HEMTs under 300 MeV proton irradiation.
(a) Output characteristics curve before and after irradiation; (b) the output resistance curve before
and after irradiation; (c) the transfer characteristic curve before and after irradiation in linear scale
and (d) the transfer characteristic curve before and after irradiation in logarithmic scale; (e) the Igs-Vs
characteristic change curve before and after irradiation.
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3.2. Heavy Ion Irradiation Effects

Heavy ion irradiation was conducted under three different voltage conditions. Device
#1 drain biased at 100 V, #2 biased at 150 V and #3 at 200 V during irradiation. After heavy
ion irradiation, device #1 exhibited a 5-order-of-magnitude increase in leakage current, and
single-event burnout (SEB) occurred in devices #2 and #3. The drain current evolution with
an ion energy of 500 MeV at 100 V drain bias are shown in Figure 3.
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Figure 3. Monitoring of drain current during heavy ion Irradiation.

When the drain bias is set to 100 V, the drain current gradually increases with heavy
ion irradiation. At a total dose of 3.167 x 10° p/ cm?, the current does not reach limit state,
and the damage induced by the heavy ion irradiation to the device leads to a continuous
increase in the drain current. Figure 4 presents the test results of device #1. In Figure 4a,
the test conditions are Vgs = 4.05—4.4 V with a step size of 0.05 V, and the drain voltage
varied from 0 to 4 V. Unlike proton irradiation, the output current significantly increases
after irradiation. When the device is biased at Vgs = 4.05-4.4 V, the device operates in the
subthreshold region. The increased output current at this bias suggests an introduction
of additional leakage current paths after irradiation. Figure 4b represents the output
resistance curve of the device before and after irradiation, indicating that, unlike proton
irradiation, the output resistance of the device after heavy ion irradiation decreases and
approaches 0, indicating serious electrical degradation or structural damage within the
device. Under high-energy heavy ion irradiation, the device exhibits leakage-induced
degradation. As leakage current rises with increasing irradiation dose, the device ultimately
loses its reverse-blocking ability. Figure 4c,d show the transfer characteristics of the device
before and after irradiation, with test conditions of Vds = 0.05 V and Vgs = 0-7 V. After
irradiation, the peak transconductance of the device decreases by 70.17%, the transfer slope
also decreases, and the threshold voltage negatively shifts by 0.11 V. From the logarithmic
coordinate characteristics curve, it can be observed that the off-state leakage current of
the device increases by five orders of magnitude after heavy ion irradiation. Figure 4e
demonstrates that the reverse leakage current and forward leakage current of the device
show no significant change after irradiation.

Considering the electrical characteristics before and after irradiation, the enhancement-
type Cascode GaN HEMT device was more sensitive to heavy ion irradiation. Compared
with the results of proton irradiation experiments shown in Figure 2, Kr ions also led to a
more severe decrease in device transconductance. Moreover, the off-state leakage current
of the device increased by five orders of magnitude after Kr ion irradiation.
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Figure 4. Electrical characterization curves of Cascode GaN HEMTs under 500 MeV heavy ion
irradiation. (a) Output characteristics curve before and after irradiation; (b) the output resistance
curve before and after irradiation; (c,d) the transfer characteristic curve before and after irradiation
in linear and logarithmic scale, respectively; (e) the Ios-Vgs characteristic change curve before and
after irradiation.

3.3. Analysis and Discussions
3.3.1. Characterization of Low-Frequency Noise Defects in Devices After Proton Irradiation

Through comparison and analysis of the electrical characteristics of the device before
and after proton irradiation, it can be inferred that the 300 MeV proton irradiation causes
an increase in internal defects of the device. These radiation-induced defects serve as
generation—-recombination or trapping centers for a large number of carriers, resulting in
a decrease in carrier concentration and carrier mobility at the channel of the device. This
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ultimately leads to the degradation of electrical characteristics such as saturation output
current, threshold voltage, and transconductance.

In order to further characterize the changes in defects within the GaN HEMT device
before and after 300 MeV proton irradiation, the flat-band voltage noise power spectrum
density (Syp) is used to assess the device’s internal defects before and after the proton
irradiation [13,14]. The relationship between the normalized channel current noise power
spectrum density (S;7/ 142) and the flat-band voltage noise power spectrum density can be
expressed as follows [15]:

Sid gm 2
Sd o emy g 1
kTN Iy 2
Syt (). @

©fWLC2(Vgs — Vin)?  8m

The parameter g, represents the transconductance of the AlIGaN/GaN HEMT device,
q is the elementary charge, k is Boltzmann’s constant, T is the absolute temperature, and
Ny is the volume trap density (cm~3) in the gate oxide per eV. Additionally, f represents
the frequency, W and L denote the width and length of the gate, respectively, C; refers
to the capacitance of the AlGaN barrier, and (Vgs-Vth) is the overdrive voltage. The
magnitude of Sy, is entirely dependent on parameters such as trap charge and structural
dimensions in the vicinity of the channel and is unrelated to the device’s channel current
and frequency [16-20]. Figure 4 illustrates the functional relationship between the noise
power spectral density and the drain current before and after device irradiation. Based on
Equation (1), the calculated values of Sy, for the device before and after proton irradiation
are 3.2205 x 10712 V2.Hz ! and 7.9659 x 10~!! V2.-Hz !, respectively. The relationship
between defect density (N;) and Syy, can be approximated as follows [19]:

Wi

‘= RTA Sv b, 3)

A is the conduction band alignment of the AlIGaN/GaN heterojunction. As calculated
in (3), after 300 MeV proton irradiation, the defect density N; in the AlIGaN/GaN device
increased from 3.27 x 10'® cm—3eV~!t07.17 x 10'® cm ~3eV~!. This indicates an increase of
3.9 x 10'® cm~3eV~! in defect density within the device after 300 MeV proton irradiation.
As can be seen from Figure 5, after proton irradiation, the defect density curve shifts
upward, indicating an increase in the interface defects. This observation corroborates the
aforementioned results.
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Figure 5. The variation in channel current noise power spectral density with channel current before
and after the proton irradiation.
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The low-frequency noise testing of Cascode GaN HEMT devices measures the gate
oxide layer of the cascaded Si MOSFET. Thus, threshold voltage changes are mainly
influenced by Si MOSFET performance variations. From the internal equivalent circuit
diagram (Figure 1) of the Cascode structure, it can be seen that the most significant feature
of this device is the cascading of low-voltage enhancement Si MOSFET devices, and the
overall threshold voltage of the Cascode structure is mainly controlled by the Si-based
MOS tube. The mathematical model of the MOSFET threshold voltage Vth g; is [20]

4egigN,
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where Ny is the oxide trap charge, N is the interface trap charge, Coy is the unit area gate
oxide capacitance, €g; is the dielectric constant of Si, N4 is the effective doping concentration
in the P-type channel region, Ni is the intrinsic carrier concentration in silicon, ®rp is the
Fermi potential of P-type substrate, and ®s is the metal-semiconductor work function
difference. The negative drift of Vth is mainly caused by electron-hole pairs induced by
proton irradiation in the gate oxide layer. Due to the higher electron mobility in the oxide
layer compared to holes, electrons can leave the gate oxide layer in a relatively short time.
When most of the holes move toward the SiO,/Si interface, they are captured by traps
to form Ny and Nj;. Since oxide traps capture charges more easily than interface traps,
Nyt increases much more than Nj;, causing Vth g; to decrease. Vth of the cascade device is
directly related to the Vth g; of the MOSFET device, so a decrease in Vth. When the Cascode
device operates in the saturation region, the source-drain output current, Ipg, is mainly
limited by the I45g; of the St MOSFET, and thus Ips is forced to limit as 145 g; decreases [21].

The SRIM software was employed to simulate the ionization energy loss distribution
of 300 MeV proton irradiation on Cascode GaN HEMT devices, which generates numerous
electron-hole pairs. The nuclear energy loss distribution was also examined to reveal
the displacement damage effects caused by proton irradiation, thereby explaining the
proton irradiation damage mechanism. The simulation results are shown in Figure 6.
Figure 6a presents the depth-dependent variations in ionization energy loss and nuclear
energy loss in the enhancement-mode Si MOSFET device, while Figure 6b displays the
corresponding depth-dependent variations in ionization energy loss and nuclear energy
loss in the depletion-mode GaN HEMT device. The ionization energy of Si is 3.6 eV, and
that of GaN is 8.9 eV, which is the energy needed to form an electron-hole pair upon
irradiation. This suggests that GaN HEMT devices have better resistance to ionization-
induced damage than Si MOSFET devices. As shown in Figure 6, after 300 MeV proton
irradiation, ionization energy loss occurs in the devices. In the Si MOSFET, the ionization
energy loss at the SiO, /Si interface is 6.632 x 10* eV/A, while in the GaN HEMT, the
corresponding value at the AlGaN/GaN interface is 8.572 x 10* eV/A. Analysis shows
that proton irradiation causes more severe ionization damage in Si MOSFET devices.
This generates a large number of electron-hole pairs, which in turn affect the electrical
performance of the device.

It can also be seen from Figure 6 that nuclear energy loss occurs in the device under
proton irradiation, indicating that displacement damage effects have taken place. The
nuclear energy loss in Si MOSFET devices is higher than that in GaN HEMT devices.
The displacement damage caused by nuclear energy loss creates numerous defects in
the material, which ultimately leads to the degradation of the device’s electrical prop-
erties. This is consistent with the above LEN experimental results. The SRIM software
calculates that the energy required to form a vacancy in Si is 2.333 eV /Vacancy and in
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GaN is 2.875 eV /Vacancy. This shows that under proton irradiation, Si MOSFET devices
are more susceptible to displacement damage and trap charge formation. As a result,
their post-irradiation degradation is more pronounced. Therefore, the degradation of
Cascode GaN HEMT devices under proton irradiation is mainly due to the influence of
Si MOSFET devices. Although GaN HEMTs are also affected by irradiation, the impact is
relatively small.
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Figure 6. Depth dependence of ionization and nuclear energy loss in the device. (a) Si MOSFET;
(b) GaN HEMT.

3.3.2. Failure Analysis of Devices After Heavy lon Irradiation

Compared to proton irradiation, Kr ion irradiation leads to a more severe reduction in
transconductance. Furthermore, there is a five-orders-of-magnitude increase in off-state
leakage current. From the analysis of the output characteristic curve in Figure 4a, it can be
observed that the output current of the device decreased after proton irradiation compared
to before irradiation, whereas the device irradiated with heavy ions exhibits an increasing
trend. This is due to the increase in off-state leakage current that causes the output leakage
current to rise in the heavy ion irradiated device when it is not fully turned on. That
is, it indicates the presence of conductive channels between the source-drain regions of
the device.

Considering that the metal wiring at the front side of GaN HEMT might cover the
light emission, the EMMI analysis was conducted from the back side with the back metal
stripped by grinding. The #1 device was opened, and an emission microscope (EMMI) was
used to detect photons emitted and locate the fault points as shown in Figure 7. Multiple
failure points distributed in different locations were found on the depletion GaN, while
the enhancement Si MOSFET did not have any fault points. Each fault point represents
a conductive channel and contributes to the increase in leakage current after heavy ion
irradiation. The microscope was used to capture detailed images of the fault area of the
device. It can be seen from Figure 7b that no significant material damage or morphological
changes were observed at the failure location. Figure 8 presents the test results of the EMMI
for device #2. It shows that the depletion-mode GaN HEMT device within the Cascode
structure exhibits a Single Event Burnout (SEB) phenomenon, primarily occurring in the
metal interconnect layer. The extracted details of the device fault points from Figure 8b
reveal a significant burnout phenomenon between the gate and drain regions.

169



Electronics 2025, 14, 2653

i

g

E
L
g
Lo
e
b=
"
LU
s
"
w
“

(b)

Figure 7. (a) EMMI test results for device #1; (b) enlarge of a failure point. Failure points are
emphasized by red circles.

R

(b)

Figure 8. (a) EMMI test results for device #2; (b) enlarge of the failure point. Failure points are

emphasized by red circles.

Using EMMI for fault localization, targeted cutting of the burnt points was performed
using focused ion beam microscopy (FIB) to observe the sectioned burnt points of the device.
A comparison between Figure 9 indicates that there exists a void burnt between the gate and
drain regions of the #2 device. The cross-sectional image cut by FIB in Figure 9¢,d reveals
that the internal metal of the device has been burned into a void due to the SEB effect.

Figure 10 illustrates the gate and drain current characteristics of the Cascode device as
a function of drain voltage (V) at a gate voltage (V) of 4.2 V under off-state conditions
after heavy ion irradiation. It can be observed that the gate current remains at the nA
level before and after irradiation, indicating that the gate-source region is in the off state.
However, the drain current increases with increasing drain voltage, suggesting the presence
of a conductive channel between the source and drain regions. Further analysis suggests
that the weakened Schottky barrier leads to a decrease in gate controllability, resulting
in increased leakage current. When the leakage current becomes sufficiently large, a
conductive channel forms between the source and drain.Based on the analysis of the
internal circuit structure of the cascaded GaN device shown in Figure 1, it is evident that
the TP65H050WS GaN device consists of a low-voltage enhancement-mode Si MOSFET and
a high-voltage depletion-mode GaN HEMT connected in a common source and common
gate configuration. When the device is in the reverse-biased cutoff state, the low-voltage
enhancement-mode Si MOSFET is cutoff. The drain of the high-voltage depletion-mode
GaN HEMT, the gate of the GaN HEMT, and the source of the Si MOSFET can form a
leakage path between the source and drain, leading to high current phenomena at the
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source-drain terminals of the device. This is likely the primary reason for the SEB region in
the high-voltage depletion-mode GaN HEMT observed in Figure 8 [22,23].
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Figure 9. (a) Cross-sectional image of device #1 with off-state leakage current increase; (b) enlarge
of the cross-section for device #1; (c) cross-sectional image of device #2 with SEB; (d) enlarge of the
cross-section for device #2.

1.5x102 F Unirradiated Ids T 800
-~~~ irradiated Ids san” 2
44.0x101!
10 x107 | 2
“«
= Jo.o 2
v—t'U ="
5.0x10° |
4-4.0x10!
Unirradiated Igs
0.0 = === irradiated Igs | -8.0x10!!
0 1 4 5

2 3
Va V)

Figure 10. Variation in gate drain current with drain voltage of Cascode device in off-state mode after
heavy ion irradiation.

To deeply explore the failure mechanisms of Cascode GaN HEMTs caused by Kr
ions, 2D device simulations were conducted using the Sentaurus TCAD. The models
used included carrier statistical, hot electron emission, heterojunction, carrier mobility,
generation-recombination, piezoelectric polarization, tunneling, and heavy ion effects
models. During simulation, the GaN HEMT was set to the off-state, with radiation particles
vertically incident from the gate-drain region. To match the irradiation experiment, the ion
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LET value was set to 0.543 pC/um (about 37 MeV-cm?/mg for GaN). The ion penetration
depth was 3 um to cover the entire device. The ion-induced failure factors in the device
were examined by varying the drain bias [24].

Based on the aforementioned model, heavy ion irradiation simulation experiments
were conducted on depletion-mode GaN HEMTs. The simulation structure diagram of
the device is shown in Figure 11. From top to bottom: metal contact layer, silicon oxide
passivation layer, AlGaN barrier layer, GaN channel layer, GaN or AlGaN buffer layer
(Al composition of 0.02), AIN seed layer, and oxide layer. From left to right: source, gate,
drain. Relevant parameters are listed in Table 1. Although discrepancies exist between the
simulation device data/structure and the experimental device structure, the conclusions
drawn through qualitative analysis suffice to provide theoretical guidance for this study.
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Figure 11. Depletion-mode GaN HEMT device simulation structure diagram. Gold: Silicon oxide

passivation; Blue: AlIGaN/GaN layer; Brown: oxide layer.

Table 1. Depletion-mode GaN HEMT device simulation structural parameters.

Parameters Values

Source and drain length 0.5 pum

Gate Length 0.7 pm

Silicon oxide passivation 0.2 um

AlGaN barrier layer 0.03 um

GaN trench layer 0.03 pm
GaN or AlGaN buffer layer 2 um

AIN seed layer 0.1 pm

Oxide layer 0.1 pm

Figure 12 presents the drain transient current variations in GaN HEMT devices caused
by radiation ion incidence at different drain biases. As shown in Figure 12, at a drain
bias of 100 V, the device’s drain transient current variation is insignificant, and no SEB
occurs. However, when the drain bias ranges from 150 V to 350 V, the drain current surges,
exceeding 1 A. The resulting transient temperature rise causes thermal damage, leading to
SEB in the device.

Figure 13 presents the gate transient current variations in GaN HEMT devices caused
by radiation ion incidence at different drain biases. As shown in Figure 13, as the drain
bias and particle irradiation time increase, the gate current rises and then drops to 0 A. This
is because heavy ion incidence generates numerous electron-hole pairs. Electrons move
towards the drain and are collected, while holes migrate towards the gate and accumulate.
The accumulated holes in the AlGaN layer at the Schottky interface form a positive charge
region, counteracting the electrons on the metal side and weakening the Schottky barrier.
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Figure 12. Drain transient current induced in GaN HEMT devices by ion incidence at different
drain biases.

0.0 |-
\“?
-0.1F
—_—_—V —100V
o2k — Vamtsov
= V=200V

Iy (A)

— V=250V
= V=300V
03 V=350V
102 10 10 10° 108 107 10°¢

Time (s)

Figure 13. Gate transient current produced in GaN HEMT devices by ion incidence at different
drain biases.

Figure 14 shows that regardless of the incidence angle of heavy ions, numerous holes
gather below the gate. As the drain bias increases, more holes are driven towards the gate
by the electric field, leading to hole accumulation at the gate. These holes are captured
by defects at the interface caused by irradiation, forming a local positive charge layer.
This partially offsets the intrinsic polarization-induced negative charge in the AlGaN layer,
weakening the polarization electric field and narrowing the depletion region. The narrowed
depletion region reduces the band bending of the Schottky barrier, lowering the barrier
height. The reduced Schottky barrier allows more electrons to tunnel through, increasing
leakage current. At higher drain biases, as shown in Figure 12, local transient large currents
occur and persist for a while, gradually increasing the maximum lattice temperature within
the device, causing thermal damage and SEB. As a conclusion, the degradation mechanisms
observed in this study are compared to similar studies conducted on other semiconductor
devices under radiation, as shown in Table 2.
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Figure 14. Hole distribution in GaN HEMT devices by ion incidence at different positions and drain
biases. (a) source, 100 V; (b) source, 150 V; (c) source, 200 V; (d) gate, 100 V; (e) gate, 150 V; (f) gate,
200V; (g) gate, 100 V; (h) gate, 150 V; (i) gate, 200 V.

Table 2. Degradation mechanisms comparisons to previous research.

Devices Radiation Source Failure Mode
SiC Schottky diode [25] Ta, LET = 81.3 MeV-cm?/ mg Single event burnout
65 nm N-channel MOSFET [26] Sn ions Nega.tlve drift of threshold voltage,
increased leakage current
p-gate GaN HEMT [27] Ge, LET = 37 MeV-cm? /mg Increased leakage current
Cascode GaN HEMT [27] Ti, LET = 21.8 MeV-cm?/ mg Single event burnout

Single event burnout occurs at

GayO3 Schottky diode [28] 300 MeV proton reverse 400 V.

4. Conclusions

Proton and heavy ion irradiation experiments were carried out on Cascode GaN
HEMT devices. Results show that under 650 V drain bias, proton irradiation degrades the
device’s electrical characteristics without causing single-event burnout (SEB). Under 100 V
drain bias, heavy ion irradiation significantly alters electrical properties, increasing the
off-state drain current by five orders of magnitude. At 150 or 200 V drain bias, heavy ion
irradiation induces SEB. Post-irradiation failure analysis and simulation results indicate
that the electrical degradation after proton and heavy ion irradiation is due to the combined
effects of ionization energy loss-generated electron-hole pairs and displacement damage
caused by nuclear energy loss. The increased leakage current and SEB after heavy ion
irradiation are attributed to a weakened Schottky barrier.
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