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 
Abstract— An accelerated total ionizing dose (TID) 

hardness assurance test for enhanced low dose rate sensitive 
(ELDRS) bipolar linear circuits, using high dose rate tests on 
parts that have been exposed to molecular hydrogen, has been 
proposed and demonstrated on several ELDRS part types.  In 
this study several radiation-hardened “ELDRS-free” part 
types have been tested using this same approach to see if the 
test is overly conservative.    
 

Index Terms—Dose rate, enhanced low-dose-rate sensitivity 
(ELDRS), Radiation effects, Total ionizing dose, Hydrogen, 
Bipolar linear circuits, Discrete bipolar transistors 
 

I. INTRODUCTION 

The phenomena of a true dose rate effect in bipolar 

technologies was first reported in 1991 [1] on bipolar 
microcircuit transistors.  It was later reported by several 
researchers on bipolar linear circuits [2-4] and became 
known as enhanced low dose rate sensitivity (ELDRS).  
Since that time the effect has been studied extensively and 
many investigations have sought an accelerated test method 
to provide an upper bound of the low dose rate response of 
ELDRS parts in a space radiation environment.  The first 
technique that was investigated was elevated temperature 
irradiation at high dose rate [5].  This technique is not 
universal and requires extensive characterization to select 
the optimum dose rate and irradiation temperature to 
provide an upper bound of the low dose rate response for 
those parts where the technique does work.  Since then 
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other methods have been suggested including repeated high 
dose rate irradiations followed by elevated temperature 
anneals [6], switched dose rate testing to reduce the total 
test time at low dose rate [7], and high dose rate irradiation 
on parts that have been exposed to molecular hydrogen [8, 
9].  While the multiple cycles of high dose rate irradiation 
plus elevated temperature anneal seemed promising, the 
technique was only demonstrated on a few part types and 
sensitive parameters.  The switched dose rate technique 
requires a large number of samples to reduce the total test 
time and depends on a well behaved population for good 
statistics.  The use of molecular hydrogen as an accelerated 
hardness assurance technique is very recent [8] and 
characterization using this approach continues.  In this 
paper the evaluation of ELDRS-free parts is investigated to 
determine if the technique is too conservative for radiation 
hardened ELDRS-free parts. 
          

II. EXPERIMENTAL DESCRIPTION 

 The accelerated hardness assurance technique using 
molecular hydrogen (H2) is best utilized on parts that are 
packaged in hermetic packages.  The package lids must be 
removed so that the microcircuit die can be exposed 
directly to H2.  If plastic packages are used the plastic must 
be etched away over the surface of the die.  Parts with a 
silicon nitride passivation must have the nitride removed, 
for example, by plasma etching.  The exposure to H2 is 
done in evacuated glass tubes (10-5 torr), shown in Fig. 1, 
that are backfilled to various controlled partial pressures of 
H2.  In these experiments exposures to H2 were done at 
three different pressures to achieve H2 concentration such 
as 1%, 10% or 100%.  Several space qualified ELDRS-free 
part types were selected and obtained from National 
Semiconductor Corp. (NSC).  These included the LM136 
voltage reference, the LM2941 low-dropout voltage 
regulator, the LM124, quad operational amplifier, and the 
LM139, quad voltage comparator.  Low dose rate data on 
the LM2941 and LM136 were published in the Radiation 
Effects Data Workshop last year by NSC [10, 11]. Low 
dose rate data on the LM124 and LM139 were published in 
2008 [13]. All four of these part types have been 
demonstrated to be hard to 100 krad at both high dose rate 
(50-300 rad/s) and low dose rate (10 mrad/s) for irradiation 
under both biased and unbiased conditions [10, 11, 12].  In 
addition the LM2941 was tested at 1 mrad/s up to 20 krad 
and was shown to be ELDRS free.  
 To assure that the results are not unique to one process 
technology, we added several “ELDRS-free” part types 
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Figure 3.  Increase in input offset voltage for the NSC LM124, comparing 
NSC data to exposure to 100% H2. 
 

 NSC LM139.  The quad comparator, LM139, is another 
bipolar linear circuit that has been extensively characterized 
for total dose and dose rate response [2, 14, 15].  This part 
was also modified by process and circuit design to be 
ELDRS-free [12].  For unbiased irradiation the two most 
sensitive parameters are the input bias current, Ib+, and the 
sink current, Isink.  The LM139 was irradiated at 10 rad/s 
for two values of H2 soaking, 100% and 1%.  Figs. 4 and 5 
show the increase in Ib+ and Isink, respectively, versus 
dose, compared to the high and low dose rate NSC ELDRS-
free data. 
 

 
Figure 4.  Increase in input bias current for the NSC LM139, comparing 
NSC data to exposure to 100% and 1% H2.   
 

 
Figure 5.  Increase in sink current for the NSC LM139, comparing NSC 
data to exposure to 100% and 1% H2. 

 As for the LM124, the exposure to 100% H2 prior to 
irradiation resulted in well over an order of magnitude 
increase in the degradation.  What is more significant is that 
with only a 1% H2 exposure the increase in degradation 
over the ELDRS-free parts was still over an order of 
magnitude for Ib+ and about a factor of 8 for Isink.        

IV. EXPERIMENTAL RESULTS-  VOLTAGE REFERENCES AND 

REGULATORS 

 NSC LM136-2.5 and LTC RH1009.  The NSC LM136 
and LTC RH1009 are both 2.5V references.  NSC offers an 
ELDRS-free version of this reference as described in [11].  
The RH1009 was radiation tested by ICS at high (50 rad/s) 
and low (8.2 mrad/s) dose rates both biased and unbiased 
and demonstrated to be ELDRS-free.  We compare the 
results of the HDR and LDR tests on the ELDRS-free parts 
to irradiation at 1 rad/s after exposure to 100% H2 for the 
LM136 and to irradiation at 10 rad/s after exposure to 1% 
H2 for the RH1009.  Figs. 6 and 7 show the results for the 
average change in Vref (at 1 mA) for the LM136 and 
RH1009, respectively. 

 
Figure 6. Change in Vref versus dose for LM136, comparing NSC data to 
exposure to 100% H2. 
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Figure 7. Change in Vref versus dose for RH1009, comparing LTC (ICS) 
data to exposure to 1% H2. 
 

 Comparing the two references we see that the Vref 
decreases with irradiation for the LM136 and increases for 
the RH1009.  With only 1% H2 the RH1009 shows a 
significant increase in Vref compared to the parts not 
exposed to H2.  The changes are much greater at 100% H2 
for the LM136.   
 Another parameter that is sensitive for the reference is 
the change in Vref between two different current values.  For 
these 2.5V references this parameter, BVR, is measured 
between currents of 400 µA and 10 mA.  This parameter is 
also known as load regulation.  Figs. 8 and 9 show the 
results for BVR versus dose for the LM136 and RG1009, 
respectively. 
 

 
Figure 8. Change in BVR (0.4 to 10 mA) versus dose for LM136, 
comparing NSC data to exposure to 100% H2. 
 

 
Figure 9. Change in BVR (0.4 to 10 mA) versus dose for RH1009, 
comparing LTC (ICS) data to exposure to 1% H2. 

 
 Again with BVR or load regulation, the degradation with 
H2 is much greater than for the packaged ELDR-free parts 
and the changes are in the opposite direction for the two 
part types. 
 NSC LM2941.  The LM2941 is a 1A positive adjustable 
low dropout regulator.  The ELDRS-free version is 
described in [10].  This part was exposed to 100% H2 prior 
to irradiation and irradiated at 10 rad/s.  The output voltage 
was set at 5V for the electrical tests.  The reference voltage, 
measured at the adjust pin, is typically 1.275V.  The 
average change in Vout versus dose is shown in Fig. 10 and 
the average change in Vref is shown versus dose in Fig. 11. 
 

 
Figure 10.  Average change in output voltage versus dose for the LM2941, 
comparing NSC data to exposure to 100% H2.  
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Figure 11.  Average change in reference voltage versus dose for the 
LM2941, comparing NSC data to exposure to 100% H2. 
 

 While there is only a few mV change at high and low 
dose rate for the ELDRS-free parts, there is several hundred 
mV change in Vout at 5V for the parts exposed to 100% H2 
prior to irradiation.  The changes in Vref reflect the changes 
in Vout since Vout  Vref .     

 VI. EXPERIMENTAL RESULTS-  DISCRETE BIPOLAR 

TRANSISTORS 

 Radiation hardened versions of the widely used discrete 
bipolar transistors, the npn 2N2222A and the pnp 2N2907A 
were obtained from Semicoa.  The high and low dose rate 
data on the parts not exposed to H2 were taken by Semicoa.  
Delidded samples were subjected to 10% H2 and irradiated, 
unbiased, at 10 rad/s at JPL.  The primary parameters 
affected by total dose are the forward current gain, Hfe, and 
the collector-emitter saturation voltage, Vce(sat).  The 
degradation of Hfe is a function of the collector current and 
degrades much more at low collector current.  The change 
in 1/Hfe versus total dose at 1 mA collector current is 
shown in Fig. 12 for the 2N2222A and Fig. 13 for the 
2N2907A for the baseline Semicoa data at high and low 
dose rate and the parts soaked in 10% H2 and irradiated at 
10 rad/s. 
 The amount of degradation with 10% H2 is greater than 
for the baseline parts, and the effect is much greater for the 
PNP device than for the NPN device.  If we assume that the 
amount of oxide trapped charge is roughly the same with 
and without the added H2, then the primary difference 
would be in the amount of interface traps generated from 
the excess H2.  PNP transistors are more affected by 
interface traps than NPN transistors, which would explain 
why there is relatively more degradation with H2 for the 
2N2907A [19].  Note that in the case of the 2N2907A the 
baseline degradation (no added H2) at low dose rate is 
actually less than at high dose rate.     

 
Figure 12.  Average change in one over Hfe at 1 mA for 2N2222A 
exposed to 10% H2 compared to baseline Semicoa data.  

 
 

Figure 13.  Average change in one over Hfe at 1 mA for 2N2907A 
exposed to 10% H2 compared to baseline Semicoa data. 
 

 The average normalized % increase in Vce(sat) (Ic=500 
mA and Ib=50 mA) versus dose is shown in Fig. 14 for the 
2N2222A and Fig. 15 for the 2N2907A.  Comparing Figs. 
14 and 15, we see that the increase in Vce(sat) for the H2 
exposed parts is much greater for the 2N2907A than for the 
2N2222A, although in both cases the exposure to H2 does 
result in enhanced degradation.  These results are consistent 
with the Hfe results shown in Figs. 12 and 13.    
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Figure 14.  Average normalized % increase of Vce(sat) for 2N2222A 
exposed to 10% H2 compared to baseline Semicoa data. 
 

 
Figure 15.  Average normalized % increase of Vce(sat) for 2N2907A 
exposed to 10% H2 compared to baseline Semicoa data. 
 

   

 VII. DISCUSSION 

 In previous experiments to investigate the viability of 
exposure to molecular hydrogen prior to irradiation (at 
medium to high dose rate), as an accelerated hardness 
assurance approach, the part types were all known to be 
ELDRS [8, 9].  At the time it was thought that using the 
same approach for radiation hardened, “ELDRS-free” parts 
may be overly conservative [8].  In this study we have 
investigated the approach on “ELDRS-free” parts from 
three manufacturers, looking at a variety of circuit types 
(operational amplifier, comparator, voltage references and 
low dropout regulator) as well as npn and pnp discrete 
bipolar transistors.  The H2 exposure was varied between 1 
and 100% and the dose rates varied between 1 and 10 rad/s.  
In all cases the exposure to H2 resulted in an increase in the 
amount of degradation of sensitive electrical parameters.  
The amount of enhanced degradation over the baseline high 
and low dose rate degradation varied from a few % for the 

2N2222A to orders of magnitude for some of the “ELDRS-
free” circuits.  It is clear that, for characterization, this 
technique is not applicable as an accelerated technique for 
the purpose of determining whether a part is ELDRS.  In 
other words if the only data on a part is at high dose rate 
(Condition A of MIL-STD-883, Method 1019) and one 
wanted to do an accelerated test to determine if the part is 
ELDRS, this test might produce overly conservative results.  
However, as an accelerated test to bound the low dose rate 
response of a known ELDRS part, it may still be effective, 
if correlated to the LDR response. 
 Although the accelerated test using H2 does not work for 
ELDRS-free parts, it does illustrate the importance of 
hydrogen in increasing the amount of degradation in bipolar 
linear circuits and discrete transistors.  In a previous 
publication [9] we demonstrated that increasing the amount 
of hydrogen affected the total dose and dose rate response 
of bipolar linear circuits.  With increased hydrogen the 
transition dose rate for enhanced low dose rate degradation 
moved to higher dose rates and the saturation degradation at 
low dose rate increased.  Based on this mechanism we 
proposed that parts which did not show a significant low 
dose rate enhancement factor at 10 mrad/s, might begin to 
show enhanced degradation at dose rate below 10 mrad/s.  
In a review of ELDRS [20], data on several bipolar circuits 
were shown where the low dose rate enhancement factor 
continued to increase at dose rates below 10 mrad/s.  
Experiments are currently being conducted to investigate 
the very low dose rate response of several “ELDRS-free” 
bipolar circuits to see if the enhancement factors increase 
down to dose rates of 0.5 mrad/s [21].  To date the dose 
levels achieved at 0.5 mrad/s are not sufficiently high to 
determine whether these “ELDRS-free” parts will show 
increased enhanced degradation for dose rates below the 
current low dose rate test of MIL-STD-883, Test Method 
1019.8, Test Condition D of 10 mrad/s.          
 What our investigation has shown is that if ELDRS-free 
parts are purchased in die form for use in a hybrid 
microcircuit, or to be packaged in a different package from 
what the manufacturer used for the ELDRS-free 
qualification, then the parts may not be total dose hard or 
ELDRS-free if they are subjected to molecular hydrogen in 
the new package form.  We have shown in several previous 
studies [16-18] that many hermetic package types may have 
as much as 2-4% H2 in the package due to out-gassing from 
gold or KOVAR and that these parts show enhanced 
degradation compared to parts in packages without H2.  
These results suggest that anyone buying “ELDRS-free” 
dies for subsequent packaging should test the packages for 
molecular hydrogen and assure that the concentration is at 
or below the detection level.    

 VIII.  CONCLUSIONS 

 We have performed experiments on a number of 
“ELDRS-free” bipolar linear circuits, de-lidded the parts 
and exposed the dice to molecular hydrogen at various 
concentrations from 1 to 100% H2, prior to irradiation.  The 
total dose response of these parts was compared to the high 
and low dose rate response of the packaged samples not 
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exposed to H2.  The results, in all cases, were that the 
degradation was significantly higher for the parts subjected 
to H2, even at 1%.  The increased degradation ranged from 
a few % to over two orders of magnitude.  While the use of 
H2 exposure followed by medium to high dose rate 
irradiation, as an accelerated test for ELDRS-free parts, is 
shown to be overly conservative, the results demonstrate 
that the radiation hardness of the parts will be compromised 
if the parts are purchased in die form and packaged in a 
package that contains even small amounts of H2.  This 
would be the case for hybrids, dies assembled by third party 
packaging companies or other non-manufacturer packaging 
options. 
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