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Abstract: Through different dose-rate switching evaluation methods, the radiation-response rules of operational amplifiers

are studied when the irradiation dose rate is switched from high to low under different radiation temperatures and total

doses. The experimental results indicate that the response characteristics could be affected by the switching total doses,

irradiation temperatures,and dose rates individually or together. Accelerated evaluation on the ELDRS can be realized by

adopting a proper dose-rate switching method. Meanwhile, the irradiation time can also be reduced. Finally, the mecha-

nisms of the difference between various radiation responses are analyzed.
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1 Introduction

Since 1990s.numerous research papers have been
published abroad on the enhanced low-dose-rate sen-
sitivity of bipolar devices. It has been found that the
total-dose damage threshold for bipolar devices is
much lower under a real low-dose-rate radiation envi-
ronment that has a dose-rate-range between 10~ * and
10 *rad(Si)/s than under high dose rates from 50 to
300rad(Si) /s, which is often used in labs. The exist-
ence of ELDRS may make the radiation hardening
levels of electronic devices, which are obtained based
on laboratory evaluation methods, much different
from those obtained in a real space radiation environ-
ment. So, this may pose a threat to the reliability of
the electronic systems of satellites or space stations.
However,it is waste of time and uneconomical if we
evaluate the hardness level of the devices with low-
dose-rate irradiation. Therefore, finding an efficient,
reliable,and applicable method to evaluate ELDRS of
bipolar devices in laboratories is significant.

Recently,the ELDRS effect and its mechanism in
bipolar devices have been widely researched abroad
and several theoretical models been proposed. Thus
far,there is no unanimous conclusion,because the EL-
DRS effect is highly dependant on the structures and
technical procedures of the devices. The investigation
of accelerated evaluation is mostly focused on elevat-
ed temperature irradiation at high dose rates, though
there are some reports on dose-rate switching irradia-
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tion"'~" . The revised American military standard (the
standard for short) —MIL-STD-883G was issued re-
cently,but its content about the evaluation method of
ELDRS is obscure. The applied dose rate and at which
total dose level to switch are not included in the
standard. Domestically, only recently have investiga-
tions of ELDRS started, and now the study is mainly
still focused on low-dose-rate irradiation, while re-
ports on accelerated evaluation of ELDRS are quite
rare.

As for the current study situation of ELDRS and
disadvantages of the accelerated evaluation methods
proposed in the standard,a series of dose-rate irradia-
tion switching methods are explored in this paper. We
find that accelerated evaluation of ELDRS can be
achieved by adopting proper switching total dose and
dose rate. Meanwhile, the irradiation time can be less
than that needed by the standard. The underlying
mechanisms of these methods are analyzed in this pa-
per.

2 Experimental samples and methods

The samples are bipolar operational amplifiers,
LM108,with an obvious ELDRS effect and which are
typically used on satellites. The radiation sources are
our institute’s strong and weak **Co gamma rays, with
2.59 X 10" and 3.7 X 10" Bq, respectively. The biasing
conditions were held constant during the experi-
ments, that is,the positive terminal is grounded, while
the negative terminal is connected to the output, and
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the supplies are = 10V.

Thermal luminescent dosimeters were equipped
on each radiation board during room-temperature ir-
radiation to measure and verify the real dose rate and
the total dose,so as to ensure that the experimental
data are precise. The samples were placed in Pb/Al
shielding boxes made according to the standard,so as
to avoid the low-energy scattering and prevent the
dose-enhancement effect.

The elevated temperature irradiation is per-
formed in a special box with constant temperature.
There is a very sensitive and radiation hardened ther-
mal resistance in the special box in order to ensure
that the temperature shift in the box is within £27TC.

The parameters of operational amplifiers were
performed on a Tektronix 577-178 curve tracer. The
parameters to be measured, before and after irradia-
tion,are as follows: input offset voltage ( V,), input
biased current ([, ), common mode rejection ratio
(CMRR), AVOL, and SVRR. The test for all these
parameters was finished within 20min after an irradi-
ation.

For the evaluated methods such as high dose rate
irradiation at eclevated temperature (1 ~ 5rad/s,
100C) and low dose rate (0.01lrad/s) irradiation at
room temperature proposed in the standard,a group
of dose-rate-switching experiments were conducted to
study the influence of various methods of switching
dose rates on radiation responses. The experimental
methods are as follows:

The devices are irradiated at a high dose rate of
50rad(Si) /s, the base-line dose rate in the standard.
Then,the dose rate is switched to 2rad(Si)/s at total
doses of 30,40, 50, 60krad (Si), respectively. All the
devices are irradiated to 1 X 10°rad(Si). The tempera-
ture is 100C during each procedure. This is the first
method, above. The second method is similar to the
first,only the low dose rate is altered to 0. Olrad (Si)/
s and the temperature is 20C for each procedure. The
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I, of LM108 versus the total dose at various dose-rate switching methods
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(a) 1st method; (b)

third one is also similar to the first, the only differ-
ence is that the low-dose-rate (0. 01rad(Si)/s) irradi-
ation is performed at room temperature (20C).

3 Results and discussion

The radiation responses of the operational ampli-
fier, LM108, were observed under three different con-
ditions by switching dose-rate methods. LMI108 is
quite sensitive to ionized radiation and most of the
tested parameters are degraded to certain extents. The
change on the biased current, I, ,is most obvious.

The I, of LM108 versus total dose at three dif-
ferent radiation methods are shown in Fig. 1. For
comparison,the irradiation results at low dose rates,
0.002,0.01, and 100rad (Si)/s, are also given in the
figure.

Figures 1 (a), (b),and (c¢) indicate that I, de-
creases gradually as the switching total doses increases
for the three irradiated methods. The shifts of [
using any one of these irradiation methods are all the
same as those at 100rad (Si)/s when it is irradiated
with 50rad(Si)/s. Once the dose rate is switched to a
low dose rate,the slopes of the curves will change and
are basically the same as those irradiated at a low dose
rate when the switching dose is lower than 40krad
(Si). This phenomenon is most obvious in Fig. 1(a)
with the elevated temperature radiation method.
When adopting this method,no matter what the total
switching dose is,all the subsequent low-dose-rate ir-
radiations result in the same slopes as an irradiation is
conducted entirely at low dose rate,only the levels of
damage are step-by-step smaller. Thus, if we want to
evaluate radiation damage with the shortest time
qualitatively, the first method is a worthwhile ap-
proach. If the corresponding factors can be found,the
irradiated damage then can be evaluated via multiple
factors either qualitatively or quantitatively.

To visually compare the disadvantages and ad-
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vantages of the three methods, the responses of the
bias current I, of LM108 with different radiation
methods at the same total dose are illustrated in
Fig. 2. Comparison shows that the radiation responses
are little different at various total doses. The response
rule differs before and after 40krad(Si). The damage
of the first method is always bigger than the other
two radiation methods after this total dose,while it is

low dose rate irradiation following it, the irradiation
damages would be gradually bigger than those of a
corresponding constant dose rate irradiation. The dif-
ferent damage mechanisms of high and low dose rate
irradiations are responsible for this phenomenon.

A great number of oxide trapped charges are pro-
duced in the base oxide layer for the high dose rate ir-
radiation case'®'. These charges form a space field in
the oxide layer to block the radiation-induced holes
and hydrogen ions to reach the Si/SiO, interface. Af-
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ter a long time, only a few radiation-induced holes
and hydrogen ions reach the Si/SiO, interface to form
the interface state. But under the low dose rate condi-
tion, the radiation-induced oxide charges are fewer,
and the space field formed by these charges is wea-
ker. Thus, the radiation-induced holes and hydrogen
ions have enough time to transport to the Si/SiO, in-
terface and react with the dangling bonds there to
generate interface trapped charges. These interface
trapped charges can become the recombination cen-
ters in the base surface. Consequently, they increase
the excessive base current, decrease the current gain
of transistors, and enhance the radiation damage at
low dose rate.

According to the mechanisms above,the blocking
space field created by radiation-induced oxide charges
at high dose rate correspondingly results in less dam-
age irradiated at 50rad (Si)/s,as shown in Fig. 3. As
total dose increases, the situation may be different.
When the dose rate switches from high to low,it will
make the space field gradually weaker. At the same
time, due to more radiation time, radiation-induced
active species such as hydrogen ions and holes, etc. ,
get adequate time to transport to the Si/SiO, inter-
face,react there with the dangling bonds to create in-
terface trapped charges, and result in stronger cur-
rent-gain degradation. Morecover, Reference [12]
shows that a mass of species produced at high dose
rate irradiation would be trapped near the interface.
When the dose rate lowers, these species can migrate
to the interface, participate in the reactions of the in-
terface state, and exacerbate the damages. They are
also the reason that dose rate switching methods en-
hance rather than decrease the radiation damages.

When carefully looking at Fig. 3, we also find
that in elevated temperature irradiation, the damages
caused by constant or varying dose rate radiations are
approximately the same. They are close to but can not
reach the damage levels derived from a low-dose-rate
irradiation,as illustrated in figures for the results of 2
rad(Si)/s 100C in the standard and the first method.
However, the damages with room-temperature 0.01
rad(Si) /s irradiation after irradiated with a high dose
rate at room or elevated temperatures,are bigger than
those of the irradiations with a low dose rate. There
are two factors responsible for this phenomenon. On
the one hand, the probability of interface-state pro-
duction increases, due to the longer radiation time at
0.01rad(Si)/s than that at 2rad(Si)/s. On the other
hand, the quick accumulation of the interface state
occurs at high total dose. These two factors result in
an increase of the excess base current. Thus, the deg-
radation of transistor gain is accelerated.

Moreover, Figure 3 indicates that although the
experimental method is transferred down to a low
dose rate of 0.0lrad (Si)/s irradiation from 50rad
(Si)/s, the damages at room-temperature are much
larger than those of room temperature irradiations af-
ter an elevated temperature irradiation. The reason is
closely dependent on the radiation characteristic of
the input stage of LM108 operational amplifiers and
npn transistors. Reference [13] indicates that ionizing
damages of npn transistors are not only dependent on
the interface state,but also on oxide trapped charges.
The annealing temperature of oxide trapped charges
is different from that of the interface state. The an-
nealing temperature of oxide trapped charges is low-
er,and could easily anneal even at room temperature.
Meanwhile, the required temperature for the inter-
face-state to anncal is higher. Generally, clevated
temperature radiation even as high as 100C anneals
many oxide trapped charges, but this will not affect
the formation of the interface trapped charges ' "%,
For the LM108 operational amplifiers with npn tran-
sistor as its input stage,radiation at elevated tempera-
ture can reduce the influence of the space field;but at
the same time, the radiation damages decrease because
of the remarkable annealing of oxide trapped char-
ges. Therefore,damages at room temperature are lar-
ger than at high temperature for the same total dose.

Furthermore, Figure 1 and Figure 2 suggest that
low dose rate switching at different doses after high
dose rate irradiation directly affect the radiation
characteristics. This is because both the creation and
annealing of oxide-trapped-charges and interface-
state are dependent on the radiation time and total
dose. If the radiation time is too long, the oxide
trapped charges will anneal. If it is too short, there is
not enough time for the interface state to form. These
two factors always interact and impact each other,so
it is critical to select an appropriate total dose at high
dose rate irradiation if a dose rate switching method is
selected.

Figure 3 also shows that the damages at very low
dose rate irradiation, such as at 0. 002rad (Si)/s, will
saturate. This is caused by the consequent annealing of
oxide trapped charges and interface state,during such
a long time radiation (about 579 days). So,the dama-
ges decrease as the radiation time increases. Through
comparison,radiation time for a dose rate of 0. Olrad
(Si)/s is more proper for testing ELDRS. But the time
needed at this dose rate is also too long and could be
about 116 days. This time length is still too long to
make an evaluation for most devices. However, when
using dose rate switching methods, the radiation time
can be obviously reduced and ELDRS can also be sim-
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