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ABSTRACT

Thermal-stress effects are shown to have a significant impact on the enhanced low-dose-rate sensitivity of linear
bipolar circuits. Implications of these results on hardness assurance testing and mechanisms are discussed.

For Review Use Only

This work was supported by the United States Department of Energy and the by the Defense Threat Reduction
Agency through its Radiation Tolerant Microelectronics Program. Sandia is a multiprogram laboratory operated
by Sandia Corporation, a Lockheed Martin Company, for the United States Department of Energy under Contract
DE-AC04-94AL85000.

1



DISCLAIMER

This report was prepared as an account of work sponsored
byanagency of the United States Government. Neither the
United States Government nor any agency thereof, nor any
of their empioyees, make any warranty, express or implied,
or assumes any legal liability or responsibility for the
accuracy, completeness, or usefulness of any information,
apparatus, product, or process disclosed, or represents that
its use would not infringe privately owned rights. Reference
herein to any specific commercial product, process, or
service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its
endorsement, recommendation, or favoring by the United
States Government or any agency thereof. The views and
opinions of authors expressed herein do not necessarily
state or reflect those of the United States Government or
any agency thereof.



DISCLAIMER

Portions of this document may be iIlegible
in electronic image products. Images are
produced from the best available original
document.



, . .
M. R. Sharreyfeltet al., “Thermal-Stress Effects on Enhanced Low-Dose-Rate Sensitivity of Linear Bipolar Circuits,” Submitted for presentation at ’00 NSREC

L INTRODUCTION

Since the early 1990s it has been known that some types of
bipolar devices exhibit enhanced low-dose-rate sensitivity
(ELDRS) at low electric fields [1-6]. In addition, high-
dose-rate irradiation followed by room temperature anneals
cannot accurately estimate the low-dose-rate response in
many of these bipolar devices [1,5], in contrast to MOS
devices [7,8]. The primary cause of ELDRS in NPN
transistors has been attributed to increased positive oxide-
trap charge buildup in the isolation oxide overlying the
base-emitter junction [9]. This charge enhances the surface
recombination rate in the p-base region. On the other hand,
lateral and substrate PNP transistors are primarily affected
by increased interface-trap charge buildup in the thick
isolation oxide over the emitter-base region [6, 10]. Low-
dose-rate effects have been shown to be more important for
lateral or substrate PNP transistor structures than for NPN
transistor structures [4]. In fact, Johnston and co-workers
[4] showed that the relative damage at low dose rates (e
0.01 rad(SiOz)/s) for junction-isolated linear processes
could be greater than a factor of two larger in linear bipolar
circuits dominated by PNP transistor response than in those
dominated by NPN transistor response.

It has been shown that the radiation response of some
CMOS technologies can change dramatically if devices are
exposed to a pre-irradiation elevated-temperature stress
(e.g., burn-in) [1 1-13]. While the mechanism(s) responsible
for the bum-in effect are not well understood, it has been
shown that a pre-irradiation bum-in can cause an increase
in positive oxide-trap charge buildup and a decrease in
interface-trap charge buildup in gate and field oxides. More
recently [14, 15], it has been shown that some linear bipolar
technologies are also sensitive to the burn-in effect. The
mechanisms for the burn-in effect for linear bipolar
technologies appear to be qualitatively similar to those of
the CMOS technologies.

In this work, we explore possible connections between
thermal-stress effects and ELDRS in linear bipolar circuits.
Specifically, we focus on the LM111 voltage comparator
that has been shown to be sensitive to both bum-in effects
and ELDRS [4,14]. LM111 die were subjected to a range
of pre-irradiation elevated temperature stresses and
irradiated at high and low dose rates. Devices were
annealed at room temperature following irradiation. These
data indicate a possible connection between ELDRS and
thermal-stress effects. Possible mechanisms and hardness
assurance issues are discussed.

II. EXPERIMENTAL DETAILS

LM111 voltage comparators were taken from a single
wafer supplied by National Semiconductor tkom their
United Kingdom bipolar linear fabrication line. Die were
subjected to pre-imadiation unbiased temperature stresses at

of 100, 175 and 250”C for 0.25 to 1000 hours. In this
summary, we show only irradiation data for the 175°C
elevated temperature stress. Qualitatively similar results
were observed for the other elevated stress temperatures;
data for these stress temperatures will be shown in the full
paper. Following elevated temperature stress the die were
packaged in 14-pin DIPs. During packaging the die were
not subjected to any additional thermal cycles. The die
were attached to the packages using thermoplastic (at room
temperature) and the lids were attached with tape.

Packaged devices (in general, three devices per
irradiation and anneal condition) were irradiated with all
pins shorted at dose rates of 0.1 and 50 rad(Si02)/s. The
0.1 rad(SiOz)/s irradiations were performed using a 137CS
Shepherd Gamma Cell and the 50 rad(Si02)/s irradiations
were performed using a Nordion ‘Co Gamma Cell 220.
The devices were irradiated to 100 krad(SiOz) in steps.
After irradiation, devices irradiated at 50 rad(Si02)/s were
annealed at room temperature with all pins shorted.

Pre- and post-electrical properties were measured using
an Analog Devices LTS2020 bipolar part tester. There
were no noticeable differences in pre-irradiation electrical
characteristics between devices that were and weren’t
subjected to an elevated temperature stress.

IIL RESULTS

We start by examining the irradiation response of
LM1 11s that were not subjected to a pre-irradiation
elevated temperature stress. Figure 1 is a plot of the
positive input bias current (IB+) versus dose for devices
irradiated at 0.1 and 50 rad(SiOz)/s. In the LM1 11, the
input transistors are substrate PNPs and the input bias
current is essentially the base current of the input
transistors. For the 50 rad(Si02)/s irradiation, IB+increases
from 24 nA pre-rad to 197 nA at 100 krad(SiOz) and the.
increase in IB+appears to saturate. For the 0.1 rad(SiOz)/s
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Figure 1: IB+versus dose for LM1 11s irradiated at 0.1 and
50 rad(SiOz)/s. These LM11 Is were not subjected to any
elevated temperature stresses.

2



,, .
~. R. Sharreyfeltet al., “Thermal-Stress Effects on Enhanced Low-Dose-Rate Sensitivity of Linear Bipolar Circuits,” Submitted for presentation at ’00 NSREC

rn
m.—
m

-

200-

150 -

100 -

50 -

50 rad(Si02)/s

Pre

i

7
175°C Burn-In

0 0 hr
● 0.25 hr
■ 1 hr
T 10hr
● 30 hr
● 100 hr
❑ 1000

+ (—J~
102 103 104 1(35 106

Total Dose [rad(Si02)/s]

Figure 2: Average 1~+ versus total dose for LM1 11s
exposed to pre-irradiation thermal stresses for time ranging
from O to 1000 hours. Devices were irradiated with all
pins shorted at 50 rad(SiOz)/s.

irradiation, we see an increase in IB+ up to 315 nA at
10 krad(Si02). Between 10 and 33 krad(Si02) IB+ appears
to begin to level off. However, at total doses above
33 krad(Si02) a second rapid buildup in IB+starts to occur
and IB+increases to 900 nA at 100 krad(Si02). The large
difference (approximately a factor of 4.5 at 100 krad(Si02))
in IB+between the low- and high-dose-rate irradiations is
consistent with previously reported results [4, 16,17] and
suggests that these LM1 11s exhibit an ELDRS effect.

As mentioned above, others have shown that LM1 11s
may be sensitive to burn-in effects [14]. Figure 2 illustrates
the burn-in effect on LM1 11s and is a plot of IB+ as a
function of dose for LM1 11s subjected to a 175°C pre-
irradiation stress for different stress times. Also shown are
the results for LM1 11s that were not subjected to an
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Figure 3: Average IB+ versus total dose for LM1 11s
exposed to pre-irradiation thermal stresses for time ranging
from O to 1000 hours. Devices were irradiated with all
pins shorted at 0.1 rad(Si02)/s.

elevated temperature stress. The elevated temperature stress
causes a reduction in the increase in IB+,with longer stress
times producing smaller increases in IB+.These data clearly
show a burn-in effect for the LM111s irradiated at
50 rad(Si02)/s. After irradiating to 100 krad(Si02), the
burn-in results in a decrease in the radiation-induced
increase in IB+by approximately 3370 for devices burned in
for 1000 hours as opposed to devices without a bum-in.

Because we see a bum-in effect at 50 rad(Si02)/s, we
also expect to see a bum-in effect at low dose rates. The
results of Figure 3 clearly show that this is the case. Here
we plot IB+ as a function of dose at 0.1 rad(Si02) for
LM11 IS subjected to 175°C pre-irradiation stresses for
different stress times. As the stress time is increased, we
observe a decrease in the change in IB+with irradiation. At
100 krad(Si02), the bum-in reduces the change in IB+ by
approximately 62Y0, nearly twice as much as for the
50 rad(Si02)/s irradiation.

Examining the data for total doses e 30 krad(Si02) in
Figures 2 & 3, it is evident that the difference between IB+
at the high and low dose rates is being reduced or
eliminated as the bum-in time is increased. For higher total
doses, the devices irradiated at 0.1 rad(Si02)/s still show a
rapid increase in IB+ with total dose (also observed in
Figure 1) independent of the bum-in time and thus, there is
still a significant difference between IB+at the high and low
dose rates. This is more clearly shown in Figure 4 where
we replot the data for the 100-hour elevated stress.

The question remains as to whether or not the
differences in IB+at high total doses shown in Figure 4 are
(1) a true dose rate effect, (2) due to the longer times
associated with the low-dose-rate irradiation, or (3) a
combination of both. To answer this question, we annealed
the devices irradiated at 50 rad(Si02)/s at room temperature
with all pins grounded for times up to 104s (corresponding
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Figure 4: IB+ after a 175°c 100-hour bum-in versus dose
for the LM1 11s. Devices were irradiated at 0.1 and 50
rad(Si02)/s.

3



. ,,* ..
M. R. Shaneyfelt et al., “Thermal-Stress Effects on Enhanced Low-Dose-Rate Sensitivity of Linear Bipolar Circuits,” Submitted for presentation at ’00 NSREC

to 100 krad(Si02) at 0.1 rad(Si02)/s). The results are shown
in Figure 5 where IB+is plotted as a function of irradiation
and anneal time for the 0.1 and 50 rad(Si02)/s irradiations.
At 2000s, the 50 rad(Si02)/s irradiation has been
completed and the room temperature anneal has been
started. For the first -24 hours of the anneal, we see little to
no change in IB+(this is true for all devices irradiated at
50 rad(Si02)/s independent of thermal stress; additional
data for different thermal stresses will be shown in the full
paper) after which we see a significant increase in IB+up to
106s. At 106s, IB+has increased to the same level as the
LM1 11s that were irradiated at 0.1 rad(Si02)/s. Based on
these results, we can draw two potential conclusions. First,
the delay in any significant change in IB+during the first
24 hours may indicate that these devices have a latent
interface-trap charge buildup similar to that observed for
MOS devices [18,19]. Others have also suggested the
possibility of delayed interface-trap charge buildup near
midgap to explain the ELDRS response in PNP transistors
[6,10]. Secondly, the 175°C 100-hour burn-in appears to
have eliminated any true dose-rate effects that may have
existed in these devices.

It is important to point out that most previously
published data on the LM1 11s that suggested a potential
ELDRS problem with these device types did not include
data taken at high dose rate followed by room temperature
anneals [4,16, 17]. Thus, one might wonder if these devices
ever exhibited ELDRS. We address this issue by
comparing the 50 rad(Si02) results, the 50 rad(Si02) plus
anneal results, and the 0.1 rad(Si02) results for the 175°C
stress as a function of stress time as shown in Figure 6.
Also included in this figure are the results for the devices
not exposed to any elevated temperature cycles before
irradiation. For the devices without burn-in, there appears
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Figure 5: IB+ after a 175°C 100-hour burn-in versus dose
for the LM1lls. Devices were irradiated at 0.1 and
50 rad(Si02)/s. Following irradiation the devices were
annealed at room temperature with all pins shorted.
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Figure 6: IB+versus burn-in time for the LM1 11s. Devices
were irradiated to 100 krad(Si02) at 0.1 and 50 rad(Si02)/s
and annealed at room temperature with all pins shorted.

The pre-imadiation burn-in was at 175”C.

to be a true dose-rate sensitivity. Even after a 106s room
temperature anneal the radiation-induced IB+for the devices
irradiated at 50 rad(Si02)/s is 1.7 times smaller than IB+for
the devices irradiated at 0.1 rad (Si02)/s. Increasing the
time of the pre-irradiation burn-in quickly eliminates this
difference between 1~+at low dose rates and at high dose
rates with a room temperature anneal. For thermal stresses
equal to or greater than 10 hours at 175°C there is
essentially no difference between the radiation-induced IB+
at low and high dose rate. This shows that for these
irradiation and anneal conditions that there is not a true
dose-rate sensitivity.

IV. DISCUSSION

The data shown in Figures 2 & 3 clearly indicate that
these LM111s are sensitive to the bum-in effect. The fact
that we can induce changes in the radiation-induced trap
properties of the oxides at the die level using elevated
temperature stresses without bias suggests the mechanism
responsible for the burn-in effect is bias independent, as
previously indicated [12]. In addition, assuming that
radiation-induced changes in IB+ are associated with the
buildup of interface-trap charge [6,10], the bum-in data
suggest that irradiation-induced interface-trap charge
buildup in these devices has been reduced by the pre-
irradiation elevated temperature stresses. Recall that
previous work has show that pre-irradiation elevated
temperature stresses can cause and increase in oxide-trap
change buildup and a decreases in interface-trap charge
buildup [11-1 3]. We also note that for long stress times
bum-in has effectively eliminated ELDRS in these devices.
The increase in IB+ at low dose rate for ELDRS has also
been associated with differences in interface-trap charge
buildup in PNP devices [6,9,10]. These similarities suggest
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that there is a correlation between the mechanisms
associated with the thermal-stress effects and ELDRS.

The most commonly accepted model for ELDRS was
proposed in 1996 by Fleetwood et al. [9]. This model is
based on the assumption that at high dose rates hole trap-
ping in the bulk of the oxides occurs at metastable trap sites
and produces space charge fields in the oxide overlying the
base region. This reduces both the amount of hole and H+
transport to the interface and the amount of hole trapping
and interface trap buildup. During low-dose-rate exposures,
holes can be released from the metastable trap sites during
irradiation, the space charge field in the oxide is reduced,
and holes and H+ can transport easily to the interface where
they may interact to degrade device operation.

We now suggest a possible mechanism for the
correlation between ELDRS and thermal-stress effects. We
first assume that the elevated temperature stresses passivate
the metastable trap sites in the bulk of the oxide (e.g., via
the relocation and reaction of hydrogen in the structure),
thus reducing or eliminating bulk oxide trapping and the
space charge field. Therefore, holes can transport without
difficulty, independent of dose rate, and ultimately the total
density of interface-trap charge buildup will be equal at the
high and low dose rates. To account for the total reduction
in interface traps with burn-in, it is also possible that the
burn-in passivates some of the precursors that lead to
radiation-induced interface-trap buildup. From previous
work [12], the burn-in effect was shown to be thermally
activated with an activation energy of -0.38 eV. This
activation energy may result from the diffusion of
molecular hydrogen [20]. As such, the diffusion of
molecular hydrogen may also play a role in the passivation
of the metastable trap sites in the base oxide and the
precursors at or near the interface that lead to interface-trap
charge buildup. This would explain the reduction in
increase in IB+ for long burn-in times. Other possible
mechanisms will be discussed in the full paper. Regardless
of the mechanism for the ELDRS and thermal-stress
effects, the data show (including previous published data
[12-15]) that it is certainly thermally activated.

These results can have significant implications for
hardness assurance testing. The current ASTM hardness
assurance test method used to estimate ELDRS effects in
bipolar technologies requires the use of either low-dose-
rate or elevated temperature irradiations [21]. Based upon
the interaction between burn-in and low-dose-rate effects
suggested by our data, elevated temperature irradiations
may not estimate ELDRS in devices with a high degree of
sensitivity to bum-in effects. In fact, as we have shown,
elevated temperature stresses can completely eliminate
ELDRS in some devices, thereby making it possible to
considerably underestimate the effects of ELDRS.

As a final note, the elevated temperature thermal cycles
that die are exposed to during packaging can vary
significantly as a result of variations in die attach
techniques and package type (e.g., ceramic, plastic, or
metal). Consequently, for technologies sensitive to the
burn-in effect this might lead to significant variations in
post packaging irradiation response. Recall that others have
observed significantly larger changes in the irradiation
response of devices packaged in plastic packages as
opposed to ceramic packages [22]. Based on this work and
the work of others [11-22], it is clear any elevated
temperature thermal cycles after fabrication (before, during
or after packaging) can alter the radiation response of a
technology sensitive to the burn-in effect. Thus, to ensure
devices function as required through the end-of-life in a
system, hardness assurance testing of technologies sensitive
to thermal cycles must account for all thermal cycles that
devices will be exposed to during packaging, reliability
screens (e.g., burn-in), and system qualification and use as
suggested in Ref. [12].

v.SUMMARY

We have demonstrated that pre-irradiation elevated
temperature stresses can have a significant impact on
ELDRS for some linear bipolar technologies. In some
cases, the bum-in actually eliminated ELDRS. Possible
mechanisms that can explain the correlation between
ELDRS and thermal-stress effects, and the hardness
assurance implications were discussed.
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