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Abstract

Large differences in charge buildup in SOI buried oxides can result between x-ray and Co-60 irradiations. The
effects of bias configuration and substrate type on charge buildup and hardness assurance issues are explored.
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I. INTRODUCTION

The small charge-collection volume and p-n junction
area of silicon-on-insulator (SOI) ICs give them
advantages over conventional bulk silicon ICs for single
event upset and high dose rate transient upset effects. In
addition, unlike bulk-silicon CMOS ICs, SOI CMOS ICs
are completely immune to four layer p-n-p-n latchup.
The total-dose hardness of an SOI IC is determined by
radiation-induced charge buildup in the gate, field, and
buried oxides. The buried oxide makes hardening SOI
ICs to total-dose irradiation more complex and
challenging than hardening bulk-silicon ICs.

The radiation hardness is often evaluated using x-ray
radiation sources. However, because of differences in
electron-hole charge yield [1-7] (i.e., the number of
electron hole pairs that escape initial recombination) and
dose enhancement effects [1-8], large differences in
device response can occur between x-ray and Co-60
irradiations [1-7]. This is especially true for SOI buried
oxides where up to a 300% difference has been observed
for thick ZMR buried oxides [7] and 50% for SIMOX
buried oxides [7]. This is primarily due to large
differences in charge yield caused by the low electric
fields normally present in SOI buried oxides.

The first investigation of the differences between x-
ray and Co-60 irradiations on charge buildup in SOI
buried oxides was performed on relatively crude
transistor structures without body ties and poor grade
SOI buried oxides [7] (by today's standards). Since the
original study, considerable improvements have been
made in buried oxide quality, and new types of SOI
substrates have been developed. In this work, we first
revisit if differences in degradation from x-ray and Co-
60 irradiation exist for SOI substrates fabricated using
current technologies. The effects of bias configuration
on device response for x-ray and Co-60 irradiations are
extensively studied. In addition, several hardness
assurance test options for estimating Co-60 irradiated
device response using x-ray radiation sources are
explored. In the summary, we present a sample of the
results illustrating differences in device response for x-
ray and Co-60 irradiations. In the full paper, details of
the results will be presented on a wider variety of SOI
substrates.

n. EXPERIMENTAL DETAILS

N-channel transistors were fabricated in Sandia's
Microelectronic Development Laboratory in Sandia's
hardened partially-depleted CMOS6rs SOI technology.
This technology is similar in nature to the Sandia bulk-
silicon CMOS6r technology described previously [9],

except that the CMOS6rs technology is fabricated on
SOI substrates. The CMOS6rs technology has an
effective gate length of 0.5 jam, a gate-oxide thickness of
12 nm, and a hardened shallow trench for transistor
isolation. Standard dose SIMOX wafers with a buried
oxide thickness of -370 nm and a top silicon thickness
of 150 nm (post processing) and Unibond wafers with a
buried oxide thickness of 400 nm and a top silicon
thickness of 185 nm were used. SIMOX and Unibond
substrates are presently the two most common types of
SOI substrates that are used in SOI device fabrication.
Both closed-geometry and standard transistors were
fabricated. For the closed-geometry transistors,
radiation-induced field oxide leakage does not contribute
to the gate or buried oxide I-V measurements. Data
taken on closed-geometry transistors showed similar
shifts as data taken on standard transistors, indicating
that field oxide parasitic leakage did not affect
investigations of the buried oxide. In the summary, data
are presented only for the standard transistors, which
were fabricated with body ties.

N-channel transistors were irradiated with a 10-keV
x-ray source or with a Co-60 gamma source, and all
irradiations were performed at room temperature. X-ray
irradiations were performed at the wafer level and Co-60
irradiations were performed on packaged parts without
lids. No differences were observed for x-ray irradiations
at the wafer or package level. X-ray irradiations were
performed at a dose rate of 1667 rad(SiO2)/s (a typical
dose rate for a low-energy x-ray source) or at 50
rad(SiO2)/s. All Co-60 irradiations were performed at a
dose rate of 50 rad(SiO2)/s.

I-V measurements were taken using a 4062
parametric analyzer. Both top-gate and back-gate
threshold voltage measurements were taken. The back-
gate transistor consists of the bottom of the substrate
(gate), the buried oxide, and the source, drain, and body
contacts of the top-gate transistor. All measurements
were taken with a drain bias of 1 V to eliminate the
possibility of charging effects of the buried oxide caused
by impact ionization in the channel region. The
different bias conditions investigated are summarized in
Table 1. The bias labels VG, Vs, VD, VB, and Vsub

Table 1:

OV
5V
OFF
ON
TG

Bias configurations used in this work.

VG

0
5
0
5
0

Vs

0
5
0
0
5

v D0
5
5
0
5

VB

0
5
0
0
0

v s u b
0
0
0
0
0
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Figure 1: Back-gate threshold voltage shifts for n-channel
transistors fabricated on SIMOX substrates and irradiated with
10-keV x rays at a dose rate of 50 rad(SiO2)/s.

correspond to the gate, source, drain, body (body
contact), and substrate (bottom of the wafer) contacts,
respectively. The ON, OFF, and TG (transmission gate)
bias conditions are typical bias conditions for n-channel
transistors. The 0 V irradiation is typical of a powered
off system. The 5 V irradiation is unlikely to be
observed in standard device operation, but it is useful for
investigating the bias dependence of charge buildup in
the buried oxide. The substrate bias was zero unless
noted otherwise.

HI. RESULTS

The radiation induced charge buildup in thermal
oxides [10] and the correlation between x-ray and Co-60
radiation-induced charge buildup in thermal oxides have
been shown to depend on the transistor bias during
irradiation [1,7,11]. As such, it is likely that the
correlation between x-ray and Co-60 radiation-induced
charge buildup in SOI buried oxides will also depend on
transistor bias during irradiation. Figure 1 illustrates the
effect of bias configuration during irradiation on back-
gate threshold voltage shift for transistors fabricated on
SIMOX substrates. Plotted is the back-gate threshold
voltage shift for transistors irradiated up to 1 Mrad(SiO2)
with 10-keV x rays at a dose rate of 50 rad(SiO2)/s with
different bias configurations. For these transistors, the
transmission gate bias configuration (TG) is worst case
for total doses less than 1 Mrad(SiO2). This is consistent
with previously reported results for the worst-case bias
configuration for partially-depleted transistors [12].
There is a negligible difference between the ON and 0V
bias irradiations indicating that the top-gate bias has
little or no effect on the back-gate threshold voltage shift
for partially-depleted transistors (as expected). The
smallest radiation-induced shift was for the bias
configuration of 5 V. This is not surprising and is due to
the fact that holes generated by irradiation will
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Figure 2: Back-gate threshold voltage shifts for n-channel
transistors fabricated on SIMOX substrates and irradiated with
Co-60 gamma rays at a dose rate of 50 rad(SiO2)/s.

preferentially drift toward the bottom buried
oxide/substrate interface.

Figure 2 is a plot of the back-gate threshold voltage
shift for transistors irradiated using a Co-60 source at a
dose rate of 50 rad(SiO2)/s for different bias
configurations for transistors fabricated on SIMOX
substrates. By comparing Figs. 1 and 2, it is observed
that the bias configuration can lead to substantial
differences in back-gate threshold voltage shift between
x-ray and Co-60 irradiations. For the Co-60
irradiations, the OFF and TG biases are approximately
the same and qualitatively similar to the x-ray results.
The back-gate threshold voltage shift for the 5 V
irradiations has dramatically increased compared to the
x-ray irradiations. For both transistors fabricated on
SIMOX and Unibond substrates, the largest percent
difference in back-gate threshold voltage shift between
Co-60 and x-ray irradiations was observed for transistors
irradiated with a 5 V bias configuration.

The second to largest difference in back-gate
threshold voltage shift between x-ray and Co-60
irradiations was observed for the OFF bias configuration
for transistors fabricated on Unibond substrates. Figure
3 is a plot of the back-gate threshold voltage shift for
transistors fabricated on Unibond substrates irradiated
with x rays at dose rates of 50 and 1667 rad(SiO2)/s and
with Co-60 gamma rays at a dose rate 50 rad(SiO2)/s
with the OFF bias configuration. For total dose levels
up to 500 krad(SiO2), there is almost no noticeable
difference between the x-ray irradiations performed at
50 and 1667 rad(SiO2)/s. However, at higher dose
levels, the back-gate threshold voltage shift is smaller at
the lower dose rate possibly indicating some interface-
trap buildup at the back gate or annealing of trapped
charge due to the longer times associated with the lower
dose rate. The Co-60 irradiations induced the same
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Figure 3: Back-gate threshold voltage shifts for n-channel
transistors fabricated on Unibond substrates and irradiated in an
OFF bias configuration with either 10-keV x rays at dose rates
of 50 or 1667 rad(SiO;>)/s or with Co-60 gamma rays at a dose
rateof50rad(SiO2)/s.

quantitative back-gate threshold voltage shifts as the x-
ray irradiations, but at a lower dose level. For example,
at the same dose rate, the dose level to induce a -20 V
back-gate threshold voltage shift was 60% lower for the
Co-60 irradiations than for the x-ray irradiations.
Similar results were observed for other bias
configurations and for transistors fabricated on SIMOX
substrates. The largest difference in back-gate threshold
voltage shift (neglecting the 5 V data) between x-ray and
Co-60 irradiations for transistors fabricated on SIMOX
substrates was 35% and was also observed for transistors
irradiated in the OFF bias configuration. The smallest
difference in Co-60 versus x-ray back-gate threshold
voltage shift for transistors fabricated on either Unibond
or SIMOX substrates was approximately 0% (i.e., no
difference) and was observed for transistors fabricated
on Unibond substrates irradiated in the ON bias
configuration.

The difference in back-gate threshold voltage shifts
between x-ray and Co-60 irradiations that we observed
for transistors with body ties fabricated on Unibond and
SIMOX substrates are consistent with previously pub-
lished results [7] for transistors without body ties fabri-
cated on SIMOX substrates where a 50% difference was
observed. However, in the previous work [7] the worst-
case bias configuration was determined to be the ON
bias configuration. This worst-case bias configuration is
not consistent with our results, and may be due to the
lack of body ties and a relatively thick silicon channel
region for transistors in the earlier work or the quality
(trap density and distribution) of the buried oxides.

IV. DISCUSSION

Some of the difference in back-gate threshold
voltage shifts between the x-ray and Co-60 irradiations

is likely due to differences in the charge yield between
x-ray and Co-60 irradiations at low electric fields. For
the OFF bias configuration, the electric field in the
buried oxide is very non-uniform, but is on the order of
0.1 MV/cm. At an electric field of 0.1 MV/cm, ratios of
charge yield between x-ray and Co-60 between 0.3 and
0.5 have been reported [1-3]. These values agree
reasonably well for our observed differences between x-
ray and Co-60 irradiations for OFF bias irradiations.
The fact that other bias configurations result in smaller
differences indicates that additional effects may also
play a role in the differences in x-ray and Co-60
irradiations. For example, the smallest differences were
observed for the 0V and ON bias irradiations. For these
bias configurations before irradiation, the electric fields
in the buried oxide are produced by the work function
differences between the n-type source and drains and the
bottom substrate (p-type). As a result, the electric fields
are very low. It is possible for these bias configurations
that after irradiation a space charge field is generated in
the buried oxide that easily overcomes the effects of the
original electric field and retards hole transport towards
the top silicon/buried oxide interface. This is analogous
to the space charge effects proposed to modify the
distribution of trapped holes in bipolar base oxides [13].
Thus the effects of a higher hole charge yield for Co-60
irradiations may be negated by the space charge field in
the buried oxide. The fact that the magnitude of the
differences depends on the type of buried oxide suggests
that the amount of charge buildup with bias
configuration depends on the details of charge traps
within the buried oxide. This implies that there is a
complex relationship between bias configuration and
buried oxide trapping properties (i.e., the type of buried
oxide) on charge buildup in SOI buried oxides.

V. HARDNESS ASSURANCE ISSUES

X-ray irradiations are easily performed at the wafer
level and can be performed at much higher dose rates
than typical Co-60 radiation sources [14]. These factors
make x-ray radiation sources often the preferred
radiation source for assessing radiation effects in SOI
devices and process monitoring. However, as shown
above, the back-gate threshold voltage shift for
transistors irradiated using x-rays can be considerably
different than the back-gate threshold voltage shift for
transistors irradiated using Co-60 gamma rays.

One approach to improve the correlation between x-
ray and Co-60 irradiations is a simple overtest using x-
rays. For example, one could match the OFF bias
irradiations for transistors fabricated on Unibond
substrates by irradiating devices with x rays to 60%
higher dose levels. However, this approach will
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Figure 4: Back-gate threshold voltage shifts for n-channel
transistors fabricated on SIMOX substrates and irradiated in an
OFF or ON bias configuration with either 10-keV x rays at a
dose rate of 1667 rad(SiO2)/s or with Co-60 gamma rays at a
dose rate of 50 rad(SiO2)/s.

overestimate the amount of Co-60 degradation for some
of the other bias configurations. For transistors
fabricated on both Unibond and SIMOX substrates, the
difference between ON and OPT bias irradiations was
larger for Co-60 irradiations than it was for x-ray
irradiations. In some circuit cells this imbalance
between ON and OFF biased irradiations could cause
circuit failure [15]. Thus, a simple overtest using x rays
may not produce the same imbalance and not replicate
the same circuit failure as a Co-60 irradiation. Thus,
although this approach is simple and can be used to
produce quantitatively the same radiation-induced
damage in individual transistors, it may not produce the
same damage and types of failures in ICs.

If the differences between Co-60 and x-ray
irradiations arise primarily due to charge yield effects,
one possible solution for a direct comparison is to
increase the electric field in the buried oxide for the x-
ray irradiations to match the charge yield for the Co-60
irradiations. Transistors were irradiated using x rays
with substrate biases from 0 to 5 V. Figure 4 is a plot of
the back-gate threshold voltage shifts for transistors
irradiated with an OFF or 0 V bias configuration with x
rays at a dose rate of 1667 rad(SiO2)/s or with Co-60
gamma rays at a dose rate of 50 rad(SiO2)/s for
transistors fabricated on a SIMOX substrate. The 0 V
and OFF biased x-ray irradiations were performed with a
+1 V substrate bias. With a substrate bias of 0 V, a 35%
higher x-ray dose level was required to obtain the same
back-gate threshold voltage shifts as a Co-60 irradiation.
By increasing the substrate bias for the x-ray
irradiations, the OFF bias x-ray and Co-60 irradiations
now agree almost exactly. However, the 0 V biased x-
ray irradiations now produce larger back-gate threshold
voltage shifts than the Co-60 irradiations. Thus, similar

to the simple overtest method described above,
increasing the substrate bias can produce the same level
of degradation in an individual transistor, but may not
produce the same failure mode in an IC as a Co-60
irradiation. Because the 0 V biased irradiations with a
1 V substrate bias produced larger shifts than the Co-60
irradiations with a zero substrate bias, the x-ray
irradiations may actually lead to additional types of
failures. To conclude, irradiating devices with x rays to
higher total dose levels or by increasing the substrate
bias for an x-ray irradiation could be used to match x-ray
and Co-60 back-gate threshold voltage shifts in n-
channel transistors. However, there potentially could be
some circuits where both of these methods may not
replicate the same types of circuit failure in an IC. As a
result, hardness assurance testing of SOI ICs may have
to be performed using Co-60 radiation sources.

VI. SUMMARY

Transistors fabricated on different SOI substrates
were irradiated with 10-keV x rays and Co-60 gamma
rays. Differences in back-gate threshold voltage shifts
of up to 60% were observed between the x-ray and Co-
60 irradiations. The amount of difference depended on
the bias configuration and the type of SOI substrate.
The correlation in transistor response between transistors
irradiated with x rays and Co-60 can be improved by
irradiating transistors with x rays to higher dose levels or
by applying a bias to the back substrate. While this
work indicates that the x-ray irradiations may not be
suitable for hardness assurance testing of ICs, x-ray
irradiations are still an excellent tool for process
monitoring and technology development.
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