Chin. Phys. B  Vol. 22, No. 3 (2013) 036103

The effects of radiation damage on power VDMOS devices
with composite SiO,—Si;N, films

Gao Bo(f& 1#)7, Liu Gang(X] ), Wang Li-Xin(F-373#7), Han Zheng-Sheng(##4:), Song Li-Mei(R454f),
Zhang Yan-Fei(3K =€), Teng Rui(}% Ffi), and Wu Hai-Zhou(=#F/})

Institute of Microelectronics, Chinese Academy of Sciences, Beijing 100029, China

(Received 6 May 2012; revised manuscript received 14 November 2012)

Total dose effects and single event effects on radiation-hardened power vertical double-diffusion metal oxide semicon-
ductor (VDMOS) devices with composite SiO,—Si3zNy film gates are investigated. The relationships among the important
electrical parameters of the samples with different thickness SiO,—Si3Ny films, such as threshold voltage, breakdown volt-
age, and on-state resistance in accumulated dose, are discussed. The total dose experiment results show that the breakdown
voltage and the on-state resistance barely change with the accumulated dose. However, the relationships between the thresh-
old voltages of the samples and the accumulated dose are more complex, and not only positively drift, but also negatively
drift. At the end of the total dose experiment, we select the group of samples which have the smaller threshold voltage shift
to carry out the single event effect studies. We find that the samples with appropriate thickness ratio Si0,—Si3N4 films have
a good radiation-hardening ability. This method may be useful in solving both the SEGR and the total dose problems with

the composite Si0,—Si3Ny films.
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1. Introduction

Due to their special structures, power vertical double-
diffusion metal oxide semiconductor (VDMOS) devices have
high input impedance, low driven power, high switching
speed, and good thermal stability. In addition, they have nega-
tive temperature coefficients and do not have the second break-
With these advantages, the

power VDMOS devices have been extensively applied to dif-
[1.2]

down as in normal transistors.

ferent fields, such as aerospace and nuclear environments.

It is well known that there are many energetic charged
particles, cosmic rays, and solar flares in space. The perfor-
mance of power VDMOS devices degrades in high-frequency
switching power supplies, degrading the electrical parame-
ters, decreasing the reliability, and even failing in function.>#!
Compared with other devices, such as a satellite’s secondary
power switching device, the reliability of power VDMOS de-
vices is particularly important. Once the device’s performance
is affected, it may reduce the life of the satellite, and in severe
cases it may lead to the failure of the space mission.

When power VDMOS devices are used in a satellite
electronic system, the space radiation environment will lead
to single event burnout (SEB) and single event gate rupture
(SEGR).>71 In recent years, SEGR has attracted more and
more attention. Studies show that the most effective way to
mitigate the SEGR susceptibility of power MOSFETs is to in-
crease the thickness of the gate oxide.®) Increasing the gate
oxide thickness increases the SRGR threshold drain—source
and gate—source biases. However, we know that by making
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the oxide layer thicker, the sensitivity of the power VDMOS
devices to the total dose is increased. This is because the
thicker the gate oxide is, the larger the number of ionizing
generated electron—hole pairs is.[®) Therefore, the number of
trapped holes near the Si-SiO, interface is larger, and may
cause the electrical parameters to degrade severely in power
VDMOS devices.

It has been reported that composite SiO,—Si3Ny (silicon
nitride—silicon dioxide) films are less sensitive to ionizing ra-
diation than pure SiO; (silicon dioxide) films.”~'6! Because
the permittivity of Si3Ny is greater than that of SiO;, com-
posite Si0O>—Si3Ny films can be thicker than pure SiO, films,
but still have the same charge storage capability.'>! Conse-
quently, composite SiO;—Si3Ny films may solve both SEGR
and total dose problems. In the present work, the total dose
effects on different thickness ratios of SiO,—Si3Ny films for
power VDMOS devices are studied. The experimental results
show that the threshold voltages of the power VDMOS de-
vices with different thickness ratios of SiO,—Si3Ny films ex-
hibit complex changes with the total dose, not only positive
drift, but also negative drift. It is found that the threshold volt-
age shift of a certain suitable thickness ratio sample is only
0.2 V at 1500 Gy(Si). Although, as the oxide layer thickness
increases, the power VDMOS devices with suitable thickness
ratios of Si0,—Si3Ny films gate oxide structure are less sensi-
tive to the ionizing radiation. Meanwhile, the single event ir-
radiation experimental results show that this method improves
the SEGR-hardened level without increasing any total dose ra-
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diation damage. The research results are used to help design
an optimum thickness ratio of SiO,—Si3N4 films to minimize
the threshold voltage shift of power VDMOS devices during
total dose irradiation and improve the SEGR-hardened level.

In this paper, the total dose irradiation damage effects
and the single event effects of power VDMOS devices with
composite Si0»—Si3Ny films are investigated. The paper is or-
ganized as follows. In Section 2, we describe samples to be
tested and then experimental methods developed. In Section
3, we report some preliminary experimental results, and then
in Section 4, the relevant basic mechanisms are presented and
used to explain the device behaviors influenced by the radia-
tion. Finally, the conclusion is drawn in Section 5.
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2. Experimental samples and methods
2.1. Experimental samples

The experimental samples are n-channel VDMOS de-
vices obtained using radiation-hardening technology, as shown
in Fig. 1(a). The device package is the TO-254AA. Typically,
the threshold voltage is 2—4 V, the breakdown voltage is 100V,
and the on-state resistance is 65 m€. The samples with com-
posite SiO—SizNy films are divided into three groups. The
Si0; film thickness of all samples is 60 nm, but the Si3N4 film
thickness is different, which is denoted by A, B, and C with

the increasing thickness.

poly
Si3N4 (5 —50 nm)

SiO2 (60 nm)

) cpi-layer
(b)

Fig. 1. Cross-section views of (a) the VDMOS structure and (b) the composite SiO,—Si3Ny structure.

2.2. Experimental conditions

The total dose experiment was carried out on a seventy-
thousand Curie ®°Co 7y irradiation source. The dose rate was
calibrated by a Fricke (ferrous sulfate) dosimeter. The devices
were irradiated with ®°Co y rays to a level of 1x10° Gy(Si),
the dose rate was 5x 10! Gy(Si)/s. During irradiation and
annealing, for testing samples, two bias conditions were used:
gate bias Vgs = 12 V, Vps = 0 V; and gate bias Vgs =0V,
Vbs = 80 V. Before and after the irradiation, the threshold volt-
age, the breakdown voltage, and the on-state resistance were
measured by a T3620 power device parameter testing system.

The single event effect (SEE) experiment was carried out
at the HIRFL (Heavy Ion Research Facility in Lanzhou) cy-
clotron facility. Figure 2 is a schematic diagram. The ion se-
lected for the SEE experiment had a range that exceeded the

thickness of the epitaxial layer of all test samples. The ion
used in the experiment was krypton. The incident LET of the
selected ion was 37.42 MeV-cm?/mg. The fluence rate was
10% jon/(cm?-s). All samples were assembled and tested in
TO-254AA packages without a covering lid. The test sam-
ples were biased and measured with two 600 V high voltage
source measurement units (SMUs) which were connected to a
personal computer via two general purpose instrument buses
(GPIBs). During the SEE irradiation, the drain and the gate
currents were monitored. The in-circuit testing was automat-
ically terminated when the fluence achieved 10° ion/cm? or
when the leakage currents reached pre-set values. During the
SEE experiment, four gate-to-source voltages were used, i.e.,
0OV,-5V,—-10V,and —15 V.

beam

power wires

connection

A A

power supply <_>
net cables data wires
remote control PC :> control PC :>
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Fig. 2. (color online) Schematic diagram of single event effect irradiation experiments.
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2.3. Experimental processes

We performed both total dose and annealing experiments
on power VDMOS devices. First, the samples were irradi-
ated at room temperature (25 °C) with ®°Co rays to a level
of 1x103 Gy(Si) under dose rate 5x 10! Gy(Si)/s. Second,
those irradiated samples whose threshold voltages exceeded
the allowed value were selected for annealing for 168 h at
25 °C. Those irradiated samples whose threshold voltages
were within the allowed value were exposed under another
50% irradiation to a total dose of 5x 10> Gy(Si) at the same
dose rate. Third, if the threshold voltage returned back within
the allowed value after 25 °C annealing, then the samples were
also exposed under another 50% irradiation. After that, they
were left in an environmental chamber at 100 °C under the
same bias condition with irradiation for 168 h. After the ir-
radiation and annealing, the electrical parameters were mea-
sured within 20 min. We carried out the single event irradia-
tion experiment according to the U.S. MIL-STD-750D SEGR
experimental method, .

3. Experimental results

Figure 3 shows the threshold voltage shifts of three
groups of samples, which are functions of total dose and an-
nealing time. Obviously, the threshold voltages of samples A
and B decrease with cumulative dose increasing, especially the
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Fig. 3. Threshold voltages of samples A, B, and C versus (a) total dose
and (b) annealing time.

threshold voltage of sample B, which only drifts about 0.2 V in
an additional 50% dose irradiation. The results show that the
threshold voltages of samples A and B have almost recovered
to the initial values after annealing for 168 h at 100 °C. Note
that the threshold voltage of sample C increases with cumula-
tive dose increasing, as shown in Fig. 3. When the total dose is
1000 Gy(Si), the threshold voltage positive drift is about 2 V.
We did not carry out the additional irradiation for this sample.
The results of the room annealing experiment show that the
threshold voltages of samples C do not recover, so the irradia-
tion was not continued.

For the three groups of samples, which have different
thickness ratios of composite Si0,—Si3Ny films, the change
of breakdown voltage is not obvious during irradiation and an-
nealing, as shown in Fig. 4. Moreover, the on-state resistances
of all samples change slightly with the accumulated dose and
the increasing annealing time, as shown in Fig. 5. It is notable
that samples C, which have the most obvious change in thresh-
old voltage, have the largest difference in on-state resistances
with the accumulated dose.
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Fig. 4. Breakdown voltages of samples A, B, and C versus (a) total dose
and (b) annealing time.

At the end of the total dose irradiation experiments, we
selected samples B whose threshold voltages had not changed
obviously to carry out an SEE experiment. Figure 6 shows the
safe operating area of samples B. From the figure we can see
that in the worst bias condition (Vgs = —15V, Vps = 100 V),
the devices do not have the SEGR. Our preliminary view is
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that the power VDMOS devices with suitable thickness ratios
of composite Si0,—Si3N4 films have good SEGR-hardened
ability. In fact, we tested the electrical parameters of the de-
vices. Experimental results show that the threshold voltage
and the on-state resistance change slightly, whereas the break-
down voltage and the leakage current change greatly, as shown
in Table 1.
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Fig. 5. (color online) On-state resistances of samples A, B, and C versus
(a) total dose and (b) annealing time.
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Fig. 6. Single event effect safe operating area of samples B.

Table 1. Static parameters of samples B before and after irradiation.

Vass)’V_ Vasm)/V_ Rpson)/mQ  Ipss/mA
Before 133.00 3.03 30.37 1.99x10°¢
After 0.48 2.67 30.10 24.16

4. Results and discussion

In Fig. 7, an energy band diagram for an MNOS film at
equilibrium is shown. Meanwhile, in Fig. 8, an energy band

diagram for an MNOS structure during irradiation with posi-
tive bias on the gate and the corresponding electron—hole mo-
tion is shown.
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Fig. 7. Energy band diagram for MNOS structure at equilibrium.
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Fig. 8. Energy band diagram for MNOS structure during irradiation
with positive bias on the gate and corresponding electron—hole motion.

During the total dose irradiation, the electron-hole pairs
are created in the SiO, and SizNy layers. If the gate voltage
is positive, the holes generated in the SiO, layer will trans-
port to the Si—SiO, interface and should be captured by the
traps. The electrons generated in the SiO; layer will transport
to the Si0,—Si3Ny interface and be swept to the SizNy layer
easily because no electron barrier exists at the SiO,—Si3Ny
interface.l'>] At the same time, electron—hole pairs are gener-
ated in the Si3Ny layer during irradiation. Because of the large
density and capture cross section of both electron and hole
traps in the Si3Ny layer, most of them will be trapped near their
generation sites.'>) However, some of the holes generated in
the SizNy layer will transport to the Si0,—Si3Ny interface and
accumulate there because of the hole barrier at the interface.
Some of them will recombine with the electrons from SiO»,
and the others will be captured by the traps at the interface.['”]
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Most of the electrons generated in the SizNy layer during irra-
diation will be swept out of the SizNy layer under the electric
field. The trapped charge in the SizNy layer can be considered
as a sheet charge with an effective areal charge density Qp;
projected to the SiO,—Si3Ny interface. Similarly, the trapped
charge in the SiO, layer can be represented as a sheet charge
with an effective areal charge density Q,x projected to the Si—
SiO, interface.!'>! The threshold-voltage shifts under positive
bias during irradiation will be discussed here.!'>1% The thresh-
old voltage shift can be expressed as

Tox i i

AV = —Qox X <£ox+8ni>_QniX£ni, (1)
where 7 is the thickness of the SiO, layer, f,,; is the thickness
of the SizNy layer, €y is the permittivity of the SiO; layer,
&y 1s the permittivity of the SizNy layer, Qo is the trapped
hole charge near the Si—SiO, interface, and Qy; is the trapped
charge near the SiO,—Si3Ny interface. We know that the to-
tal number of holes generated in the SiO; and escaped initial
recombination is proportional to the oxide thickness and the
total dose. In the experiment, the thicknesses of the SiO; lay-
ers in all samples are the same, and they absorb the same dose.
Therefore, we can assume that the threshold voltages of the
three groups of samples have the same negative drift due to
the holes captured in the SiO; interface. The threshold voltage
shift differences of samples are mainly due to different SizNy
thicknesses in the composite films.

According to Refs. [15] and [16], the small number of
holes calculated here suggests that only a small percentage of
the holes (3%) are trapped at the SiO; layer. In contrast to this,
most electrons generated in SiO; (78%) are transported to the
Si0,-Si3Ny interface and trapped at the interface. We also see
that the number of electron—hole pairs generated per unit dose
in Si3Ny is larger than that in SiO, by 17% to 75%.'7! Only
a small fraction of the holes (12.5% in the best case) gener-
ated in the Si3Ny layer will contribute to the threshold voltage
shifg 115161

For samples A, the net trapped negative charge in the
Si0,-Si3Ny interface is less than the net trapped positive
charge in the Si-SiO, interface, so the threshold voltage ex-
hibits a negative drift. But the extent of the drift is far less than
that of pure SiO, film. For samples B, the net trapped nega-
tive charge in the SiO,—Si3Ny interface is slightly less than
the net trapped positive charge in the SiO; interface, so the
threshold voltage also exhibits a negative drift. However, the
drift is much smaller than that for samples A. Because of the
thicker Si3Ny layer, the number of electron—hole pairs induced
by irradiation is greater. The net number of trapped negative
charge in the SiO,—Si3Ny interface increases, but is slightly
smaller than the number of trapped holes in the Si—SiO, inter-
face. For samples C, the SizNy is far thicker than the SiO;,

therefore, the net trapped negative charge in the Si0,—Si3Ny
interface is much greater than the net trapped positive charge
in the Si—SiO; interface. All of them lead to a positive drift of
the threshold voltage.

From Fig. 3 we can see that the breakdown voltage does
not change significantly, as expected. For all samples, we only
change the thickness and the structure of the gate oxide layer,
while we do not change the thickness of the epitaxial layer
related to the breakdown voltage. The on-state resistance of
the samples changes with the accumulated dose, as shown in
Fig. 4. The on-state resistance is almost independent of the
accumulated dose. In the total dose irradiation experiment, we
can see that the threshold voltage shifts of the samples with
different thickness ratios of films change differently with the
accumulated dose. Some samples exhibit positive shifts, while
others have negative drifts. And the drift extents of the thresh-
old voltages are not the same.

At the end of the total dose experiments, we selected a
group of samples (B-type power VDMOS devices) with the
smallest threshold voltage shifts to carry out the SEE experi-
ment, and the experimental results are shown in Fig. 6. Un-
der the worst bias condition (Vgs = —15 V, Vps = 100 V),
the samples have no SEGR effect. The SEGR is caused by
the heavy ion induced localized rupture of the gate oxide. In
Fig. 9, a VDMOS device is shown with an incident ion track in
the gate—drain neck region. Under appropriate bias conditions,
the accumulation of charge (generated by the heavy ions) in
the silicon at the Si—SiO; interface in the neck region can re-
sult in sufficiently high electric fields across the gate oxide to
cause a localized gate rupture.!®]

ion track
I gate I
N s  ——
body region
A
I holes
]
n- epi-layer I I ! electrons
nt substrate ‘ ’
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Fig. 9. (color online) Path schematic diagram of the particles in VD-
MOS device.

The critical electric field to cause the oxide localized gate
rupture is greater for the device with a thicker gate oxide layer.
From the previous discussion, we know that because the per-
mittivity of Si3Ny is greater than that of SiO;, the composite
Si0,-Si3Ny films can be thicker than the pure SiO; films but
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still have the same charge storage capability. The compos-
ite Si0,—Si3Ny films are thicker than the pure SiO; films, but
the sensitivity of the power VDMOS devices to the total ion-
izing dose is not increased. Therefore, we have a good way
to solve both the SEGR and the total ionizing dose problems
with the composite Si0,—Si3Ny films, and improve the SEGR-
hardened ability of the power VDMOS devices.

From Table 1, we see that although the SEGR does not
occur to the samples in the SEE irradiation, the electrical pa-
rameters change significant after irradiation. The incident ions
pass through the gate oxide layer to generate electron—hole
pairs. The holes generated in the SiO, layer will transport to
the Si—SiO, interface and be captured by the traps, leading to
a negative shift of the threshold voltage. Our preliminary view
is that the holes captured at the Si—SiO; interface form ox-
ide positive charge. The oxide positive charge induces charge
in the p—n junction near the surface of the terminal structure,
resulting in the reduction of the breakdown voltage and the in-
crease of the leakage current. Here, we have not discussed in
detail the reasons for the parameter changes.

5. Conclusion

In this paper, we study the total dose effects and the sin-
gle event effects of the power VDMOS devices with three
groups of differently structured composite SiO»—Si3Ny films.
We explore the threshold voltage shift following the accumu-
lated dose changes with reference to the samples with different
thickness ratios. The power VDMOS devices with appropriate
thickness ratios of SiO,—Si3N4 films have the better anti-total
dose ability and SEGR-hardened level. We may solve both the
SEGR and the total ionizing dose problems with the composite

Si0,-Si3Ny films. The experimental results provide technical
support for future designs of power devices to improve the ra-
diation level.
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