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Abstract: This study investigates the effects of negative bias temperature (NBT) stress and
irradiation on the threshold voltage (V1) of p-channel VDMOS transistors, focusing on
degradation, recovery after each type of stress, and operational behavior under varying
conditions. Shifts in V't (AVT) were analyzed under different stress orders, showing distinct
influence mechanisms, including defects creation and their removal and electrochemical
reactions. Recovery data after each type of stress indicated ongoing electrochemical pro-
cesses, influencing subsequent stress responses. Although the AVt is not particularly
pronounced during the recovery after irradiation, changes in subthreshold characteristics
indicate the changes in defect densities that affect the behavior of the components dur-
ing further application. Additionally, the findings show that the AVt during the NBT
stress after irradiation (up to certain doses and conditions) remains relatively stable, but
this is the result of a balance of competing mechanisms. A subthreshold characteristic
analysis provided a further insight into the degradation dynamics. A particular attention
was paid to analyzing AVt with a focus on predicting the lifetime. In practical applica-
tions, especially under pulsed operation, prior stresses altered the device’s thermal and
electrical performance. It was shown that self-heating effects were more pronounced in
pre-stressed components, increasing the power dissipation and thermal instability. These
insights additionally highlight the importance of understanding stress-induced degrada-
tion and recovery mechanisms for optimizing VDMOS transistor reliability in advanced
electronic systems.

Keywords: VDMOS; recovery; reliability; irradiation; NBTI stress; self-heating

1. Introduction

The serial production of electronic components and the emphasis on their development
and application have led to special attention being paid to the reliability of components.
Widening the range of applications of all electronic components, including metal oxide
semiconductor (MOS) transistors, has resulted in these components being used under
different conditions and in different environments (from extremely low to extremely high
temperatures, in the presence of various types of irradiation, magnetic fields, etc.). In
terms of application, there are a number of topics open for research related to the theory of
component failure, critical operating conditions and lifetime estimation. Therefore, in some
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cases it was necessary to restructure and/or redefine the component development process,
as well as the method of application, for possible changes that would give optimal results
in a certain set of normal operating conditions.

It is well known that the research and development of electronic components goes
through several stages. The phase that comes at the end of development is the component
testing and component reliability analysis. The reliable operation of a component is defined
as an operation within a set range of parameters, under certain conditions, for a certain
period of time. Under the influence of some external conditions or long exposure to certain
phenomena, the parameters of the component go out of the intended range. This moment is
usually defined as a parametric failure of the component, and it means that the component
no longer functions reliably. In many cases, components are subjected to harsh operating
conditions during testing, all with the intention of accelerating the degradation process
and assessing their lifetime. Several lifetime models have been proposed in the previous
period, and particular lifetime models for power vertical double-diffused MOS (VDMOS)
transistors have recently been the subject of intense research [1].

Due to their specific characteristics, VDMOS power transistors are widely used in
both commercial and special-purpose applications. Some of the applications are in vari-
ous branches of industry, such as the automotive industry or the aerospace industry, in
switching power supplies, in audio amplifiers, etc. The main physical phenomena that
significantly affect the change in the characteristics of VDMOS transistors and the short-
ening of their period of reliable operation are instabilities caused by voltage-temperature
stresses with negative gate polarization (negative bias temperature instability—NBTI). In
previous years, numerous research studies (Table 1) were conducted studying the essential
mechanisms of NBTI effects on MOS transistors, to develop new measurement methods to
estimate these effects and to decompose the individual degradation effects of components.
In terms of the practical application, the work of these components in the pulse regime is
much more significant; so in the last decade, these research studies have been dominant.
During the pulsed mode, there are sequences throughout which gate voltage is not applied,
and due to the influence of elevated temperature, the recovery phenomenon occurs.

Moreover, due to their possible application in harsh environments, there were also
considerable research studies related to the influence of irradiation on VDMOS power
transistors. It was observed that these components are very sensitive to ionizing irradiation,
which severely degrades the threshold voltage. Finally, in real operating conditions, the
component is exposed to the simultaneous or successive action of NBT stress and irradiation,
so these research studies are becoming more and more important. The results shown in
Table 1 clearly confirm this.

It should be noted that during our previous investigations, it was observed that
during the long-term recovery of irradiated devices, subthreshold characteristics that were
significantly degraded can be considerably recovered. For example, Figure 1 presents
the subthreshold (a) and above-threshold (b) transfer characteristics (Ip-Vg) of n-channel
power VDMOS transistors (of two different manufacturers—M1 and M2) during long-term
recovery after applied irradiation. This indicates that processes that obviously occur even
during spontaneous recovery may affect the behavior of a component during following
operation under different conditions.
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Figure 1. Subthreshold (a) and above-threshold (b) transfer characteristics of n-channel power

VDMOSEFETs (of two different manufacturers—M1 and M2) during long-term recovery after

applied irradiation.
It is apparent that after a long spontaneous recovery, the features move back approxi-

mately half the distance between the features obtained after 600 Gy and 750 Gy. Also, it can
be observed that the degradation of subthreshold characteristics practically disappeared
after one year. Furthermore, it can be observed that there is a certain threshold voltage
increase in both types (of different manufacturers) of devices during long-term recovery.
Although this increase is not significant (approximately 6.5% of the threshold voltage value
after irradiation), the changes in subthreshold characteristics clearly indicate that electro-
chemical reactions are taking place during the spontaneous recovery at room temperature.
These reactions cause changes in the oxide trapped charge and interface traps [2—4], what
can lead to threshold voltage changes. These changes may affect the operation of the device
during further application and thus its reliability. This is the reason for the additional
investigation of the threshold voltage behavior during the recovery after different stress

conditions that is performed in this paper.
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Table 1. The papers in which different aspects of MOS transistor research were performed.

Different Aspects of Research

Papers
(First Author and Year)

Irradiation =~ NBTI Stress Recovery Activation Energy Lifetime

Sun et al. in 2011 [5]
Liu et al. in 2023 [6]
Lietal. in 2023 [7]

Liu et al. in 2024 [8]
Wang et al. in 2023 [9]
Irrera et al. in 2024 [10]
Zhao et al. in 2024 [11]
Rinaudo et al. in 2024 [12]
Biswas et al. in 2024 [13]
Steinmann et al. in 2024 [14]
Thakor et al. in 2024 [15]
Bonaldo et al. in 2024 [16]
Wang et al. in 2024 [17]
Contamin et al. in 2024 [18]
Ghosh et al. in 2024 [19]
Singh et al. in 2023 [20]
Li et al. in 2024 [21]

Liu et al. in 2024 [22]

X
X
X

X

XX XX XX
X X X
X XX

X XX

In particular, back-up devices in an irradiation environment are exposed to the irradia-
tion, and later under normal operating conditions, they are practically exposed to the NBT
stress. This implies the importance of examining irradiation effects on the following bias
temperature stress of the same devices. Due to technical limitations, it was not possible to
apply both effects at the same time, so successive stress was applied to p-channel power
VDMOS transistors, as presented in previous research [3,23].

Even though NBTI and irradiation effects in power MOS devices have been widely
studied, they have usually been investigated separately from each other. It can be found that
some studies have explored the impact of elevated temperatures on irradiation responses
to better understand MOS device behavior in real irradiation environments [24,25], but
those studies primarily focused on p-channel devices irradiated and/or annealed under
positive gate bias. Also, investigations of successive stress were performed on p-channel
power VDMOS transistors irradiated, up to only one dose, under positive, negative, or
without gate bias [3,26,27]. Also, irradiation and annealing effects in NBT-stressed devices
were investigated [28], as well as static and pulsed NBT effects in irradiated devices [23].

The approach of successively NBT-stressed and irradiated components allows the
investigation of how one type of stress affects devices that have already been subjected
to another type. Considering that devices in real applications operate under a negative
gate voltage (V ), this paper presents the results of the performed experiment, in which p-
channel power VDMOS transistors were irradiated under the negative gate bias or without
the gate bias, up to four different dose levels.

An additional investigation of the spontaneous recovery and analysis of the underlying
mechanisms was also performed, in order to elucidate their effects to further operation.
On the basis of obtained results during the experiment, an analysis of reliable operation
time prediction was accomplished. In addition, an analysis of self-heating effects in the
investigated devices was conducted, considering that these effects may have an effect on
device function [29,30].
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2. Experimental Process

In order to conduct a complete examination of the irradiation and bias temperature
stressing effects in p-channel transistors, the examined power VDMOS transistors were
exposed to several stress and recovery conditions. It is important to highlight that the
experiment was structured with alternating phases of stressing and transistor characteristic
measurements at predefined time intervals. Moreover, a special care was taken throughout
the experiment to handle the components properly, preventing electrostatic discharge and
ensuring that the components remained functional until the experiment concluded.

In the conducted experiment, p-channel power VDMOS transistors, commercially
available under the code IRF9520, were used as the test components [31]. These transistors
are manufactured using the standard poly-Si technology and have a gate thickness of
nearly 100 nm. The components are encapsulated in TO-220 plastic casings, contain
1650 cells, and feature a hexagonal configuration. The maximum current they can handle is
6.8 A, while the threshold voltage measured before the experiment was about V1 = —3.6 V.
It is important to note that the initial threshold voltage may be different, depending on
the manufacturer. Also, we realized some experiments with different components, with
a different initial threshold voltage, in order to confirm the reproducibility of the results.
In our previous studies, the results of various experiments in which components with a
different initial threshold voltage were investigated can be found.

To perform this experiment, a power supply is required to deliver the appropriate
static gate voltage of —45 V. Given that the thickness of the gate oxide of the investigated
devices is 100 nm, the resultant electric field is 4.5 MV /cm, which corresponds to values of
electric fields that cause negative bias temperature instabilities in conjunction with elevated
temperatures. Another part of the setup consists of the heating chamber, which allows the
temperature to be set at T = 175 °C. This temperature was chosen given that it corresponds
to the temperatures at which NBT effects typically occur in p-channel MOSFETs operating
under negative gate oxide fields. Namely, NBTI typically occur when negative gate oxide
fields in the range of 2-6 MV /cm, at elevated temperatures in the range of 100-250 °C,
are applied. The third part of the experimental setup includes the source measurement
unit (SMU) Keysight B2901A [32]. The control of the SMU was efficiently managed via a
computer interface.

In addition to the NBT stress, the irradiation process was conducted. During irradi-
ation, a Vg of —10 V was applied to the transistors in previously selected groups, while
zero Vg was applied to the remaining groups. All samples were exposed to Co-60 gamma
rays at a dose rate of 8.3 mGy(SiO;)/s. The entire irradiation procedure took place at
the Metrological Laboratory of the Institute for Nuclear Sciences in Vinc¢a, Serbia. The
selected total doses were based on data regarding the typical dose that MOS transistors in
communication satellites operating in lower orbits can absorb under normal conditions [33].

The experiment, conducted using adequate equipment, was divided into two main
parts. Figure 2 shows a schematic representation of all the steps involved in both parts
of the experiment. Figure 2a shows the first part of the experiment, during which the
components were subjected to NBT stress followed by irradiation. During this NBT stress,
the temperature in the heating chamber was held at 175 °C, with the gate biased at —45 V
and the source and drain grounded for all components. The components were exposed
to NBT stress for 168 h, because this duration corresponds to the conclusion of the second
phases of threshold voltage shifts, which follow the known power law t" [3,28]. After
allowing a spontaneous recovery at room temperature, the components were divided into
four groups, which were irradiated up to total doses of 30 Gy, 60 Gy, 90 Gy and 120 Gy,
respectively. The irradiation of components from the three groups irradiated to higher
doses was stopped after every absorbed 30 Gy. Before irradiation, each group was split
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into two subgroups. The first subgroup from each group was irradiated with a gate voltage
of —10 V, while the second subgroup was irradiated without any gate voltage, with all
terminals grounded.

SR - \ Ve(V)
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14 1d T
Recovery ] Recovery ]
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Figure 2. Schematic representation of the steps involved in both parts of the experiment, during
which the components were subjected to (a) NBT stress followed by irradiation and (b) irradiation
followed by NBT stress.

Figure 2b shows the second part of the experiment, during which the components
were subjected to irradiation followed by NBT stress. Similarly to the first part of the
experiment, before the irradiation the components were divided into four groups, which
were irradiated up to the full doses of 30 Gy, 60 Gy, 90 Gy and 120 Gy, respectively. Also,
the irradiation of components from the three groups irradiated to higher doses was stopped
after every absorbed 30 Gy. Each of these groups was split into two subgroups, where the
first subgroup was irradiated with a gate voltage of —10 V, while the second subgroup
was irradiated without any gate voltage, with all terminals grounded. After spontaneous
recovery at room temperature, the components of all eight subgroups were exposed to
NBT stress for 168 h. The same as in the first part of the experiment, the temperature in
the heating chamber was held at 175 °C, with the gate biased at —45 V and the source and
drain grounded for all components.

During both parts of the experiment, the experimental process was interrupted, at
certain (previously defined) intervals, in order to perform the electrical characterization.
This characterization was carried out by measuring the transfer characteristics Ip-Vg.

3. Transfer Characteristics

To detect the transfer characteristics, the source measurement unit Keysight B2901A
system, was employed. It should be noted, it is essential to remove the applied stress
voltage or irradiation from the device undergoing testing before conducting I-V measure-
ments. Subsequently, the threshold voltage is determined from the measured transfer
characteristics (the above part).

Figure 3 represents the transfer characteristic shifts of components induced by negative
bias temperature stress followed by irradiation, while Figure 4 represents components
transfer characteristic shifts induced by irradiation followed by negative bias temperature
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stress. Subthreshold transfer characteristics are presented in these figures, while the above-
threshold parts of the transfer characteristics are presented in inserted figures.
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Figure 3. Components’ transfer characteristic shifts induced by NBT stress followed by irradiation
with a gate voltage of —10 V (a) up to 30 Gy and (b) up to 120 Gy, and transfer characteristics after
the spontaneous recovery that tailed both stresses.
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Figure 4. Components’ transfer characteristic shifts induced by irradiation with a gate voltage of
—10V (a) up to 30 Gy and (b) up to 120 Gy, followed by NBT stress, and transfer characteristics after
the spontaneous recovery that tailed both stresses.

Shifts in the component transfer characteristics induced by the NBT voltage followed
by irradiation with a gate voltage of —10 V up to 30 Gy are shown in Figure 3a and up to
120 Gy in Figure 3b. Also, transfer characteristics after the spontaneous recovery that tailed
both stresses are presented in these figures. It can be seen that NBT caused a significant
shift along the V axis toward more negative values and somewhat of a decrease in the
slope, and that spontaneous recovery after NBT led to a slight decrease in the slope of the
transfer characteristics. The irradiation up to 120 Gy caused a significant shift along the
V¢ axis, as expected. The spontaneous recovery after the irradiation caused a decrease in
the transfer characteristics slope, which can be observed in both parts of the characteristics
(subthreshold and above-threshold), in both subgroups of components—irradiated up to
30 Gy, as well as up to 120 Gy.

The shift in transfer characteristics for components irradiated up to 30 Gy would be
more visible with a smaller range of the gate voltage value, but the same range was used
for all examples shown in order to compare the shifts in characteristics.
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In Figure 4a,b, transfer characteristic shifts of NBT-stressed components that were
previously irradiated, with a gate voltage of —10 V, up to 30 Gy and up to 120 Gy are
presented, respectively. Also, these figures present the transfer characteristic shifts after
the spontaneous recovery that tailed both stresses. As usual, irradiation up to 120 Gy
caused a more significant shift along the Vg axis, toward more negative values. Similarly
to the previous experimental procedure, the spontaneous recovery after the irradiation
caused a decrease in the transfer characteristics slope, which can be observed in both
parts of the characteristics (subthreshold and above-threshold), in both subgroups of
components—stressed up to 30 Gy, as well as up to 120 Gy. However, the shifts in transfer
characteristics during the following NBT stress are completely different in these subgroups.
In devices previously irradiated up to 30 Gy, the NBT stress induced a further shift of
characteristics along the Vg axis, toward more negative values, as is shown in Figure 4a.
Conversely, in devices previously irradiated up to 120 Gy, the NBT stress induced an
opposite shift of characteristics along the Vg axis, a shift toward less negative values,
as is shown in Figure 4b. Nevertheless, the subsequent spontaneous recovery after the
irradiation caused a decrease in the transfer characteristics slope, which can be observed in
both parts of the characteristics (subthreshold and above-threshold), in both subgroups of
components—stressed up to 30 Gy, as well as up to 120 Gy.

The degradation in transfer characteristics is significantly higher in devices irradiated
up to 120 Gy, and leakage current is somewhat more pronounced in devices which were not
previously NBT stressed. Also, NBT after irradiation up to 30 Gy and 120 Gy causes a low-
ering of leakage current in both cases, at the approximately the same value. The observed
transfer characteristic variations in the tested components are caused by electrochemical
processes, during which the oxide trapped charge (Not) and interface traps (Nj;) are created.
The creation of these defects causes the changes in the parameters of the transistors, of
which the threshold voltage shift is the most significant and could be a limiting factor for
normal operating conditions. The contributions of gate oxide charge (AV ) and interface
traps (AVjy) to the threshold voltage shifts can be presented as

AV = AVt + AV (1)

This represents a model used to describe changes in the threshold voltage due to
various mechanisms affecting semiconductor devices, particularly field-effect transistors.
Recent scientific papers describe this equation when analyzing device degradation under
stress, such as the impact of interface and hole traps on the threshold voltage shift in
FETs [3,8,26,30,34-36]. These components are often uncorrelated and arise from different
physical processes, such as the carrier trapping at the oxide interface or defects in the
gate dielectric. Also, this modeling framework has been applied to advanced devices like
FinFETs and nanosheet transistors [21,37].

The contributions to the threshold voltage shift can be estimated by the widely used
subthreshold midgap technique [38], which can further shed light on the processes occur-
ring in the component that affect its behavior during operation in a specific environment
and cause changes in the threshold voltage.

4. Threshold Voltage Shift and Lifetime Prediction

The threshold voltage was determined from the transfer characteristics of the in-
vestigated components, by extrapolating the linear region of the (1/Ip)-Vg curves and
identifying the point where the line intersects the Vg axis [39]. This method is often used
in advanced semiconductor and nanoelectronics research, where precision in V't extraction
is crucial for performance evaluation and optimization. Before starting the experiment, the
transfer characteristics of the fresh components were measured, and the threshold voltage
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of each of them was determined. In order to obtain reliable data, we carefully selected
components whose threshold voltages are in a narrow range (closest transfer characteristics
and threshold voltage values). Although during the irradiation and NBT stress, no large
spreading of the results of our measurements was observed, multiple measurements are
provided, and three components (in each subgroup) were subjected to absolutely the same
conditions of stress and irradiation. In order to ensure the reliability and establish the
reproducibility of the observed results, 24 components were needed (irradiation up to four
doses, with and without gate voltage) for each of the two parts of the experiment (NBT
stress followed with irradiation and irradiation followed with NBT stress), which is a total
of 48 tested components.

For better tracking of the experimental data and clarity, the shown values of AVt
represent the mean values of the threshold voltage shift of the components from each
subgroup. In Figures 5 and 6, which represent the whole first and second part of the
experiment, the threshold voltage mean values of the components of all subgroups are
present, as well as standard deviations.

Figure 5 shows the threshold voltage shift through NBT stress followed by irradiation,
while Figure 6 shows the threshold voltage shift through the opposite order of stresses—
NBT stress following irradiation. Also, in these figures are presented the threshold voltage
shift during the spontaneous recovery that tailed both phases, in both order of stresses.
The threshold voltage shift is presented in an absolute value because its value in p-channel
VDMOS transistors is negative, and it increases in absolute value (during the irradiation or
NBT stress); so, the corresponding shifts are shown as positive.

= =
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\T=175° /
=09 |
3
-
>
= o6} |
0.3} - i
p
* —0— —@— 900y
. o0 =
0.0le | 1 120Gy | | |
01 1 10 100 1 10 100 0 50 100 0 5 10 15
Time (h) Time (h) Dose (Gy) Time (h)

Figure 5. Threshold voltage shift through NBT stress followed by irradiation and during the sponta-
neous recovery that tailed both phases.
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Figure 6. Threshold voltage shift through irradiation followed by NBT stress and during the sponta-
neous recovery that tailed both phases.

As can be seen (Figure 5), all fresh components exposed to the NBT stress practically
show almost the same degradation curve of AVt. In numerous studies of NBT instability,
there were statements that the creation of an interface trap could be a reaction-controlled
mechanism. While there has been disagreement regarding the role of trapped charges
in NBT instability [40,41], many studies have recommended that hole trapping mostly
contributes to degradation [42,43]. This has led to the suggestion of a new charge trapping
model, linking NBTI degradation to the creation of switching oxide traps. The model fits
with the recovery data, which shows dispersion above a wide time range.

In Figure 6, it can be noticed that irradiating fresh devices caused significant negative
shifts in the threshold voltage. These shifts increased with the total dose received and
varied depending on the applied gate bias. At zero bias, the threshold voltage shift was
small, but when the negative gate voltage was applied during the irradiation, the threshold
voltage shift was nearly four times greater. This variation is attributed to the influence of
the electric field on irradiation effects [3,26,27].

Many models for the elucidation of the mechanisms responsible for the changes in Nt
and Nj; during gamma radiation and NBT stress can be found in the literature [44-48]. The
suggested electro-chemical reactions in these models are founded on the presence of charge
trap precursors in the gate oxide and at the SiO,-Si interface, as well as on the movement
of hydrogen particles.

During irradiation, the high energy of the photons breaks the weak Si-H and Si-OH
bonds in the oxide, as well as the regular bonds, and electron-hole pairs can be created. In
the case of applied negative gate voltage, the electrons will be almost immediately removed
through the semiconductor. The created holes can be trapped in the oxide, contributing to
increase in Ny, which increases the local electric field. The increased amount of holes can
participate in a chain of mechanisms that lead to the growth in Nyt and Nj; [26,44]. As a
consequence of these increases, there is a more pronounced increase in V1 in the case of the
applied negative gate voltage.

In the case of NBT stress, the applied electric field can dissociate interfacial Si-H bonds,
leading to the release of a hydrogen atom (H) and creation of Nit [45-47]. The released H
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is very reactive and additionally can dissociate the interfacial Si-H bonds, which leads to
further creation of Nit [45,46,48]. The released H, in reaction with a hole, creates a hydrogen
ion, which drifts from the interface (due to negative gate polarization) and can dissociate
the Si-H bonds in the gate oxide, which contributes to an increase in Not. All the mentioned
reactions can also occur in the reverse direction, which is especially important during
the recovery after the applied stress. The additional creation of Ny can be ascribed to
hole trapping at oxygen vacancy defects and at dangling Si-H bonds [48].The trapped N
progressively decreases the local electric field near the interface, causing the slowing down
of its creation during further stress. Moreover, Nyt may be transformed into Nj;, especially
in the later stage of the stress.

Most of the reactions that occur during NBT stress can follow either a forward or
reverse direction. In the case of fresh devices NBT, stress reactions dominantly a follow
forward direction, leading to defect creation. However, in the case of previously applied
irradiation, the direction of each reaction can change with the different NBT stress pretreat-
ment leading to defect creation (a forward direction of reactions) or to its passivation (a
reversed direction of reactions). In the case of recovery, the reverse direction of reactions is
much more likely.

Although the changes in AVt during spontaneous recovery after the negative bias tem-
perature stress, as well as after irradiation, do not seem especially notable (Figures 7 and 8),
the slight shift and changes in the slope of transfer characteristics (Figures 3 and 4) indicate
that even during spontaneous recovery, electrochemical processes are still taking place.
This cannot be neglected, because the electrochemical processes that occurred may affect
AVt during the following stress. Namely, during the next irradiation, the changes in AVt
(for all doses in both cases—irradiated with or without polarization) are somewhat smaller
than the corresponding changes in devices which were not stressed before the irradiation,
as can be seen in Figure 7. Especially, the NBT stress after irradiation is significantly affected
by the previous irradiation (Figure 8), which requires additional analysis.
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v & 0V 1 npr N = u
12 v B -10V Stressed/ + .
v -B 0V "
o om0V / | m——— = I -
< 09} i PO 1
= / =
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> 06 T {ww v v—v
- -
L F V— v— v
0.3} + 1
SN 1 Y _
mitial .7 g0 A L O
A e L 78 /R
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Figure 7. Threshold voltage shift through irradiation and the spontaneous recovery of fresh and
previously NBT-stressed components.
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Figure 8. Threshold voltage shift through NBT stress and the spontaneous recovery of fresh and
previously irradiated components.

Namely, it can be noticed in Figure 6 that the irradiation significantly affected the
threshold shift during the later NBT stress. In all components that were irradiated with
no gate voltage applied and in those that were irradiated with a negative gate voltage
applied to the components irradiated to the lowest dose, the NBT stress caused a rise in
the threshold voltage shift. Quite the opposite, in components irradiated with a negative
gate voltage applied to the components irradiated to the two highest doses, the NBT stress
caused a decrease in the threshold voltage shift. This decrease was more pronounced for
the highest dose—up to 120 Gy. However, in the components irradiated up to 60 Gy, the
NBT stress did not cause significant changes of the threshold voltage shift.

These behaviors of the threshold voltage may be explained by two mechanisms:
the activation of electrochemical reactions contributing to NBTI, leading to additional
oxide trapped charge and interface trap creation, and the annealing of the irradiation-
induced trapped charge due to the negative voltage applied and an elevated temperature of
175 °C used during the NBT stress. These two mechanisms contribute to an increase and
decrease in the threshold voltage shift, which is schematically presented in Figure 9. For
devices irradiated to all doses with no gate voltage and irradiated to the lowest dose
with gate voltage, the irradiation-induced defects were relatively few, while a significant
number of defect precursors remained. Consequently, the subsequent NBT stress primarily
resulted in additional defect creation, leading to a further increase in the threshold voltage
shift. In contrast, for devices irradiated with gate voltage up to the highest doses, the
number of irradiation-induced defects was much higher, and during the NBT stress, the
annealing of these defects dominated over new defect creation, resulting in a decrease in the
threshold voltage shift. In this case, the effects induced by the elevated temperature have
prevailed. It should be mentioned that in Figure 9 is presented a schematic illustration of
the observed values (solid line), as well as two contributions to the increase and decrease in
threshold voltage shift, which are caused by the mechanisms of activation of electrochemical
reactions. It is obvious that during the NBT stress, where subsequently the irradiation with
gate voltage has been applied, in those devices irradiated up to 90 Gy the contribution
to the decrease is dominant, while in the devices irradiated up to 30 Gy the contribution
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to the increase is dominant. Simultaneously, in the devices irradiated up to 60 Gy, the
contributions to the decrease and increase are in balance

Recovery
Irradiationat | __ _ _______----------- ---- T TTTTTTTTTTTTTTTTTT T
fo—
Vg =-10V [~
upto /| T
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$— __________________________ "~ T
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Figure 9. Schematic illustration of two parts—contributions to the increase and decrease in thresh-
old voltage shift, which are caused by the mechanisms of activation of electrochemical reactions
and annealing.

Similarly, although the changes in AVt during the spontaneous recovery after NBT
stress and irradiation appear relatively minor (Figures 7 and 8), the slight shifts along the Vg
axis caused by changes in oxide trapped charge, and variations in the slope of the transfer
characteristics caused by interface traps (Figures 3 and 4), suggest that electrochemical
processes may still be occurring during the recovery, and that these processes can be in
balance. However, the created and annealed oxide trapped charge and interface traps
cannot be overlooked, as they may have an influence during the subsequent stresses.

Obviously, the electrochemical processes that occurred during the spontaneous recov-
ery can influence the behavior of the components during the following operating conditions.
Regarding this, an investigation of component behavior during all parts of the experiment,
even through stabilization-recovery, may be of high importance. This statement can be
additionally supported by analyzing changes in subthreshold characteristics, which are
caused by changes in the oxide trapped charge and interface traps.

In Figure 3, it can be observed that the NBT voltage caused a slight increase in the
leakage current, but the subsequent irradiation caused a significant increase in the leakage
current, more than two orders of magnitude (in devices irradiated up to 120 Gy). On the
other hand, the irradiation of fresh components caused an even more significant increase in
the leakage current (Figure 4), more than three orders of magnitude (in devices irradiated
up to 120 Gy). However, the subsequent NBT step led to a two orders of magnitude
decrease in the leakage current. So in this case, after both stresses, the leakage current is
more than one order of magnitude lower than after the opposite sequence of stresses.

As has been mentioned, in Figures 3 and 4 it can be seen that the irradiation has created
the degradation of subthreshold characteristics with a high negative shift at low current
(in the midgap current region) which can be attributed to a large positive oxide charge.
At the same time, degraded subthreshold characteristics can manifest different slopes at
different voltage positions (like in Figure 1a), which can be attributed to different interface
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trap densisties at different energies within the silicon bandgap. Namely, the exponential
dependence of the drain current Ip on the surface potential ¢s, and the capacitive voltage
divider in the gate—oxide-silicon region, give us the expression of the subthreshold slope:

d(loglp)  d(loglp) des 1 1

) - . 2
dVgs dps  dVgs %Tlnlo 1+ 9D @

where Vs is the voltage applied to the gate, ¢s is the surface potencial, k is the Boltzmann
constant (1.380649-10~23 m? kg s 2 K1), T is the absolute temperature (in K) and Cox is
the capacitance of oxide (F/cm?), while Dj; is the value of the interface trap density per
unit of surface area and unit of surface potential (cm 2 V~2), 7 is the leementary charge, Ip
is the drain current and Vg is the gate source voltage.

Going upward from the midgap voltage point to the threshold voltage, the subthresh-
old slope decreases, which can be explained as a localization of energy trap levels close to
the middle of the silicon bandgap. During the recovery phase, the oxide charge decreases,
and at the same time, the localized density of interface traps also decreases, i.e., traps are
redistributed or energy relaxed.

The behavior of the subthreshold characteristics during the irradiation of the devices
presented in Figures 3 and 4 expresses high linearity, which can be mathematically modeled.
Namely, the same total dose produces a lower negative threshold voltage shift, whereas in
the midgap region the negative shift is very expressed.

These behaviors of subthreshold characteristics, and especially the leakage current,
require additional analyses, given that structure of VDMOS transistor is very complex, and
in that case thermally activated electrochemical mechanisms could play a significant role.
Changes in charge trapped in the VDMOS transistor during applied stresses can notably
affect the path of the leakage current, what requires futher analysis.

Also, an additional analysis was aimed at predicting the lifetime of VDMOS transistors.
As has been mentioned, when a component’s parameter deviates from its intended range
due to external conditions or prolonged exposure to certain phenomena, it is considered a
parametric failure. At this point, the component is deemed no longer reliable in its operation.
For the tested components, it was adopted that the changes in the threshold voltage shift of
0.33 V are close to the critical value, as shown in our previous investigation [49]. This value
can be noticed in Figure 10a, which presents the changes in threshold voltage shift through
the NBT stress, subsequent to irradiation with no gate voltage applied, which previously
were irradiated up to four total doses. Based on these behaviors of the threshold voltage
and their intersection with the value of 0.33 V, the times when changes in the threshold
voltage achieve this value were determined. These times, so-called experimental values
of lifetimes, versus the achieved irradiation dose are presented in Figure 10b. Using these
results, the lifetime could be predicted for any value found in real operating conditions.

Although the results obtained during the static NBT stress can be used to predict a reli-
able operation time, it should be noted that from the point of view of a practical application,
the operation of these components in the impulse mode is of a greater importance.

The switching power supply, automotive and space sectors are recognized to be the
main users of VDMOS devices [49-51]. In order for VDMOS devices to operate as effective
switches, most of these applications depend on their exceptional switching capabilities. For
that reason, the controlling signal usually has a pulsed waveform. The devices are suitable
for various circuit applications operating at standard frequencies on the order of MHz. The
transistor’s on- and off-time are determined by the properties of the controlling signal,
including the duty cycle, time of rising and falling edge. The VDMOS transistor operates
as a closed switch when the voltage of the controlling signal exceeds VT; otherwise, it
operates as an open switch. During the operation, it is observed that the threshold voltage
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of the VDMOS transistor varies as a result of self-heating [52]. Taking into account all the
factors, the aim of this experimental segment was to assess how prior stresses influence

actual operating conditions.
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Figure 10. Changes in threshold voltage shift through NBT stress, after irradiation with no gate
voltage applied up to four achieved doses (a) and lifetime prediction (b).

Figure 11 shows how the temperature changes over time but in specific conditions.

One of the goals was to simulate operating settings that are as close as possible to those
existing in some applications. So, the threshold voltage shifts for the components used in
this part of the experiment were analyzed in the previous section, where the results of the
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components that were exposed to two combinations of stress, negative bias temperature
stress and irradiation, are presented. Namely, the results for p-channel VDMOS transistors,
each exposed to different pre-stress histories, were monitored. It should be mentioned that
the components were exposed to a long spontaneous recovery at room temperature, for
several years. The initial set consisted of components that had not been subjected to any
earlier stress. For all those sets of components, the self-heating effects were monitored.
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Figure 11. The temperature change of two stressed groups of components, NBT-RAD and RAD-NBT,
with four different drain currents.

While heating, all the component groups had been exposed to pulsed signals character-
ized by parameters typical of switching power supplies: a frequency of 1 Hz, time of rising
and falling edge of 100 ms and duty cycle of 50%. Additionally, currents of 0.5 A and 1 A,
denoting the active load, were incorporated into the drain circuit. The subsequent cooling
under all conditions was measured, alongside a more detailed analysis of the heating.

The curves in Figure 11 exhibit a temperature dependence that remains varying
throughout time. The rise in the chip’s temperature is primarily attributed to the conse-
quences of power dissipation. Each pulse transition induces further stress on the tested
components. Temperature increases over the period of each edge and drops towards ther-
mal equilibrium during the time of pulse absence. The temperature rises consistently with a
greater number of pulses [53]. Furthermore, previously stressed samples exhibit alterations
in threshold voltage, characterized by an elevation in the absolute threshold voltage value.
This prolongs the duration of channel opening at a constant gate voltage, resulting in the
current passing through increased resistance in stressed devices for extended intervals,
hence causing the power dissipation.

In Figure 11 which illustrates the variations in temperature over time within actual
operating conditions, it can be noted that fresh components exhibit a lower temperature
increase than previously stressed components. As for the stressed components, it is clearly
observed that the increase in temperature is greater for those for which the irradiation was
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the second stress. And among the components that are subjected to the same order of stress,
it is clear that the increase in temperature is in those that were irradiated up to higher total
doses. This is more noticeable as the applied current is higher.

5. Conclusions

This study presents a comprehensive analysis of the threshold voltage shifts in p-
channel VDMOS transistors under combined irradiation and negative bias temperature
stress. The experimental results highlight the intricate interplay between oxide charge
creation, interface trap formation and annealing mechanisms, which jointly influence
the degradation and recovery of these devices. Spontaneous recovery, though showing
relatively minor shifts in the threshold voltage, indicates ongoing electrochemical reactions
and charge redistribution, which may influence subsequent stress responses. Additionally,
subthreshold characteristics reveal degradation effects associated with oxide charge and
interface traps, providing further evidence of the complex physical mechanisms at play.
The results demonstrate that the sequence of stress application critically influences the
threshold voltage behavior. Components irradiated prior to NBT stress show varying
threshold voltage shifts depending on the irradiation dose and gate voltage applied. At
lower doses, the NBT stress leads to an increase in threshold voltage due to additional defect
creation, while at higher doses, defect annealing dominates, resulting in a reduction in
threshold voltage shift. These phenomena highlight the interplay between charge trapping,
interface trap formation and electrochemical processes, which can shift in dominance
depending on the stress conditions. Dynamic stress tests under pulsed operation conditions
emphasize the practical implications of the observed degradation mechanisms. Devices
with prior stress histories exhibit more pronounced self-heating effects, leading to increased
power dissipation and potential long-term reliability issues. These findings underscore
the importance of understanding threshold voltage dynamics under real-world operating
conditions. The study also provides a framework for predicting device lifetimes based on
critical threshold voltage shifts and highlights the relevance of stress order and recovery
phases in ensuring the reliable operation of VDMOS transistors in demanding applications
such as switching power supplies, automotive systems and space technology. Further
exploration of stress-induced degradation under pulse-mode operation could provide
additional insights for optimizing device performance and reliability in these areas.

Author Contributions: Conceptualization, S.D.-V. and E.Z.; methodology, V.D. and S.V,; validation,
N.M. and D.S.; formal analysis, S.D.-V.; investigation, E.Z.,S.V, S.D.-V. and N.M.; resources, A.P. and
G.R.; writing—original draft preparation, S.D.-V., E.Z. and S.V.; writing—review and editing, E.Z.
and D.D.; visualization, S.D.-V.; supervision, D.D. and G.R.; project administration, D.S. and S.V,;
funding acquisition, D.D. and G.R. All authors have read and agreed to the published version of
the manuscript.

Funding: Part of the results published in this manuscript were obtained during the realization of
project SPS G5974—*“High-k Dielectric RADFET for Detection of RN Treats”. Part of the research
is supported by the European Union’s Horizon 2024 research and innovation program through the
AIDA4Edge Twinning project (grant ID 101160293). Finally, the results are realized through projects
supported by the Ministry of Science, Technological Development and Innovation of the Republic of
Serbia [grants number 451-03-65/2024-03 /200102 and 451-03-65/2024-03 /200095].

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding authors.

Conflicts of Interest: The authors declare no conflicts of interest.



Micromachines 2025, 16, 27 18 of 20

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Mitrovi¢, N.; Veljkovi¢, S.; Priji¢, Z.; Dankovié, D. Lifetime estimation of p-channel power VDMOSFETs applied in automotive
applications. In Proceedings of the IEEE Zooming Innovation in Consumer Technologies Conference (ZINC 2023), Novi Sad,
Serbia, 29-31 May 2023; pp. 97-100.

Veljkovi¢, S.; Mitrovi¢, N.; Davidovi¢, V.; Zivanovié, E.; Risti¢, G.; Dankovi¢, D. Successive Irradiation and Bias Temperature
Stress Induced Effects on Commercial P-Channel Power VDMOS Transistors. FU Elec. Energ. 2024, 37, 561-579.

Davidovi¢, V.; Dankovi¢, D.; Golubovi¢, S.; Djoric-Veljkovic, S.; Mani¢, I; Priji¢, Z.; Priji¢, A.; Stojadinovi¢, N.; Stankovi¢, S. NBT
Stress and Radiation Related Degradation and Underlying Mechanisms in Power VDMOSFETS. FU Elec. Energ. 2018, 31, 367-388.
[CrossRef]

Djorié-Veljkovi¢, S.; Mani¢, I.; Davidovi¢, V.; Dankovi¢, D.; Golubovi¢, S.; Stojadinovi¢, N. Annealing of Radiation-Induced
Defects in Burn-in Stressed Power VDMOSEFET. Nucl. Technol. Radiat. 2011, 26, 18-24. [CrossRef]

Sun, Y.; Wang, T.; Liu, Z.; Xu, J. Investigation of irradiation effects and model parameter extraction for VDMOS field-effect
transistor exposed to gamma rays. Radiat. Phys. Chem. 2021, 185, 109478. [CrossRef]

Liu, T.; Wang, Y.; Ma, R.; Wu, H.; Tao, J.; Yu, Y.; Cheng, Z.; Hu, S. Simulation Studies on Single-Event Effects and the Mechanisms
of SiC VDMOS from a Structural Perspective. Micromachines 2023, 14, 1074. [CrossRef] [PubMed]

Li, X.; Cui, J.; Zheng, Q.; Li, P; Cui, X,; Li, Y,; Guo, Q. Study of the Within-Batch TID Response Variability on Silicon-Based
VDMOS Devices. Electronics 2023, 12, 1403. [CrossRef]

Liu, F; Zhu, C.; Liu, Z.; Yang, J.; Wei, Y.; Zhang, Y.; Li, X. Effect of hydrogen molecule release on NBTI by low-temperature
pre-treatment in p-channel power VDMOS transistors. IEEE Trans. Device Mater. Reliab. 2024, 40, 211-218. [CrossRef]

Wang, Z.C.; Chen, C.; Wang, H.D.; Wang, C.Y.; Wang, Z.F.; Ye, X.R. A modelling method of the on-state resistance of p-channel
power MOSFETs under NBTI stress. Microelectron. Reliab. 2023, 150, 115-157. [CrossRef]

Irrera, E; Broccoli, G. A comprehensive study of negative bias temperature instability in MOS structures. Microelectron. Reliab.
2024, 155, 115-371. [CrossRef]

Zhao, Y,; Rinaudo, P; Chasin, A.; Truijen, B.; Kaczer, B.; Rassoul, N.; Dekkers, H.; Belmonte, A.; De Wolf, I.; Kar, G.; et al.
Fundamental understanding of NBTI degradation mechanism in IGZO channel devices. In Proceedings of the IEEE International
Reliability Physics Symposium (IRPS), Grapevine, TX, USA, 14-18 April 2024; pp. 1-7.

Rinaudo, P; Chasin, A.; Zhao, Y.; Kaczer, B.; Rassoul, N.; Dekkers, H.EEW.; van Setten, M.].; Belmonte, A.; De Wolf, I.; Kar, G.; et al.
Light-assisted investigation of the role of oxygen flow during IGZO deposition on deep subgap states and their evolution under
PBTI. In Proceedings of the IEEE International Reliability Physics Symposium (IRPS), Grapevine, TX, USA, 14-18 April 2024;
pp- 1-6.

Biswas, A.K.; Lichtenwalner, D.J.; Park, J.; Hull, B.; Ganguly, S.; Gajewski, D.A.; Balkas, E. Hole-induced threshold voltage
instability under high positive and negative gate stress in SiC MOSFETs. In Proceedings of the IEEE International Reliability
Physics Symposium (IRPS), Grapevine, TX, USA, 14-18 April 2024; pp. 1-5.

Steinmann, P.; Lichtenwalner, D.J.; Stein, S.; Park, J.-H.; Das, S.; Ryu, S.-H. Measurement of the Dit changes under BTI-stress
in 4H-SiC FETs using the subthreshold slope method. In Proceedings of the IEEE International Reliability Physics Symposium
(IRPS), Grapevine, TX, USA, 14-18 April 2024; pp. P58.5iC-1-P58.5iC-4.

Thakor, K.; Chatterjee, P.; Mahapatra, S. A TCAD to SPICE Framework for Isolation of BTI and HCD in GAA-SNS FETs and to
Estimate Impact on RO Under Normal and Overclocking Conditions. In Proceedings of the IEEE International Reliability Physics
Symposium (IRPS), Grapevine, TX, USA, 14-18 April 2024; pp. 1-6.

Bonaldo, S.; Martinella, C.; Race, S.; Fuir, N.; Mattiazzo, S.; Bagatin, M.; Gerardin, S.; Paccagnella, A.; Grossner, U. Radiation-
Induced Effects in SiC Vertical Power MOSFETs Irradiated at Ultrahigh Doses. IEEE Trans. Nucl. Sci. 2024, 71, 418-426.
[CrossRef]

Wang, D.; Xue, Y; Liu, Y.; Ren, P; Sun, Z.; Wang, Z.; Liu, Y.; Cheng, Z.; Yang, H.; Liu, X,; et al. Sub-20-nm DRAM Technology
under Negative Bias Temperature Instability (NBTI): From Characterization to Physical Origin Identification. In Proceedings of
the IEEE International Reliability Physics Symposium (IRPS), Grapevine, TX, USA, 14-18 April 2024; pp. 9B.2-1-9B.2-7.
Contamin, L.; Cassé, M.; Garros, X.; Gaillard, F; Vinet, M.; Galy, P; Juge, A.; Vincent, E.; de Franceschi, S.; Meunier,
T. Fast Measurement of BTI on 28nm Fully Depleted Silicon-On-Insulator MOSFETs at Cryogenic Temperature down to
4K. In Proceedings of the IEEE International Reliability Physics Symposium (IRPS), Dallas, TX, USA, 27-31 March 2022;
pp. 7A.3-1-7A.3-6.

Ghosh, A.; Awadelkarim, O.; Hao, J.; Suliman, S.; Wang, X. Comparison of AC and DC BTI in SiC Power MOSFETs. In Proceedings
of the IEEE International Reliability Physics Symposium (IRPS), Dallas, TX, USA, 27-31 March 2022; pp. 7A.2-1-7A.2-6.

Singh, K.; Kalra, S. Reliability forecasting and Accelerated Lifetime Testing in advanced CMOS technologies. Microelectron. Reliab.
2023, 151, 115261. [CrossRef]


https://doi.org/10.2298/FUEE1803367D
https://doi.org/10.2298/NTRP1101018D
https://doi.org/10.1016/j.radphyschem.2021.109478
https://doi.org/10.3390/mi14051074
https://www.ncbi.nlm.nih.gov/pubmed/37241697
https://doi.org/10.3390/electronics12061403
https://doi.org/10.1109/TDMR.2024.3365960
https://doi.org/10.1016/j.microrel.2023.115157
https://doi.org/10.1016/j.microrel.2024.115371
https://doi.org/10.1109/TNS.2024.3366190
https://doi.org/10.1016/j.microrel.2023.115261

Micromachines 2025, 16, 27 19 of 20

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Li, X;; Shao, Y;; Wang, Y.; Liu, F; Kuang, F.; Zhuang, Y.; Li, C. Interaction of Negative Bias Instability and Self-Heating Effect on
Threshold Voltage and SRAM (Static Random-Access Memory) Stability of Nanosheet Field-Effect Transistors. Micromachines
2024, 15, 420. [CrossRef] [PubMed]

Liu, Y,; Ma, Y.; Pan, C. An investigation into the thermal surface contact resistance, fin width and temperature on negative bias
temperature instability during self-heating. Microelectron. Reliab. 2024, 157, 115414. [CrossRef]

Veljkovi¢, S.; Mitrovi¢, N.; Davidovi¢, V.; Golubovig, S.; Djorié-Veljkovi¢, S.; Paskaleva, A.; Spassov, D.; Stankovi¢, S.; Andjelkovig,
M.; Priji¢, Z.; et al. Response of Commercial p-Channel Power VDMOS Transistors to Irradiation and Bias Temperature Stress. J.
Circuits Syst. Comput. 2022, 31, 2240003. [CrossRef]

Schwank, J.R.; Sexton, EW.; Fleetwood, D.M.; Jones, R.V,; Flores, R.S.; Rodgers, M.S.; Hughes, K.L. Temperature effects on the
radiation response of MOS devices. IEEE Trans. Nucl. Sci. 1988, 35, 1432-1437. [CrossRef]

Shaneyfelt, M.R.; Schwank, ].R.; Fleetwood, D.M.; Winokur, P.S. Effects of irradiation temperature on MOS radiation response.
IEEE Trans. Nucl. Sci. 1998, 45, 1372-1378. [CrossRef]

Davidovi¢, V.,; Dankovi¢, D.; Ili¢, A.; Manig, I.; Golubovi¢, S.; Djorié-Veljkovi¢, S.; Priji¢, Z.; Priji¢, A.; Stojadinovi¢, N. Effects of
consecutive irradiation and bias temperature stress in p-channel power vertical double-diffused metal oxide semiconductor
transistors. Jpn. J. Appl. Phys. 2018, 57, 044101. [CrossRef]

Davidovi¢, V.; Dankovi¢, D.; Ili¢, A.; Manié, I.; Golubovié, S.; Djorié-Veljkovi¢, S.; Priji¢, Z.; Stojadinovi¢, N. NBTI and Irradiation
Effects in P-Channel Power VDMOS Transistors. IEEE Trans. Nucl. Sci. 2016, 63, 1268-1275. [CrossRef]

Dankovi¢, D.; Davidovi¢, V.; Golubovi¢, S.; Veljkovi¢, S.; Mitrovi¢, N.; Djorié-Veljkovi¢, S. Radiation and annealing related effects
in NBT stressed P-channel power VDMOSFETs. Microelectron. Reliab. 2021, 126, 114273. [CrossRef]

Veljkovi¢, S.; Mitrovi¢, N.; Jovanovi¢, L; Zivanovié, E.; Paskaleva, A.; Spassov, D.; Manci¢, D.; Dankovié, D. Self-heating of stressed
VDMOS devices under specific operating conditions. Microelectron. Reliab. 2023, 150, 115213. [CrossRef]

Zivanovi¢, E.; Veljkovi¢, S.; Mitrovi¢, N.; Jovanovi¢, I.; Dorié-Veljkovi¢, S.; Paskaleva, A.; Spassov, D.; Dankovi¢, D. A reliability
investigation of VDMOS transistors: Performance and degradation caused by bias temperature stress. Micromachines 2024, 15,
503. [CrossRef] [PubMed]

IRF9520 Datasheet, International Rectifier, 1998. Available online: https://www.futurlec.com/Transistors/IRF9520.shtml
(accessed on 20 November 2024).

B2900ASeries Precision Source/Measure Unit Datasheet; Keysight Technologies: Colorado Springs, CO, USA, 2020.

Fleetwood, D.M.; Winokur, P.S.; Dodd, PE. An overview of radiation effects on electronics in the space telecommunications
environment. Microelectron. Reliab. 2000, 40, 17-26. [CrossRef]

Liu, EK,; Liu, Z.L,; Li, X.J. Impact of 60Co-y irradiation pretreatment on single-event burnout in n-channel power VDMOS
transistors. IEEE Electron Device Lett. 2024, 45, 1105-1108. [CrossRef]

Tallarico, A.N.; Magnone, P; Barletta, G.; Magri, A.; Sangiorgi, E.; Fiegna, C. Negative bias temperature stress reliability in
trench-gated p-channel power MOSFETs. IEEE Trans. Device Mater. Reliab. 2014, 14, 657-663.

Liu, F; Liu, Z; Jin, X,; Liu, S.; Wu, L.; Yang, J.; Luo, J.; Xu, R.; Li, X. Normalization indicator of ion-induced radiation damage in
power VDMOS transistors. IEEE Trans. Nucl. Sci. 2024, 71, 1989-1995. [CrossRef]

Parihar, N.; Sharma, U.; Southwick, R.G.; Wang, M.; Stathis, ].H.; Mahapatra, S. Ultrafast measurements and physical modeling of
NBTI stress and recovery in RMG FinFETs under diverse DC-AC experimental conditions. IEEE Trans. Electron Devices 2018, 65,
23-30. [CrossRef]

McWhorter, P.; Winokur, P. Simple Technique for Separating the Effects of Interface Traps and Trapped-Oxide Charge in
Metal-Oxide-Semiconductor Transistors. Appl. Phys. Lett. 1986, 48, 133-135. [CrossRef]

Liou, J.J.; Ortiz-Conde, A.; Garcia-Sanchez, F. Extraction of the threshold voltage of MOSFETs. In Analysis and Design of MOSFETS;
Springer: Boston, MA, USA, 1998.

Stathis, J.H.; Mahapatra, S.; Grasser, T. Controversial issues in negative bias temperature instability. Microelectron. Reliab. 2018, 81,
244-251. [CrossRef]

Dankovi¢, D.; Mani¢, 1.; Priji¢, A.; Davidovié, V.; Priji¢, Z.; Golubovi¢, S.; Djori¢-Veljkovi¢, S.; Paskaleva, A.; Spassov, D.;
Stojadinovié¢, N. A review of pulsed NBTI in P-channel power VDMOSFETs. Microelectron. Reliab. 2018, 82, 28-36. [CrossRef]
Ang, D.S.; Teo, Z.Q.; Ho, T].J.; Ng, C.M. Reassessing the mechanisms of negative-bias temperature instability by repetitive
stress/relaxation experiments. IEEE Trans. Device Mater. Reliab. 2011, 11, 19-34. [CrossRef]

Stojadinovi¢, N.; Djori¢-Veljkovi¢, S.; Davidovi¢, V.; Golubovié, S.; Stankovi¢, S.; Priji¢, A.; Priji¢, Z.; Mani¢, I.; Dankovi¢, D.
NBTI and irradiation related degradation mechanisms in power VDMOS transistors. Microelectron. Reliab. 2018, 88-90, 135-141.
[CrossRef]

Fleetwood, D.M. Effects of hydrogen transport and reactions on microelectronics radiation response and reliability. Microelectron.
Reliab. 2002, 42, 523-541. [CrossRef]

Schroder, D.K.; Babcock, J.A. Negative bias temperature instability: Road to cross in deep submicron silicon semiconductor
manufacturing. J. Appl. Phys. 2003, 94, 1-18. [CrossRef]


https://doi.org/10.3390/mi15030420
https://www.ncbi.nlm.nih.gov/pubmed/38542667
https://doi.org/10.1016/j.microrel.2024.115414
https://doi.org/10.1142/S0218126622400035
https://doi.org/10.1109/23.25476
https://doi.org/10.1109/23.685209
https://doi.org/10.7567/JJAP.57.044101
https://doi.org/10.1109/TNS.2016.2533866
https://doi.org/10.1016/j.microrel.2021.114273
https://doi.org/10.1016/j.microrel.2023.115213
https://doi.org/10.3390/mi15040503
https://www.ncbi.nlm.nih.gov/pubmed/38675313
https://www.futurlec.com/Transistors/IRF9520.shtml
https://doi.org/10.1016/S0026-2714(99)00225-5
https://doi.org/10.1109/LED.2024.3403570
https://doi.org/10.1109/TNS.2024.3431551
https://doi.org/10.1109/TED.2017.2773122
https://doi.org/10.1063/1.96974
https://doi.org/10.1016/j.microrel.2017.12.035
https://doi.org/10.1016/j.microrel.2018.01.003
https://doi.org/10.1109/TDMR.2010.2067216
https://doi.org/10.1016/j.microrel.2018.07.138
https://doi.org/10.1016/S0026-2714(02)00019-7
https://doi.org/10.1063/1.1567461

Micromachines 2025, 16, 27 20 of 20

46.

47.

48.

49.

50.

51.

52.
53.

Ogawa, S.; Shimaya, M.; Shiono, N. Interface-trap generation at ultrathin SiO; (4-6 nm)-Si interfaces during negative-bias
temperature aging. . Appl. Phys. 1995, 77, 1137-1148. [CrossRef]

Mahapatra, S.; Goel, N.; Desai, S.; Gupta, S.; Jose, B.; Mukhopadhyay, S.; Joshi, K.; Jain, A.; Islam, A.E.; Alam, M.A. A Comparative
Study of Different Physics-Based NBTI Models. IEEE Trans. Electron Dev. 2013, 60, 901-916. [CrossRef]

Stojadinovi¢, N.; Dankovi¢, D.; Djori¢-Veljkovi¢, S.; Davidovi¢, V.; Mani¢, I.; Golubovi¢, S. Negative bias temperature instability
mechanisms in p-channel power VDMOSFETs. Microelectron. Reliab. 2005, 45, 1343-1348. [CrossRef]

Dankovi¢, D.; Mani¢, I.; Davidovi¢, V.; Djorié-Veljkovi¢, S.; Golubovi¢, S.; Stojadinovié, N. Negative bias temperature instabilities
in sequentially stressed and annealed p-channel power VDMOSFETs. Microelectron. Reliab. 2007, 47, 1400-1405. [CrossRef]
Devine RA, B.; Mathiot, D.; Warren, W.L.; Fleetwoodi, D.M. Near Interface Oxide Degradation in High Temperature Annealed
Si/Si0O, /Si Structures. MRS Online Proc. Libr. 1993, 318, 623-629. [CrossRef]

Dankovi¢, D.; Mani¢, I.; Davidovi¢, V.; Priji¢, A.; Marjanovi¢, M.; Ili¢, A.; Priji¢, Z.; Stojadinovi¢, N.D. On the Recoverable and
Permanent Components of NBTI in p-Channel Power VDMOSFETs. IEEE Trans. Device Mater. Reliab. 2016, 16, 522-531. [CrossRef]
Grasser, T. Bias Temperature Instability for Devices and Circuits; Springer: New York, NY, USA, 2014.

Dankovi¢, D.; Mani¢, I.; Djori¢-Veljkovi¢, S.; Davidovi¢, V.; Golubovi¢, S.; Stojadinovié, N. NBT stress-induced degradation and
lifetime estimation in p-channel power VDMOSFETs. Microelectron. Reliab. 2006, 46, 1828-1833. [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.


https://doi.org/10.1063/1.358977
https://doi.org/10.1109/TED.2013.2238237
https://doi.org/10.1016/j.microrel.2005.07.018
https://doi.org/10.1016/j.microrel.2007.07.022
https://doi.org/10.1557/PROC-318-623
https://doi.org/10.1109/TDMR.2016.2598557
https://doi.org/10.1016/j.microrel.2006.07.077

	Introduction 
	Experimental Process 
	Transfer Characteristics 
	Threshold Voltage Shift and Lifetime Prediction 
	Conclusions 
	References

