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A B S T R A C T   

The heavy-ion-induced single-event burnout (SEB) risk in power MOSFETs (metal-oxide-semiconductor field- 
effect transistors) can be assessed in ground facilities, although it is costly and time-demanding. For this 
reason, there have been few experimental studies dedicated to investigate the relevant parameter related to the 
description of ion-induced SEB phenomenon. In this work the heavy-ion-induced SEB in a low-voltage power 
VDMOSFET (vertical double-diffused MOSFET) is studied using several ion-energy combinations. A self- 
consistent statistical analysis is carried out in order to elucidate the relationship between charge deposition 
and SEB triggering. Experimental data is compared to a predictive model from the literature for SEE (single-event 
effect) worst-case prediction in power MOSFETs, supporting for the first time its relevance to the worst-case 
prediction in the SEB mechanism.   

1. Introduction 

Semiconductor devices operating in harsh radiation environments 
may have their performance compromised, exhibiting operational fail
ures, or even have their physical structure damaged depending on the 
effect caused by incident radiation. These radiation effects in semi
conductor devices are called single-event effects (SEEs) when they are 
caused by a single ionizing particle strike. It is known that power 
MOSFETs exposed to a severe radiation environment typically exhibit 
destructive SEE such as single-event gate rupture (SEGR) and single- 
event burnout (SEB) [1]. Power MOSFETs are widely used in 
embedded systems for space applications and their susceptibility to SEEs 
potentially caused by the space radiation field, such as galactic cosmic 
rays, is typically assessed in ground facilities hosting particle accelera
tors [2]. 

Heavy-ion-induced SEB in power MOSFETs is a complex phenome
non commonly divided into three steps [3]: (I). a heavy charged particle 
penetrates the device under test (DUT) with enough energy to generate 
electron-hole pairs along its ionization track; (II). the charge carriers are 
multiplied in the depletion region by impact ionization, leading to a 

parasitic bipolar junction transistor (BJT) activation; (III) if the parasitic 
BJT activation is not interrupted, a second breakdown occurs and the 
regenerative current increase can destroy the DUT. It is known that the 
robustness of DMOSFETs to heavy-ion-induced SEB can be improved 
through some process and design techniques [4,5]. Although SEBs are 
destructive effects, indirect and non-destructive measurements of SEBs 
can be performed using a current limiting technique [6,7]. 

A problem that arises in the complete characterization of power 
MOSFETs with heavy-ion beams is related to the definition of the most 
adequate SEB triggering parameter. The linear energy transfer (LET) is 
the metric conventionally adopted for SEE characterization with heavy- 
ion beams [8]. However, the adoption of deposited charge or the aver
aged LET in the epitaxial layer is preferable for improving the charac
terization of power MOSFETs [2]. The most relevant parameter for the 
SEB triggering description has been investigated [9–12]. Using heavy- 
ion beams, Liu et al. concluded that the SEB threshold failure voltages 
in power MOSFETs have a better correlation, in increasing order, with 
the quantities: surface LET, ionized charge in the epitaxial region, and 
atomic number [10]. In their work, it was argued that the strong cor
relation with the ion atomic number Z comes from the fact that the 
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stopping power is dependent on Z2 in a first approximation [10]. Stas
sinopoulous et al. [11] and, more recently, Marec et al. [12] showed that 
heavy-ion-induced SEB experimental results could be better explained in 
terms of the accumulated charge in silicon up to the epitaxial-substrate 
junction. 

Based on the charge deposition approach, Titus et al. presented a 
methodology for the SEE worst-case response prediction in power 
MOSFETs [13]. Using computational routines to calculate the heavy-ion 
energy deposition within the maximum epitaxial layer width, the 
methodology developed by these authors was successfully applied to 
describe the SEGR worst-case response. Titus et al. also emphasized the 
possible relevance of their model for the SEB worst-case response pre
diction [13], but there is still no documented experimental validation. 

In this work, the heavy-ion-induced SEB phenomenon in a low- 
voltage power MOSFET is experimentally studied with several ion- 
energy combinations and a comprehensive data analysis is carried out. 
The charge deposition at distinct depths/layers of the DUT structure is 
evaluated in order to clarify which sensitive domain is related to the 
relevant metric for SEB triggering description. Several attempts were 
considered for the critical parameter pcrit related to SEB triggering, 
namely: the deposited charge within the p+ region, the deposited charge 
within the depletion region, the accumulated charge in silicon up to the 
depletion region, the deposited charge within the epitaxial region, and 
the total deposited charge in silicon. In addition, the heavy-ion-induced 
SEB worst-case response is investigated by comparing the SEE worst- 
case prediction proposed by Titus et al. [13] with experimental data. 

2. Materials and methods 

2.1. SEB electrical measurements 

Non-destructive SEB measurements were performed using the cur
rent limiting method [6,7]. In this method, a protection resistor RP is 
responsible for limiting the electric current provided by the power 
supply VDD, resulting in a voltage drop sufficient to reduce the DUT 
operational voltage necessary to trigger a second breakdown [14]. 
Appropriate values of RP can be estimated if quasi-stationary avalanche 
curves are available [15]. As these curves are not often available to the 
experimentalists, RP values of 1–10 kΩ are commonly used to protect a 
wide range of DUTs, in which higher resistances are preferable to protect 
high voltage devices [14]. An RCR network is commonly used in the gate 
terminal to prevent electrical stress on the DUT gate oxide [9]. The test 
circuitry used to perform the electrical measurements was based on [16] 
and it is shown in Fig. 1. 

When a SEE is triggered, the DUT is temporarily switched to the ON 
state. In the experimental setup presented in Fig. 1, the capacitor C1 = 1 
nF discharges across the 50 Ω coupled resistance between the resistive 
logarithmic attenuator (− 20 dB) and the oscilloscope (input impedance 
of 50 Ω) during a SEE. As discussed by Fischer [7], whether the ratio C1/ 
COSS is sufficiently small, where COSS is the output capacitance of the 

DUT, then only non-destructive SEBs are induced. The protection 
resistor RP = 1 kΩ acts limiting the electric current provided by the 
power supply VDD and reducing the voltage VDS applied to the DUT 
during a high electric transient event, such as a SEB [14]. In order to 
avoid gate transients faster than practical switching times in MOSFETs, 
R1 = R2 = 270 Ω and C2 = 1 nF were adopted. 

2.2. Tested device: IRLZ34NPbF 

The studied DUT is a commercial n-type power MOSFET 
IRLZ34NPbF [17], with a rated breakdown voltage of 55 V. It was 
experimentally observed that a large increase in the drain-source 
leakage current iDSS initiates for drain-source voltage above VDS =

73.8 V. For this reason, the DUT breakdown voltage was estimated at 
about BVDS ≅ 75 V. The DUT encapsulation was removed by chemical 
etching to completely expose the chip surface for irradiation. 

Previous studies of this device provided additional information on 
the composition and thicknesses of the transistor upper layers [18]. In 
this work, it is assumed that upper layers are composed of an aluminum 
(Al) metallization layer width of 0.9 μm and a SiO2 passivation layer 
width of 0.9 μm. Based on [19], the p+-base region width is estimated at 
wp+ = 5.0 μm. Whether the DUT breakdown voltage is known, the 
epitaxial region donor concentration Nd and, then, the depletion region 
width wd can be estimated according to [20]: 

Nd =

[
5.34 × 1013

BVDS

]4/3

(1)  

wd =

[
2 εSi VDS

q Nd

]1/2

, (2)  

in which BVDS is the breakdown voltage, εSi = 1.05 × 10− 12 F/cm is the 
silicon permittivity and q = 1.602 × 10− 19 C is the electron charge. The 
maximum depletion region width wdmax can be estimated adopting VDS =

BVDS in Eq. (2) and the epitaxial layer width is assumed to be wepi = wp+

+ wdmax. In Fig. 2 the LET curves on the DUT as a function of the heavy- 
ion penetration are shown. The LET values were calculated using the 
SRIM (Stopping and Range of Ions in Matter) code [21]. 

2.3. Irradiation facility 

The irradiation tests were performed by combining the heavy-ion 
beam provided by the Sao Paulo Pelletron accelerator [22] and 
SAFIIRA, a dedicated beamline for radiation effects studies [23], both 
installed at the Nuclear Physics Open Laboratory of the University of Sao 
Paulo (LAFN-USP). The Sao Paulo Pelletron accelerator is an 8 MV 
Tandem Van de Graaff with a multi-cathode source of negative ions by 
Cesium sputtering (MC-SNICS), and two magnets for beam mass and 
precision energy selection [22]. SAFIIRA combines quadrupole defo
cusing and multiple scattering in two thin foils of 197Au to achieve 
appropriate beam characteristics for radiation effects studies [23]. As a 
consequence of the multiple scattering, the heavy-ion beam suffers some 
energy degradation in comparison with its incident energy into the 
SAFIIRA beamline. In Table 1, the main characteristics of the heavy-ion 
beams used in this experiment are shown. The initial energy Ei corre
sponds to the beam energy provided by the Sao Paulo Pelletron accel
erator. The final beam energy E corresponds to the incident beam energy 
on the DUT, after the energy loss due to multiple scattering in the two 
gold foils. The ion range (R) and the surface LET in silicon (LETsurf) were 
obtained considering the energy loss in the metallization and passiv
ation layers of the power MOSFET. 

The combination of the Sao Paulo Pelletron accelerator and SAFIIRA 
promotes the proper delivery of high purity ion beams with low flux, 
relatively low energy straggling, and high coverage area and uniformity 
[23]. Despite the constraint on the production of high-energy beams in 
such apparatus, low-energy ion beams are necessary for SEB triggering 

Fig. 1. Schematic circuit diagram for SET and SEB non-destructive measure
ments. Based on [16]. 
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and worst-case studies in low-voltage power DMOSFETs, in which their 
sensitive domain width is estimated to be a few micrometers [13]. 

2.4. Test methodology 

The studied power MOSFET was positioned in the irradiation 
chamber for frontside irradiations. The irradiation tests were carried out 
for several ion-energy combinations (see Table 1) in a high vacuum 
environment (~2 × 10− 6 Torr). The typical fluence of each SEE mea
surement was ~106 particles⋅cm− 2 and, whenever experimentally 
possible, a standard average flux of ~103 particles⋅s− 1⋅cm− 2 was adop
ted. During the experiment, the DUT was maintained in the OFF-state, i. 
e., VGS = 0 V and VDS > 0 V. Starting from a predefined VDS value, the 
device was irradiated until the desired number of SEE counts was 
reached. The eventual electrical signals generated during an ion impact 
were attenuated at − 20 dB with a coaxial step attenuator (Agilent 355D 
VHF, 1 GHz) and their waveforms were acquired by a digital oscillo
scope (Rohde & Schwarz RTE 1104, 5 GSa/s, 1 GHz). The trigger levels 
were set at − 500 mV for SEBs and − 2 mV for SETs. Then, SEE cross- 

sections were calculated as the number of recorded events per unit 
fluence. At the end of a test run for the previously established VDS, the 
VDS value was increased and a new run was performed until the rated 
breakdown voltage of 55 V was reached. This sequential procedure was 
repeated for each ion-energy combination shown in Table 1. 

3. Results 

For low voltage power devices, both heavy-ion-induced single-event 
transients (SETs) and SEBs are expected to occur [24]. Sudden changes 
from the preset OFF-state to a temporary ON-state were verified during 
the irradiation tests with heavy-ion beams. Two distinct classes of 
waveforms induced by the heavy-ion impact were observed, differing 
mainly in the voltage amplitude. Low amplitude signals (~mV) were 
assigned as SETs, whereas high amplitude signals (~V) were assigned as 
SEB candidates (see Fig. 3). No heavy-ion-induced events were observed 
in tests with the 16O heavy-ion beam. As shown in Fig. 2, the LET values 
for the 16O beam along its path are the lowest considering all heavy-ion 
beams. 

The cross-section of SEB candidate events was evaluated for several 
ion-energy combinations available at LAFN-USP (see Table 1). Few SEB 
events were detected with 28Si ion beam at Ei = 50.0 MeV, even at the 

Fig. 2. Local LET along the heavy-ion penetration calculated using SRIM [21]. The discontinuity observed at the beginning of the LET curves in silicon occurs due to 
the SiO2-Si transition interface. The depletion region shown here was calculated at the rated breakdown voltage. 

Table 1 
Heavy-ion beam characteristics for SEB experiment.  

Beam Ei (MeV) Ea (MeV) Rb (μm) LETsurf
c (MeV⋅cm2⋅mg− 1) 

16O 27.5 20.74 (13) 13.9 (3) 6.4 
28Si 50.0 41.16 (15) 14.2 (3) 13.9 

57.4 48.71 (15) 16.7 (3) 13.6 
67.4 58.9 (3) 20.1 (3) 13.1 
78.0 69.82 (15) 23.8 (3) 12.6 

35Cl 60.0 48.69 (19) 14.1 (3) 17.4 
70.0 58.76 (22) 16.7 (4) 17.3 
80.0 68.9 (4) 19.2 (3) 17.1 
86.0 74.96 (17) 20.8 (4) 16.9 

48Ti 72.0 59.0 (3) 14.2 (3) 22.9 
86.0 72.72 (21) 16.7 (4) 23.7 

56Fe 80.5 65.0 (7) 13.8 (5) 27.2 
63Cu 103.0 85.0 (4) 16.3 (5) 31.3 
107Ag 110.0 86.2 (16) 14.0 (7) 38.7 

The final ion beam energy (E), ion range (R) and surface LET in silicon (LETsurf) 
were obtained using SRIM [19]. 

a The final beam energy uncertainty was obtained through the data of trans
mitted ions through two 197Au thin foils. 

b The effective range uncertainty was considered equal to the longitudinal 
straggling. 

c The LET uncertainty is assumed to be 10 %, according to SRIM [21]. 
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Fig. 3. Transient (top) and burnout candidate (bottom) signals recorded on the 
oscilloscope for 35Cl beam at Ei = 70.0 MeV. 
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rated breakdown voltage of the power MOSFET. In Fig. 4, the SEB cross- 
sections are shown. Qualitatively, it is observed that as lower the SEB 
threshold failure voltage VDSth is, as higher the SEB cross-sections at the 
rated breakdown voltage σBV are. A notable exception is the 63Cu case, 
the last measurement series carried out in our experiment, where the 
minimum VDSth does not correspond to the maximum σBV observed. This 
behavior was initially attributed to electrical stress or even destructive 
failures. Ion-induced physical damage was later verified on the DUT via 
scanning electron microscopy technique. 

3.1. SEB saturation cross-section estimates 

It is necessary to estimate the SEB saturation cross-section of the DUT 
for the further development of charge deposition analysis. The SEB 
saturation cross-section of the DUT can be properly estimated from the 
experimental data using a self-consistent method, i.e., considering all 
SEB data simultaneously. Firstly, it is assumed that the σSEB dependence 
on VDS behaves as a cumulative Weibull distribution [25]: 

σSEB(VDS) = σsat

[

1 − e
−

(
VDS − VDS th

W

)S

]

(3)  

in which W and S are shape parameters, σsat is the saturation cross- 
section, and VDSth is the SEB threshold failure voltage. It should be 
noted that several fit parameters σsat would be obtained if Eq. (3) is fitted 
to each SEB data series. In this case, these values would be fit parameters 
related to the SEB cross-sections at the rated breakdown voltage and not 
necessarily to the physical saturation cross-section. The physical satu
ration cross-section is a function of geometry, i.e., related to the archi
tecture of the DUT [26]. Then, the best way to estimate σsat is to 
simultaneously fit Eq. (3) to all data sets with a globally shared satu
ration cross-section parameter. Good data fit quality is obtained if the 
63Cu data series is not considered in the global fit. 

In Fig. 5 the global fit with the shared parameter is shown, resulting 
in σsat = 4.3 (3) × 10− 3 cm2. The σsat obtained represents 11.1 (6) % of 
the die surface area. As recommended by E. Petersen [8], the results 
shown in Fig. 5 are replotted on a linear scale in Fig. 6 to emphasize the 
quality of the Weibull fits performed. As it can be seen comparing both 
Figs. 5 and 6, the log-linear scale attenuates the discrepancies between 
experimental data and Weibull data fit for higher VDS values. Never
theless, the global data fit is quite suitable for most data series. 

3.2. SEB critical parameter 

In this work, the SEB triggering criterion was studied based on a 

statistical analysis of the apparent saturation cross-section at the rated 
breakdown voltage, σBV, and the SEB threshold failure voltage, VDSth. 
The charge deposition in several regions of the DUT was analyzed in 
order to elucidate the charge-sensitive domain for the SEB triggering 
description. Several critical parameter (pcrit) candidates related to SEB 
triggering were studied in this work: the deposited charge within the p+

region (Qwp+), the deposited charge within the depletion region (Qwd), 
the accumulated charge in silicon up to the depletion region (Qwp+→wd), 
the deposited charge within the epitaxial region (Qepi), and the total 
deposited charge in silicon (Qdep). As usual, the deposited charge in 
silicon is calculated as: 

Q =
e

〈wSi〉

∫
dE
dx

⃒
⃒
⃒
⃒

ioniz
dx (4)  

in which e = 1.602 × 10− 19 C is the elementary charge, 〈wSi〉 = 3.6 eV is 
the average energy to produce an electron-hole pair in silicon and dE/ 
dx|ioniz is the electronic stopping power. Considering those thicknesses 
previously described in Section 2.2, the calculations carried out of the 
deposited charge in several regions of the DUT by using Eq. (4) are 
presented in Table 2. In our approach, the proper dependence of σBV on 
pcrit was evaluated based on the quality of the Weibull fit and the 
reduced chi-square was the metric chosen to assess it. It is emphasized 
that, according to the previous section result, the saturation cross- 

Fig. 4. SEB cross-section (σSEB) dependence on the drain-source voltage (VDS) 
for several ion-energy combinations available with the Sao Paulo Pelletron 
accelerator and SAFIIRA at LAFN-USP. 

Fig. 5. SEB cross-section (σSEB) dependence on the drain-source voltage (VDS) 
for several ion-energy combinations available at LAFN-USP. All fits were done 
simultaneously sharing the same saturation cross-section parameter. 

Fig. 6. Simultaneous fit with saturation cross-section as a shared parameter. It 
is emphasized that the data are plotted on linear scale. 
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section parameter was fixed at σsat = 4.3 × 10− 3 cm− 2 in all data fits 
performed. In other words, it means that σBV(pcrit) tends to σsat = 4.3 ×
10− 3 cm− 2 for higher values of pcrit. In Table 3, the reduced chi-square 
χred

2 of data fits for each triggering parameter considered are shown. 
As can be inferred from the calculations presented in Table 2, the Qdep 
criterion would lead to several misleading predictions. For example, the 
Qdep criterion would indicate that the 28Si at Ei = 78.0 MeV case would 
be a worst-case than 48Ti at Ei = 86.0 MeV, which is experimentally 
verified to be false (see Fig. 5). On the one hand, it is found that Qdep is 
not a good metric to describe the SEB triggering and, consequently, the 
data fit of σBV as a function of this parameter does not converge. On the 
other hand, Fig. 7 presents the dependence of σBV on Qwd and Qepi, the 
parameters that result in the smaller values of χred

2 . Concerning the χred
2 

metric presented in Table 3, the best results are obtained when pcrit =

Qwd is adopted. 
In addition, one can also compare the proper dependence of VDSth on 

pcrit. Similar to the analysis previously performed by Liu et al. [10], an 
allometric function (power law function) was chosen for the curve 
fitting. In their work, Liu et al. concluded that VDSth has the best fitting 
with the ion atomic number Z than with the ion beam energy, ion range, 
surface LET, and ionized charge in the epitaxial region. In order to 
perform a fully self-consistent data analysis, the VDSth values considered 
here were obtained from the global fit presented in the previous section. 
In Fig. 8, the curve fittings of VDSth as a function of Qwd, Qepi, and the ion 
atomic number Z are shown. Based on the χred

2 metric for the quality of 
allometric fit, the SEB threshold failure voltage has the best fitting with 
Qwd and the worst with Z. 

Although Qwd presents better results in the description of SEB trig
gering, it should be noted that the data spread remains present. A 
possible explanation may be related to the difficulty in accurately esti
mating the layer thicknesses of the DUT. For example, in this work the 
p+-base width was roughly estimated and, once BVDS is known, the 
depletion region width was estimated using the approximation Eq. (1) 
into the analytical expression Eq. (2). Thus, better accuracy when 

estimating the inner layers of the DUT could further improve the 
goodness of fit. It is also important to point out that other uncertainty 
sources not considered nor identified in our work might interfere with 
the goodness of fit. Nonetheless, the adoption of the deposited charge 
within the depletion region as a critical parameter is quite suitable for 
the heavy-ion-induced SEB triggering description. 

3.3. SEB worst-case: charge deposition 

In Fig. 5, especially considering the 28Si, 35Cl, and 48Ti data series, 
one can clearly observe the energy dependence of the SEB threshold 
failure voltage. The 35Cl and 48Ti data series present similar behavior to 
each other, in which increasing ion energy results in lower VDSth. On the 
other hand, 28Si data indicate that increasing particle beam energy does 
not necessarily imply a lower VDSth. For example, the experimental 
values of σSEB for 28Si at Ei = 57.4 MeV and Ei = 78.0 MeV are statisti
cally equivalent to each other, whereas 28Si at Ei = 67.4 MeV reveals 
itself as a worst test condition, relatively. Fig. 9 summarizes this result 
and presents the SEB cross-section contour profile of 28Si data as a 
function of the ion energy and the supply voltage. 

Based on the energy deposition approach, Titus et al. performed 
computational simulations in order to predict the SEE worst-case 
response in power MOSFETs [13]. In their approach, for simplicity, 

Table 2 
Deposited charge in several regions of the DUT.  

Beam Ei 

(MeV) 
Qwp+

(pC) 
Qwd

a 

(pC) 
Qwp+→wd 

(pC) 
Qepi 

(pC) 
Qdep 

(pC) 
28Si 50.0 0.72 0.47 1.19 1.26 1.55 

57.4 0.71 0.48 1.20 1.28 1.90 
67.4 0.69 0.48 1.18 1.26 2.36 
78.0 0.67 0.47 1.14 1.22 2.86 

35Cl 60.0 0.89 0.54 1.43 1.51 1.81 
70.0 0.90 0.59 1.48 1.58 2.26 
80.0 0.89 0.60 1.49 1.59 2.72 
86.0 0.89 0.60 1.49 1.59 2.99 

48Ti 72.0 1.12 0.62 1.75 1.83 2.13 
86.0 1.19 0.71 1.90 2.01 2.73 

56Fe 80.5 1.32 0.68 1.99 2.07 2.29 
63Cu 103.0 1.51 0.83 2.34 2.46 3.08 
107Ag 110.0 1.75 0.75 2.49 2.57 2.83 

The deposited charge in the p+ region (Qwp+
), the deposited charge within the 

depletion region (Qwd
), the deposited charge in silicon up to the depletion region 

(Qwp+→wd
), the deposited charge within the epitaxial region (Qepi), and the total 

deposited charge in silicon (Qdep) were calculated by using SRIM [21]. 
a Calculated considering VDS = 55 V. 

Table 3 
Goodness of fit of SEB cross-section at the rated breakdown voltage as a function 
of the SEB critical parameter.  

Critical parameter 
pcrit 

Qwp+

(pC) 
Qwd

a 

(pC) 
Qwp+→wd 

(pC) 
Qepi 

(pC) 
Qdep 

(pC) 

χred
2 154 19 89 61 –b  

a Deposited charge within the depletion region (Qwd
) calculated considering 

VDS = 55 V. 
b Data fit does not converge. 

Fig. 7. SEB cross-section at the rated breakdown voltage (σBV) as a function of 
the deposited charge within the depletion region (top), and deposited charge 
within the epitaxial region (bottom). The deposited charge within the depletion 
region (Qwd

) was calculated considering VDS = 55 V. It is emphasized that the 
data are plotted on linear scale. 

Fig. 8. SEB threshold failure voltage (VDSth
) as a function of the deposited 

charge within the depletion region (top), the deposited charge within the 
epitaxial region (middle), and the ion atomic number (bottom). The deposited 
charge within the depletion region (Qwd

) was calculated at the corresponding 
VDSth 

for each data. 
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the authors assumed that the top covering layers of the DUT were 
equivalent to 7 μm of silicon and the p-body thickness was equivalent to 
2 μm [13]. Using the SRIM code [21] to calculate the maximum 
deposited energy in the DUT’s epitaxial region, Titus et al.obtained a 
general-purpose analytical expression for the SEE worst-case ion energy 
of a DUT without a transition layer [13]: 

Ecrit =

[
Z1.333⋅BVDS

176
+

382⋅Z
112 − Z

] ̅̅̅̅̅̅̅̅̅̅̅
VDS

BVDS

√

, (5)  

in which Z is the incident ion atomic number, VDS is the drain-source 
applied voltage, and BVDS is the breakdown voltage. The factor 

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
VDS/BVDS

√
was later introduced to represent the depletion region 

modulation with respect to the applied voltage [13]. The model of Titus 
et al. was successfully applied to describe the SEGR worst-case response, 
but so far this model has not been tested for SEB worst-case response. In 
order to elucidate whether this methodology is relevant for the 
description of the SEB mechanism, the experimental results presented in 
this work are compared to Eq. (5). 

The experimental results shown in Figs. 5 and 6 indicate that the SEB 
worst-case ion energy for 28Si (Z = 14) is E = 58.9 (3) MeV (corre
sponding to Ei = 67.4 MeV, according Table 1). In the 28Si data series, an 
inflection of the SEB cross-section as a function of the beam energy is 
verified (see Fig. 9). Similar behavior is not explicitly observed in the 
35Cl data series due to limitations in the maximum beam energy avail
able in the test facility. Nonetheless, one can observe a convergence of 
the threshold voltage with respect to the beam energy. Thus, one can 
consider the SEB worst-case ion energy for 35Cl (Z = 17) approximately 
equal to E = 74.96 (17) MeV (corresponding to Ei = 86.0 MeV, according 
Table 1). 

Considering BVDS = 75.0 V (see Section 2.2) and VDS = 55.0 V, Eq. 
(5) results in Ecrit = 59.0 MeV for 28Si (Z = 14) and Ecrit = 74.5 MeV for 
35Cl (Z = 17). The comparison between Eq. (5) and the experimental 
results of this work is summarized in Table 4. Consequently, one can 
conclude that the methodology of Titus et al. provides good agreement 
with the experimental data, suggesting that it is also useful for the SEB 
worst-case response prediction in low-voltage power VDMOSFETs. 

4. Discussion 

The method of Titus et al. assumes that the epitaxial region of the 

DUT is the critical sensitive domain related to SEEs in power VDMOS
FETs [13]. As it was shown in the previous section, this assumption is 
adequate to predict the SEB worst-case response. On the other hand, our 
statistical analysis has shown that the depletion layer is a better metric 
to describe the SEB occurrence once it is triggered. The effectiveness of 
the charge deposition criterion within the epitaxial region on the worst- 
case description can be clarified through computational simulations 
based on the methodology of Titus et al. [13]. Fig. 10 presents the charge 
deposition dependence on the ion energy considering the Si-equivalent 
model for the DUT thicknesses proposed by Titus et al. (covering 
layers and a p-body thickness equivalent to 7 μm and 2 μm of silicon, 
respectively) [13], and for those thicknesses adopted in this work, 
described in Section 2.2. In Fig. 10 one can see that the predicted critical 
energies are approximately equivalent to each other for both charge 
deposition criteria considered. Therefore, this would explain why the 
deposited charge in the epitaxial region is also a good metric for worst- 
case prediction although it has not proved to be the most suitable 
parameter for the general description of the SEB triggering. 

Based on the charge deposition model, a small dependence of the SEB 
failure voltage on the ion range/energy should be expected for high- 
energy projectiles whose range considerably exceeds the DUT sensitive 
domain. For example, when testing VDMOSFETs with relatively high 
energy ions, an energy increase may result in a small reduction in the 
amount of deposited charge on the DUT sensitive domain. This is pre
cisely indicated in the asymptotic behavior of the charge deposition 
curve presented in Fig. 10. 

Finally, concerning the SEB sensitive domain, the high sensitivity of 
the depletion region on the ion-induced SEB phenomenon in VDMOS
FETs was previously predicted by two-dimensional numerical 

Fig. 9. SEB cross-section contour profile of 28Si data as a function of ion energy 
and supply voltage. Colormap interpolation obtained using the global fit pa
rameters presented in Fig. 5. (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article.) 

Table 4 
Critical heavy-ion energy for SEE worst-case response at 55 V.   

Experimental Titus et al. prediction 
Eq. (5) [13] 

Beam Ecrit (MeV) 
28Si 58.9 (3) 59.0 
35Cl 74.96 (17)a 74.5  

a Worst-case experimentally achievable (maximum energy available in the 
test facility). 

Fig. 10. Calculation of the deposited charge within distinct sensitive domains 
(epitaxial and depletion region at 55 V) for 28Si ion beam incident on the DUT 
at several energies. Two models were considered for the device structure: the Si- 
equivalent model by Titus et al. [13], and the layer structure described earlier in 
Section 2.2 of this work. 
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simulations [27,28]. These computational results are supported by the 
experimental data and statistical analysis presented in this work. 

5. Conclusion 

This work presents a comprehensive data analysis of heavy-ion- 
induced SEB in a low-voltage power VDMOSFET. Statistical analysis of 
the SEB cross-section and threshold failure voltage data suggests that the 
deposited charge within the depletion region is the relevant metric for 
the description of SEB triggering. Best fittings were obtained when 
considering this quantity as the SEB critical parameter. A good agree
ment was observed between the SEE worst-case response prediction of 
Titus et al. [13] and our SEB worst-case experimental data. This result 
provides first evidence that the methodology of Titus et al. based on 
charge deposition is also relevant for failure prediction in the SEB 
mechanism. Further work is needed to check the extent of validity of the 
predictive model for a wide range of breakdown voltage, as well as for 
other power transistor technologies. 
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