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Abstract—Recent developments in GaN power devices challenge 

the long-standing success of SiC due to GaN’s more advantageous 

material properties. Models, such as the critical-energy storage and 

release model, have been developed to explain and predict observed 

Single-Event Leakage Current (SELC) and Single-Event Burnout 

(SEB) thresholds for SiC technologies. However, GaN devices have 

not been tested and compared in the same high-voltage range as SiC. 

In this work, high-voltage GaN and SiC vertical PiN diodes were 

tested for SELC/SEB at similar voltages for a wide LET range. The 

experimental comparison shows a lower SELC/SEB tolerance in 

GaN, both in terms of raw voltage and critical stored energy (𝑼𝑺𝑬𝑬). 

Defect measurements in GaN devices after SELC show a strong 

𝑬𝑪 − 𝟎. 𝟔 𝒆𝑽 trap presence that is attributed to SELC-generated N 

interstitials. The lower SEE tolerance of GaN is attributed to lower 

defect-multiplication activation energies, marking a limitation in 

GaN as a material, not simply an underdeveloped technology. 

 
Index Terms—Single-Event Effects (SEEs), Single-Event Leak-

age Current (SELC), Single-Event Burnout (SEB), Power devices, 

P-i-N Diodes, Deep-Level Transient Spectroscopy (DLTS), defects, 

junction energy storage, critical-energy storage and release model 
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I. INTRODUCTION 

IGH-VOLTAGE power electronics find their way into the 

electric power grid and many modern technologies, such 

as avionics, satellites, defense systems, spacecraft, and electric 

vehicles [1,2]. With higher voltages comes higher efficiencies 

for power transmission [3]. As voltage requirements increase, 

the ability of silicon to form these critical components, with 

only a breakdown electric field of ~3 × 105 V/cm, diminishes, 

particularly for size- and weight-sensitive applications such as 

aviation and space.  

Silicon carbide (SiC) has long been commercially successful 

as a wide-bandgap (WBG) material for power electronics, ow-

ing to its much higher breakdown electric field of ~3 × 

106 V/cm, which enables a Baliga figure-of-merit approxi-

mately 103 times higher for power device applications [1,4]. 

However, with this high electric field comes the radiation prob-

lem of catastrophic single-event effects (SEEs). A single parti-

cle can strike the device at high reverse bias and cause reverse-
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bias leakage current to increase suddenly and permanently (Sin-

gle-Event Leakage Current, SELC), or, at higher voltages, short 

the device altogether (Single-Event Burnout, SEB) [5]. These 

phenomena have been attributed in part to the energy stored in 

the capacitor-like structure of a power device [6]-[8], to be ex-

plained in detail later.  

In recent years, gallium nitride (GaN) has gained attention 

for power devices [3], due to its slightly higher breakdown elec-

tric field and electron mobility compared to SiC [1]. This fea-

ture makes GaN well suited for power devices [9], but it may 

not translate to radiation hardness [10].  

This work provides a direct comparison of multi-kV vertical 

GaN and SiC PiN diodes under heavy-ion irradiation. These 

data are evaluated using the critical-energy storage and release 

framework [6]-[8], demonstrating that the radiation hardness of 

vertical GaN devices in the multi-kV range is markedly lower 

than that of SiC. We then connect post-irradiation leakage be-

havior in GaN to measured defect signatures. We find that the 

defect measurements are consistent with a defect-multiplication 

picture [11,12], suggesting that GaN is less tolerant of 

SELC/SEB than SiC at a material level, rather than due to de-

vice manufacturing processes. 

II. EXPERIMENTAL METHODOLOGY 

For all devices, the incident ion ranges exceed epitaxial layer 

thicknesses, ensuring full traversal of the depletion region dur-

ing irradiation. Junction energy storage was calculated using 

measured reverse-bias C-V characteristics and the metallurgical 

junction area, as described in Section III. 

A. 3.2 kV GaN PiN Diodes 

3.2 kV GaN PiN diodes were fabricated at Naval Research 

Labs on a single die. The die was then diced, packaged, and sent 

to Texas A&M University’s (TAMU) Radiation Effects Facil-

ity for SEE testing. 15 MeV Ar and Pr were selected for their 

useful low (6.1 MeV∙cm2/mg) and high (44.1 MeV∙cm2/mg) 

LETs in GaN, respectively. An initial forward and reverse I-V 

sweep was done to ensure the devices worked properly. Then, 

with the beam on, the reverse voltage was ramped up from 0 V 

to 3 kV, at a rate chosen to ensure a total fluence of ~107 cm-2 

ions by the end of the sweep, enough to observe catastrophic 

SEEs while limiting cumulative damage. After marking the on-

set voltages of SELC/SEB, the voltage was taken 50 V below 

that onset voltage for the next device to pinpoint the threshold 

of SELC/SEB. This process of lowering voltage was continued 

until no SELC/SEB occurred. The minimum reverse-bias volt-

age at which SELC/SEB was observed was defined as the 

threshold voltage for that SEE and used in subsequent junction 

energy storage calculations. Identical testing on 3.3 kV SiC PiN 

diodes using the same experimental setup and incident ions dur-

ing the same beam session is reported elsewhere [13]. 

B. 6 kV GaN PiN Diodes 

6 kV GaN PiN diodes were fabricated at Sandia National La-

boratories [9,14]. There was greater variation in the size and 

shape of the edge termination in these devices. Most notably, 

there were a set of devices with an anode radius of 142 μm (de-

noted here as “small”), and a set of devices with an anode radius 

of 563 μm (denoted here as “large”). Before any bonding or ra-

diation testing, forward and reverse I-V (‒1000 V to +5 V) and 

C-V (0 to ‒500 V) measurements were taken from 10 K to 

350 K to ensure predictable device behavior. This was done to 

establish a strong baseline of operation for these devices, as 

they would be analyzed more extensively than their 3.2 kV 

counterparts. Devices were sent to the Lawrence Berkeley Na-

tional Laboratory (LBNL) 88-inch Cyclotron and tested using 

the same methods as the 3.2 kV devices. However, the ions used 

were 20 MeV Cu (11.6 MeV∙cm2/mg) and 20 MeV Xe 

(37.2 MeV∙cm2/mg). One 8 kV SiC PiN diode from GeneSiC 

was tested with 20 MeV Cu (15.2 MeV∙cm2/mg) to ensure ac-

curate correspondence with previous SiC data. After beam test-

ing, six GaN devices were left in a leakage (degraded) state, and 

one burned out. Forward and reverse I-V and C-V curves were 

taken to aid analysis.  

C. Defect Measurements 

Current-based Deep-Level Transient Spectroscopy (I-DLTS) 

[15] measurements were performed on two of the 6 kV GaN 

devices that had exhibited SELC. I-DLTS measurements were 

employed specifically because the devices were very leaky, and 

standard DLTS [16] measurements failed. I-DLTS works by ab-

ruptly biasing the device to a high reverse bias from 0 V. The 

current transient that results from the emission of trapped 

charges is measured. I-DLTS measurements were analyzed in 

the following way: The current transient 𝐼(𝑡) from a single 

emitting trap level at a concentration 𝑁𝑇, with an emission rate 

𝑒𝑛, for a depletion width change of 𝑥𝑑, is given by 

 𝐼(𝑡) = −
1

2
𝑞𝐴𝑥𝑑𝑁𝑇𝑒𝑛 exp(−𝑒𝑛𝑡)  () 

If the transient of current is given by (1) and the response is 

dominated by a single trap level, with some spread, then the 

total current can be fit to  

 𝐼(𝑡) = 𝐼∞ + 𝛼 exp (− (
𝑡

𝜏
)

𝛽

)  () 

where 𝐼∞ is a free parameter corresponding to the DC current 

response of the device, 𝛼 is a free parameter corresponding to 

the pre-exponential factor in (1), 𝜏 is a free parameter corre-

sponding to the time constant of the trap, and 𝛽 is a free param-

eter corresponding to the width or spread of the trap energy lev-

els [15]. Based on the above equations, 𝑁𝑇 can be found using 

 𝑁𝑇 = −
2𝛼𝜏

𝑞𝐴𝑥𝑑
  () 

At multiple temperatures, an Arrhenius plot of the time con-

stants can be constructed in accordance with 

 𝜏−1 = 𝐶𝑇2𝑒−𝐸𝑎/𝑘𝑇  () 

where 𝑇 is the temperature of the measurement, 𝑘 is the Boltz-

mann constant, 𝐶 is a constant, and 𝐸𝑎 is the activation energy 
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associated with the trap(s) leading to the temperature depend-

ence of the observed response. The slope of a plot of ln(𝜏𝑇2) 

vs 1/𝑘𝑇 gives 𝐸𝑎 [15], [16]. 

III. RESULTS 

A. Heavy-Ion Testing Results 

The combined results of the TAMU and LBNL experiments 

for all devices are shown in Fig. 1, which includes data from 

[13,17] as well. On the x-axis is the LET of the ion in a partic-

ular test, and on the y-axis is the voltage at which the SEE was 

observed. The data from [13] are from the same ion beam and 

experimental setup as the 3.2 kV GaN PiN diodes. Since the 

devices have different levels of doping, this plot does not allow 

us to unambiguously determine which material is more resistant 

to SELC and SEB. It is for this reason that widely available 

voltage vs. LET data are not useful for material comparison.  

A recently developed critical-energy storage and release 

model [6]-[8], which posits that the junction energy stored in 

the depletion region determines the voltage thresholds for 

SELC and SEB, enables the plots of Fig. 2, with energy stored 

in the depletion region on the y-axis instead of voltage. The 

model successfully explains the SEB voltage thresholds of SiC 

power devices with various epitaxial doping levels, so it is ap-

plied here in GaN as well to allow a direct material comparison.  

During an ion strike, the energy stored within the capacitor-

like structure (𝑈𝑆𝐸𝐸) is assumed to provide the necessary energy 

to cause material degradation or device failure. In general, 𝑈𝑆𝐸𝐸  

is given by  

 𝑈𝑆𝐸𝐸 ≡
1

𝐴
∫ 𝑉 𝑑𝑄

Ω
=

1

𝐴
∫ 𝑉 𝐶(𝑉) 𝑑𝑉

𝑉𝑆𝐸𝐸

0
 () 

where 𝐴 is the area of the metallurgical junction, 𝛺 is the deple-

tion region, 𝑉𝑆𝐸𝐸 is the applied voltage when the SEE is ob-

served, and 𝐶(𝑉) is the capacitance of the junction at the given 

voltage. For the one-dimensional case with a uniformly and 

lightly n-doped epitaxial layer, (5) gives 

 𝑈𝑆𝐸𝐸 =
1

3
√2𝑞𝜀0𝜀𝑁𝐷 ∙ 𝑉𝑆𝐸𝐸

3/2  () 

where 𝑞 is the elementary charge, 𝜀0 is the permittivity of free 

space, 𝜀 is the material’s relative permittivity, and 𝑁𝐷 is the ep-

itaxial doping, as shown in [8]. 

In this work, 𝑈𝑆𝐸𝐸  was calculated using measured reverse-

bias capacitance–voltage characteristics according to (5), which 

implicitly accounts for device geometry, depletion width evo-

lution, and non-uniform doping profiles without requiring ex-

plicit assumptions regarding epitaxial thickness or electric-field 

distribution. Nevertheless, representative doping concentra-

tions for all devices is shown in Table 1. The striking ion pro-

duces a conducting plasma of electron-hole pairs, which shorts 

the depletion region and rapidly drains the stored energy. For 

higher LET, the stored energy (𝑈𝑆𝐸𝐸) is drained more rapidly, 

and the underlying material experiences greater damage, so a 

combination of high 𝑈𝑆𝐸𝐸  and high LET is necessary.  

 

 
Fig. 1. Threshold voltage vs. LET data for SiC (blue) and GaN (red) PiN 
diodes, showing SELC (top) and SEB (bottom). The experimental data from 

[13] are obtained at the same ion beam facility at TAMU using the same 

experimental setup. More than two large 6 kV GaN diodes experienced SELC, 
but the lowest numbers are reported. Because of the different device doping, 

these figures do not allow for clear and umanbiguous material comparison. A 

model such as a critical-energy storage and release model [6]-[8] must be used 

to remove this doping dependence. The results are shown in Fig. 2. 

TABLE I 

DOPING LEVELS FOR ALL DEVICES 

Device Doping (cm-3) 

1.2 kV SiC 8 × 1015 

3.2 kV GaN 5 × 1015 
3.3 kV SiC 3 × 1015 

6 kV GaN 7 × 1014 

8 kV SiC 9 × 1014 

Represetative doping concentrations for all devices shown in Figs. 1 and 2. 

There is a slight advantage shown in the small 6 kV GaN 

diodes compared to the large 6 kV GaN diodes. Previous studies 

have shown that anode design can have an impact on electric 

field management [18,19], which would have an effect on the 

pre-strike stored energy that is not captured by the ideal one-

dimensional perspective of (5) and (6). The large 6 kV GaN de-

vices also became so leaky due to SELC events that determin-

ing SEB thresholds became impractical. Previous experiments 

have shown that different edge terminations in GaN PiN diodes 

leading to different electric field management can translate to a 
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Fig. 2. Threshold stored junction energy vs. LET data for SiC (blue) and GaN 
(red) PiN diodes, showing SELC (top) and SEB (bottom). The critical-energy 

storage and release model [6]-[8] was used to compare devices with different 

doping and voltage ratings. A markedly lower performance of GaN devices is 
observed across various doping concentrations and LETs and for multiple 

device structures, suggesting that GaN has less advantageous material 

properties. The experimental data from [13] are obtained at the same ion beam 
facility at TAMU using the same experimental setup. More than two large 6 kV 

GaN diodes experienced SELC, but the lowest numbers are reported; however, 

all 𝑈𝑆𝐸𝐿𝐶  values are within 5 μJ/cm2 of the reported value, so there is little 

variation in those results. The large 6 kV GaN data are not included in the SELC 
fit because of its lower radiation tolerance than the small 6 kV GaN due to its 

disadvantageous structure.  

more or less robust response to Cf-252 fission fragments and 

other low-range ions [20,21]. The less robust Junction Termi-

nation Extension was employed on all the 6 kV GaN devices, 

explaining the increased robustness of the 3.2 kV GaN devices 

by comparison. If these structural differences lead to regions 

within the devices where more energy is stored across the junc-

tion area, then those regions would be more susceptible to 

SELC/SEB failure. 

However, for these multiple device structures and doping, the 

high-voltage GaN diodes were statistically less robust to both  

SEB and SELC compared to SiC, suggesting that material prop-

erties are responsible for the difference. The lower robustness 

of GaN holds for all the multiple edge terminations and sizes 

tested in 6 kV GaN diodes. No combination of doping, edge 

termination, or anode radius was able to overcome the robust-

ness of SiC at any LET range. The fact that the GaN data follow 

 

Fig. 3. Reverse I-V characteristics for devices in the LBNL experiment. The 

raw data are shown on the top and the slope of the log-log plot is shown on the 
bottom. The high power scaling that scales upward with decreasing leakage 

magnitude is consistent with the leakage being hopping limited. 

the same general shape as the SiC data suggests a common 

mechanism, so extensive previous insights into SELC/SEB in 

SiC may prove useful in the GaN material system.  

B. Post-Irradiation Measurements 

Post-irradiation reverse I-V curves for some of the devices 

irradiated in the LBNL experiment are shown in Fig. 3. All 

these devices are 6 kV vertical GaN PiN diodes that only expe-

rienced SELC. On the right is the slope of the log-log plot of 

the reverse I-V characteristics on the left. The devices with a 

higher leakage current have a lower power-scaling factor (the 

slope of the log-log plot) than the less leaky devices. Such be-

havior is consistent with hopping conduction, since the proba-

bility of trap-to-trap hopping increases dramatically with in-

creasing electric field for systems with fewer available hopping 

sites [22]-[25]. Thus, rate-limiting factor in the leakage of the 

devices is likely hopping conduction, even for such a thick ep-

itaxial layer. 

I-DLTS measurements were performed on two 6 kV GaN di-

odes, denoted A3 and A7, each exhibiting a different post-

SELC leakage-current level. The results of these I-DLTS meas-

urements are shown in Fig. 4. Two pristine devices, denoted 

A11 and A22, were also measured, but showed no meaningful 
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result for the I-DLTS measurement. The results of Fig. 4 

demonstrate that the concentration of the identified trap scales 

with leakage current, strongly suggesting that the 𝐸𝐶 − 0.6 𝑒𝑉 

trap is associated with post-SELC leakage current paths in ver-

tical GaN power devices. 

IV. DISCUSSION 

Iron has long been known as an impurity in GaN electronic 

devices [26]-[31]. It is intentionally introduced in GaN/AlGaN 

HEMTs to create an insulating blocking layer. After many years 

of efforts to identify the prominent Fe-related deep acceptor 

level at ~0.6 eV below the conduction-band edge, it was re-

cently established that it is simply substitutional Fe at Ga sites 

(FeGa) [31]. The presence of Fe impurities in GaN vertical 

power devices has been examined in detail by many investiga-

tors. The key finding is that, depending on the process used for 

fabrication, Fe is present at levels up to ~1017 cm-3 and decays 

below the detection limit within a few microns from the sub-

strate [32].  

Our devices are grown by a process that includes layers in-

tended to isolate contaminants from the active device regions. 

The devices have consistently demonstrated uniform net drift-

region doping, signaling that the concentration of FeGa centers 

that are not passivated by hydrogen is well below the n-type 

doping level in the 50-m drift region. In control power devices 

that were irradiated without bias simultaneously with the de-

vices under bias, we found that the 0.6-eV level concentration 

is below the doping concentration. The fact that the 0.6-eV level 

is observed in a range from 1015 to 1018 cm-3 by I-DLTS (Fig. 

4d) suggests that FeGa may contribute to, but is not the dominant 

component of, the I-DLTS signal from the SELC-generated 

0.6-eV level. 

Given the above, the results shown in Fig. 2 demonstrate that 

GaN is less radiation tolerant than SiC for SEEs in these high-

voltage vertical power devices. This finding is true for devices 

of different sizes, edge-terminations, doping, and breakdown 

voltages. The observed difference in SEE robustness cannot be 

attributed solely to device or processing variability, as the trend 

persists across multiple designs and fabrication sources.  

A possible defect multiplication mechanism within an ener-

getic ion track in compound semiconductors was recently dis-

covered by first-principles calculations for GaN by a subset of 

the present authors [11]. In subsequent work, further calcula-

tions found that anion vacancy multiplication, enabled by the 

high applied voltage, is the driving mechanism behind SELC, 

with SEB being a runaway SELC [12]. The calculated energy 

for this process is lower in GaN than in SiC, suggesting that 

SELC and SEB should occur at a lower 𝑈𝑆𝐸𝐸  in GaN than in 

SiC, which is exactly what is seen experimentally in Fig. 2. Fur-

thermore, the fact that the observed leakage currents in the 

tested devices appear to be hopping-limited is consistent with 

occasional hopping between anion-vacancy-chain segments. 

Returning to the 0.6-eV defect level, given the above descrip-

tion of the SELC process, we examine intrinsic point defects 

that can possibly be generated by the defect multiplication 

 

Fig. 4. I-DLTS results for 6 kV GaN devices after experiencing SELC. 
a) Reverse I-V curves of the devices in question compared to pristine devices. 

b) An example of time constant extraction from fitting (2) to current transient 

data taken at 10 °C. c) Trap level extraction from an Arrhenius plot identifying 

a trap at 𝐸𝐶 − 0.6 𝑒𝑉 in accordinance with (4). d) Trap density given by (3).  
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process. Vacancies, interstitials, antisite defects and their com-

plexes are the only candidates. Of these, N vacancies and VGa-

VN divacancies have energy levels that are smaller than 0.6 eV 

and are therefore too fast to be detectable by room-temperature 

I-DLTS and are masked by the 0.6-eV defect level. However, 

their energy levels have been calculated by theory and detected 

by low-frequency noise at lower temperatures [10], [26], [33]-

[38]. A table of energy levels calculated by different authors for 

intrinsic defects in GaN shows that the only viable candidate is 

interstitial N, Ni [38]. The latest calculations by Hauck et al. 

[38] found this defect to have a (0/‒) deep acceptor level at ~0.6 

eV. Averaging this level with three prior calculations listed in 

the table gives 0.7±0.2 eV.  

The defect-multiplication process generates large numbers of 

both N vacancies and N interstitials. N vacancies have large mi-

gration energies (>2.5 eV) because of the second-neighbor 

jumps [39]. N interstitials, on the other hand, have relatively 

smaller migration energies and can escape from the ion track in 

the Joule-heat drop-off region outside the track. As the material 

cools after an SELC event, Ni’s in the negatively charged state 

remain stable as their migration energy is large (1.6 eV), and 

they only become mobile at temperatures around 200 °C [39]. 

In conclusion, the defect-multiplication mechanism provides 

an explanation for both the SELC events and the appearance of 

negatively charge N interstitials that are detected by the DLTS 

measurements.  

V. CONCLUSIONS 

In conclusion, multi-kV vertical GaN PiN diodes exhibit 

higher susceptibility to catastrophic SEEs than comparable SiC 

devices when evaluated using the critical-energy storage and 

release model. SELC events in these GaN diodes are associated 

with the formation of hopping-limited leakage paths driven by 

radiation-induced, high-reverse-bias enabled defect-multiplica-

tion. Results of both reverse bias I-V and I-DLTS measurements 

are consistent with first-principles calculations which indicate 

that the energy barrier for defect-multiplication in GaN is lower 

relative to SiC. 

The predicted defect species and behavior is also consistent 

with defect measurement results. These results demonstrate that 

defect energetics, rather than breakdown field alone, fundamen-

tally limit the radiation hardness of next-generation wide-

bandgap power devices. GaN may still hold an advantage in 

high-speed switching applications, and for voltages of about 

600 V or less, where commercial SiC power devices are not 

available. However, the materials’ radiation hardness, based on 

experimental results that are consistent with previous theoreti-

cal literature, suggest that SiC is preferable over GaN for verti-

cal multi-kV power devices in radiation environments.  
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