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Abstract Microelectronic power converters such as buck
and boost converter are required to be tolerant to radiations
including electron radiation. This paper examines electron
radiation effects on the /-V characteristics of VDMOSFET
and its corresponding effects in buck converter. Analysis of
the electrical characteristics shows that after irradiation the
threshold voltage and drain current for all VDMOSFETSs
degraded more than two orders of magnitude. The impact
of this electrical degradation has been investigated in an
application of typical buck converter circuit. The buck
converter with n-channel switching transistor shows that
after irradiation its output voltage increased with the drain
current in the n-channel ZVN4424A VDMOSFET, while
the buck converter with p-channel switching transistor
shows its output voltage decreased with the drain current in
the p-channel ZVP4424A VDMOSFET after irradiation.
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1 Introduction

The commercial diodes and transistors such as BJT
(bipolar junction transistor) and VDMOSFET (vertical
double diffused power MOSFET) have attracted consid-
erable interest in the satellite and power converter appli-
cations due to its low drive requirement, low ‘on’
resistance and high frequency of operations [1-3]. Most of
the recent works in these fields focus on the study of
radiation-induced single-event response, single-event
burnout and single-event gate rupture as to provide a better
understanding on the device radiation resistance with
respect to the single-ion striking at a sensitive node [4].
Although significant improvements have been observed in
the performance of the VDMOSFET in recent years, some
other factors such as switching speed of the VDMOSFET
have not been widely reported. Previously, there were
several works associated with the investigation of total
ionizing dose effects on the VDMOSFET [5] utilized as the
switching transistor in the microelectronics power con-
verters. In this paper, we present the electrical performance
degradation of the individual VDMOSFET components
that are used in power converter circuit. For n-channel
VDMOSFET, the induced damage can be manifested as
positive charges trapped in the oxide layer, while in the
p-channel, the defects can be either in the physical dam-
aged region or scattering centers [6, 7]. As a result of these
defects, the switching performance of the VDMOSFET
changes with the amount of charges inside the non-isolated
gate oxide layer [8, 9]. To study the impact of electrical
characteristics degradation, the VDMOSFET performance
is assessed by utilizing it in a buck converter circuit at
different switching frequencies [10]. The /-V characteris-
tics of the VDMOSEFET before and after radiation, and the
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buck converter response after the VDMOSFET being
irradiated, are discussed in details.

2 Experimental details

Commercial VDMOSFET from Diode Inc consisting of
n-channel (ZVN4424A) and p-channel (ZVP4424A), with
voltage rating of 20-200 V, was chosen for investigation.
Electrical characterization of all devices before and after
irradiation was carried out using Keithley measurement
system 4200 in the Electronics Laboratory at International
Islamic University Malaysia. The electrical characteristics
of the n-channel ZVN4424A and p-channel ZVP4424A
were done on three devices to check for repeatability. The
selected VDMOSFETs were irradiated to 50, 100 and
200 kGy with 3 MeV electron beams from the Alutron
accelerator at Agency Nuclear Malaysia. In the irradiation,
all the test components were placed in a metallic tray for
proper exposure, and all devices were made electrically
floating. For each n-type and p-type VDMOSFET, eight
devices from the same model were measured for each dose.
All the irradiated devices were then used as switching
transistors in the 10 V input and 5.5 V output voltage DC/
DC buck converter.

3 Results and discussion
3.1 I-V characteristics

Room temperature subthreshold /-V characteristics of
the n-channel ZVN4424A and the p-channel ZVP4424A
irradiated to 0, 50, 100 and 200 kGy are shown in Fig. 1. It
is observed that the threshold voltage of the devices, Vi,
shifted as a function of radiation dose for all devices.
Before irradiation, the threshold voltage was Vg, =
— 1.5 V for the p-channel ZVP4424A and Vy, = 1.7 V for
the n-channel ZVN4424A, while after 50, 100 and
200 kGy irradiation, the threshold voltages decreased by
8+3V, 105V, 13£6V in ZVP4424A and by
2+ 1V,4+£1V,7+£1Vin ZVN4424A, respectively.

The threshold voltage shifts in the p-channel is due to
radiation induce positive charges in the interface traps [8].
As more negative voltage is applied to the gate of a pmos
device, the interface traps move below the Fermi level and
act as donors [11]. When this negative gate-source voltage
increases, the donor interface traps contribute more posi-
tive charges for channel conduction. Therefore, the
threshold voltage becomes more negative in the p-channel
VDMOSFET.

As for the n-channel VDMOSFETsS, the threshold volt-
age becomes negative as a result of radiation-induced
positive charges dominated in the oxide traps [12]. Charges
in the traps forced the device to turn on at negative bias
when the electric field direction changes from the silicon
substrate to the insulator.

Figure 2 shows the threshold voltage shift (AVy,) for the
n-channel and p-channel devices irradiated to 50, 100 and
200 kGy. The square and circular bars indicate the
n-channel and p-channel VDMOSFET threshold voltage
shifts, respectively. Each data point represents the average
AVy,, while the error bars indicate the standard deviations.
It can be seen that the threshold voltage shifts in the
p-channel VDMOSFET are larger than that of the
n-channel VDMOSFET [13]. As Ristic et al. discussed in
Ref. [14], this is due to the hot-carrier injection by negative
electric field in the p-channel VDMOSFET. The hot-carrier
injection affects the threshold voltage through the
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Fig. 2 AVy, of ZVN4424A and ZVP4424A irradiated to 50, 100 and
200 kGy. Error bars indicate standard deviations of the threshold
voltages
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tunneling process of hot electrons from the gate/substrate
into the oxide. Hot electrons accelerate by the negative
electric field and produce more electron—hole pairs in the
oxide. These cause a large decrease in threshold voltage of
pMOS devices.

Another important factor is the drain current degrada-
tion, as this affects the switching characteristics [15].
Figure 3 shows the drain current characteristics of
p-channel and n-channel VDMOSFET before and after EB
irradiation. At drain-source voltage of —3 V, the drain
current decreased by 0.047, 0.048 and 0.050 pA for 50,
100 and 200 kGy irradiations, respectively. The 0.050 pA
decrease at 200 kGy corresponds to two orders of magni-
tude decrease in the drain leakage current. This decrease is
likely due to radiation-induced oxide damage [16] also
known as the formation of physically damaged region
(PDR). When these defects localized in the interface of the
p-channel VDMOSFET, it decreases the drain leakage
current by formation of scattering centers that reduces the
carrier mobility [6]. Unlike the p-channel VDMOSFET, the
drain leakage current of the n-channel is found to increase
by five orders of magnitude for all dose levels. As Cester
et al. pointed out, [17, 18] this may be due to accumulation
of positive charges in the oxide layer of the n-channel
VDMOSFET. The positive charges induce current through
recombination process.

The drain current degradation in the n-channel and
p-channel VDMOSFET is a consequence of negative
threshold voltage shifts which forces the device to turn on
earlier in the n-channel and delay the turn on in the
p-channel VDMOSFET. The next part illustrates these
effects of degradation in the buck converter.

3.2 Irradiated VDMOSFETSs impact on buck
converter

The degradation of threshold voltage affects the I-V
characteristics and hence the switching behaviors of the
VDMOSFET in power converter applications [15, 19]. A
buck converter circuit with 10 V. DC input and 5.5V

output shows degradation in its switching characteristics
through radiation-induced threshold voltage shifts in
VDMOSFET. The circuit of the buck converter is shown in
Fig. 4. The switching speed is increased by varying signal
generator output frequencies from 1 to 100 kHz, while a
clamped inductive load is connected at the VDMOSFET
drain to reduce power dissipation [20].

A buck converter circuit shown in Fig. 4 was simulated
in pspice for the n-channel and p-channel switching tran-
sistors. The output voltage of the circuit was investigated
for each model of the VDMOSFET before and after irra-
diation. The simulation of the resistors, capacitors and
inductors was chosen to be implemented in the experi-
mental setup. In the experimental analysis, the amount of
output voltage degradation was measured by calculating
the ratio of the output voltage. Figure 5a shows a plot of
the experimental output voltage ratio of buck converter
consisting of p-channel ZVP4424A before and after being
irradiated to 50, 100 and 200 kGy. One sees that the ratio
of output voltages decreases with increasing doses. This is
due to the consequence of the drain current decrease in the
VDMOSFET after irradiation as shown in Fig. 3a.

The output voltage of the p-channel buck converter
decreases with the drain leakage current of the VDMOS-
FET. This implies that there is degradation of the power
conversion in the buck converter. In addition to this, the
output voltage ratio Vou afier/ Vout_before Was investigated at
frequencies of 1, 10 and 100 kHz, which were chosen
based on its application in radiation harsh environments as
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Table 1 Summary of
a ZVP44244A and Doses (kGy) Frequency (kHz) Output voltage (V) Vout_after! Vout_before
b ZVN44244A buck converter 7ZVP 7ZVN 7ZVP 7ZVN
output voltage response after
irradiation 50 1 1.3 6.3 0.26 1.26
10 1.4 6.3 0.28 1.26
100 1.7 6.4 0.34 1.28
100 1 1.2 6.9 0.24 1.38
1 1.4 6.9 0.28 1.38
100 1.6 6.6 0.32 1.32
200 1 1.2 7.1 0.24 1.42
10 1.2 7.0 0.24 1.40
100 1.5 6.8 0.30 1.36

shown in previous work [21]. The Viu after Vout_before ratio
decreased with the initial output voltage before irradiation.
Table 1 summarizes the p-channel buck converter output
voltage at 50, 100 and 200 kGy with respect to switching
frequencies.

From Table 1, the Viu afier/ Vour before ratio increases
with the frequency for all dose levels. The output voltage
ratio calculation shows that when the frequencies increase
the output voltage comes closer to the desired value. It is
believed that this is due to the increase in drain current
through charge pumping for larger frequencies [22]. When
the current passes the inductive circuit, the output voltage
increases by mutual inductance.

Figure 5b shows the Viy afier/ Vout before ratio of buck
converter consisting of ZVN4424A n-channel before and
after being irradiated to 50, 100 and 200 kGy. Unlike the
results of the p-channel circuit, the Voy_afier/ Vout_before 1atio
of the n-channel irradiated buck converters increases with
the irradiation dose. This is due to the VDMOSFET drain
current increase after irradiation as shown in Fig. 3b. The
buck converter output voltage increases with the drain
leakage current which reduces the efficiency of the buck
converter applications.

Also, the output voltage and Vou after/ Vout_before OF the n-
channel VDMOSFET buck converter circuit were investi-
gated at 1, 10 and 100 kHz. Table 1 also shows the
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Table 2 Power loss (in pW) for the investigated buck converter

Doses (kGy) ZVN4424A ZVP4424A
0 32 4.5
50 39 1.5
100 4.2 1.9
200 44 24

summary of the n-channel buck converter output voltage
response at 50, 100 and 200 kGy with respect to the
switching frequencies. The output Viu afier! Vout_before ratio
increases with the frequency for all dose levels. It is found
that when the frequency increases the output voltage is
closer to the desired value. The power loss of the buck
converter is calculated using the equation below:

Pross = 12 RDs(on) Vout/Vin

out

As shown in Table 2, the power loss increases for the
irradiated n-channel VDMOSFET, but reduces for the
irradiated p-channel VDMOSFET. After weighing all the
results, it is clear that the degradation of the output voltage
in p-channel is worse than the magnitude of the power loss
than the n-channel. However, for critical applications
where power losses are important perhaps p-channel based
buck converter circuit may be preferred.
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4 Conclusion

The radiation response of the VDMOSFET and its
corresponding effects on the buck converter output voltage
were investigated with electron radiation dose level of 50,
100 and 200 kGy. The results shows that both the
p-channel ZVP4424A and the n-channel ZVN4424A
VDMOSFET’s threshold voltage shifts to negative with
increasing dose level. The buck converter consisting of
ZVP4424A p-channel shows a decrease in the output
voltage with increasing radiation dose. Consequently, the
output voltage increased with increasing frequencies in the
p-channel buck converter. This is believed to be due to the
decreased of drain current leakage of the ZVP4424A. On
the other hand, buck converter consisting of ZVN4424A
n-channel shows an increase in the output voltage with
increasing radiation dose. Thus, the output voltage
decreased with increasing frequencies in the n-channel
buck converter. This is believed to be due to the increase in
drain current leakage of the ZVN4424A. These results
conclude that the n-channel buck converter circuit shows
less degradation in the output voltage ratio compared to the
n-channel buck converter. Increase in frequency improves
the output voltage ratio of both the n-channel and the
p-channel buck converter.
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