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Abstract-- Low dose rate (LDR), ultralow dose rate (UDR)
and high dose rate (HDR) total ionizing dose (TID) test results,
drift analysis and an Enhanced Low Dose Rate Sensitivity
(ELDRS) characterization are presented for National
Semiconductor’s EDLRS-free bipolar low dropout (LDO)
regulator, LM2941WGRLQMLYV (5962R9166702VYA). Dose
rates used were 0.001, 0.01 and 170 rad(Si)/s.

L. INTRODUCTION

LOW dropout voltage regulators, often referred to as LDO
regulators or simply LDOs, are commonly used in space
applications for the regulated power supply to various
components. Bipolar LDO regulators are of interest where a
wide and relatively high input voltage range is required or
where there is limited radiation and flight history data
available for CMOS LDO regulators. Typical bipolar LDO
regulators have an operating input voltage ranging from 16 V
or higher down to less than 1 V above the output voltage.
Many have been in use in space environments for over 20
years.

The bipolar LDO regulator, LM2941, was developed for
automotive applications over 20 years ago but has found
usage in space applications. It has an adjustable output range
of 5 to 20 V, a dropout voltage of 0.8 V at full load, can
support input voltages up to 26 V and output load currents up
to 1 A and will survive input transients of -50 and +60 V
(block diagram is shown in Fig. 1) [1].

Many bipolar LDO regulators have been shown to degrade
when exposed to ionizing radiation. In addition, many
bipolar LDO regulators experience Enhanced Low Dose Rate
Sensitivity (ELDRS), where the product performance
degrades more when exposed at a low dose rate (LDR),
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similar to the dose rates seen in a space application, than
when exposed at a high dose (HDR), for the same total
ionizing dose (TID) [2]-[5]. Some versions of the LM2941
have been shown to fail LDR TID testing at doses from 18 to
25 krad(Si) [6][7].
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Fig. 1 Block diagram of the LM2941, 1 A Low Dropout Adjustable
Regulator [1]

Historically, TID testing has been done under HDR
conditions, typically between 50 and 300 rad(Si)/s, as
outlined in MIL-STD-883, TM1019 [8]. Testing under LDR
conditions was not routine, due to the time constraints. It can
take several months to years to test products at the same dose
rates of some applications. It had been proposed that it might
be possible to simulate LDR response by irradiating products
at elevated temperatures at HDR [9]. It was later found that
this method was not valid for the LM2941 produced in
National Semiconductor’s Arlington, Texas wafer fabrication
facility (fab) [6]. A new test method was then proposed
using a dose rate of 10 mrad(Si)/s with a design margin of
two for the parametric drift to qualify bipolar products for
LDR environments [10]. This dose rate has been adopted for
the LDR qualification in the latest revision of MIL-STD-883
(rev G) Test Method 1019 (rev. 7), released February 28,
2006 [8]. Also included in MIL-STD-883G, TM1019.7 is a
characterization technique to determine if a product could be
considered to have ELDRS.
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National Semiconductor has released a new version of the
LM2941 that is produced in its Greenock, Scotland (UK)
wafer fab using a unique wafer process flow. The National
Semiconductor part number and the Defense Supply Center
Columbus (DSCC) Standard Microcircuit Drawing (SMD)
number are listed in Table 1. This new version of the
LM2941 has been put through the ELDRS characterization
defined in MIL-STD-883G, TM1019.7. Per the test method,
the product is qualified to 100 krad(Si) and could be
considered to be “ELDRS-free” [8]. To verify the validity of
this test method to qualify products for low dose rate
applications using 10 mrad(Si)/s, units were also tested at an
ultralow dose rate (UDR) of 1 mrad(Si)/s to 20 krad(Si).

TABLE I
PRODUCT AND LOT NUMBER TESTED
National DSCC Wafer
Part Number SMD Number Lot Number
LM2941WGRLQMLV 5962R9166702VYA JM06X44A

II. TEST METHOD

The product tested is listed in Table I. These data only
pertain to this particular product as other versions of the part
have a different wafer process. All units tested were
assembled in the 16 lead ceramic dual inline package (DIP)
and burned-in according to the class V flow in MIL-PRF-
38535 [11]. All LM2941 ceramic packages have a glass seal
and no gold in the cavity.

An ELDRS characterization was done per MIL-STD-883,
Test Method 1019.7, section 3.13.1.1. A four way split was
run under LDR and HDR with units biased and unbiased
during irradiation, as shown in Table II. Five samples per
wafer from three different wafers were used in each
experimental test leg. The three wafers came from the same
wafer lot. In addition, testing was done under UDR as shown
in Table II.

TABLE II
TEST MATRIX
Dose Condition  Dose Rate Bias Condition Units
LDR 10 mrad(Si)/s Biased 15
LDR 10 mrad(Si)/s Unbiased 15
HDR 169-188 rad(Si)/s Biased 15
HDR 169-188 rad(Si)/s Unbiased 15
UDR 1 mrad(Si)/s Biased 15
UDR 1 mrad(Si)/s Unbiased 15

The unbiased units had all leads tied to ground during
irradiation. For the biased units, Vin was taken to 25.5 V
through a 100 Q resistor and Vout was connected to ground
through a 1 kQ resistor for a 5 mA load. A low output load
was used to prevent high power dissipation and internal
heating of the die that could lead to self annealing. Vout was
setto 5 V, using a 3 and 1 kQ divider on the Vadjust pin. The
on/off pin was connected to ground (Fig. 1).

All irradiations were performed using a Cobalt-60 gamma
ray source. HDR irradiation was performed at National
Semiconductor’s radiation facility in Santa Clara, California.
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LDR and UDR irradiation was done at Radiation Assured
Devices (RAD) in Colorado Springs, Colorado.  For the
HDR legs testing was done at 0, 3, 10, 30, 50 and 100
krad(Si) TID levels. The LDR legs were pulled at close to
the same levels, but not always exactly at those levels. The
UDR legs were pulled and tested at the same time as the LDR
legs, so the TID level for UDR legs was one tenth that of the
LDR legs. The LDR legs were taken to 102 krad(Si). The
UDR legs continued processing to 13 and 20 krad(Si).

Electrical testing was done with an Eagle ETS500 test
system at National Semiconductor’s Santa Clara radiation
facility. The same tester and test board were used at all test
points. All datasheet and SMD parameters were tested. For
the HDR legs, electrical testing was completed within an hour
of being removed from the gamma radiation. The LDR and
UDR legs were shipped overnight from the test facility at
RAD to National for testing, and shipped back overnight to
RAD to resume irradiation.

III. LDR (10 MRAD/S) RESULTS

All units passed TID testing at all radiation levels tested
with all parameters inside the pre irradiation limits listed in
the datasheet and SMD.

A. ELDRS Characterization

The ELDRS characterization results are summarized in
Table III. For each parametric test, the median parametric
drift from O rad to 100 krad(Si) was calculated for the 15
units in each LDR and HDR leg. Some parameters, such as
Vout are tested under a number of different conditions. The
results shown in Table III are for the conditions that resulted
in the worst case parametric drift. The last two columns in
Table III indicate if any of the LDR test results were outside
the pre irradiation spec and SMD limits. Per MIL-STD-
883G, Test Method 1019.7, section 3.13.1.1, if, for any
parameters, the ratio of the median LDR drift to the median
HDR drift is greater than 1.5 and the parametric reading is
outside the pre irradiation test limits, the “part is considered
to be ELDRS susceptible”. Since all parametric readings at
all radiation levels were inside the pre irradiation spec limits,
the part does not meet the definition of being ELDRS
susceptible.

B. LDR and HDR 100 krad(Si) Results

Table IV lists the average parametric readings at 0 rad for
the 15 units from the LDR biased leg, along with the average
parametric drift and the standard deviation (sigma) of the
parametric drift through 100 krad(Si) for the 15 units in each
of the LDR and HDR test legs. The parametric specification
range and test system guardband for each parameter are
shown in Table V. The average parametric readings for the
HDR and LDR legs at each of the radiation test points are
plotted in Figs. 2 to 7.



TABLE III
ELDRS CHARACTERIZATION RESULTS

Conditions Median drift through 100 krad(Si) LDR/HDR Any LDR results
Parameter Vin=10V, Vout=5V, Tout=5mA LDR HDR Drift Ratio outside spec limits?
unless otherwise indicated Units Biased Unbiased Biased Unbiased Biased Unbiased Biased Unbiased
Output Voltage \% 0.0118 -0.0088 0.0162 -0.0084 0.73 1.05 No No
Dropout Voltage Tout=1A, Vout=20V v 0.070 0.060 0.050 0.053 1.40 1.13 No No
Line Regulation Vin=7-26V mV 0.31 0.44 0.44 0.64 0.69 0.68 No No
Load Regulation Vin=25V, Tout-50mA-1A mV -2.48 -2.68 -1.26 -1.63 1.97 1.65 No No
Adjust Pin Voltage \'% 0.0027  -0.0026 0.0040 -0.0025 0.67 1.04 No No
Quiescent Current  Iout=1A mA 1.99 1.15 1.48 1.03 1.35 1.12 No No
On/Off Pin Current Von/off=2V, output off LA -3.18 -2.08 -2.98 -1.90 1.07 1.09 No No
Ripple Rejection Vin=25V, lout=100mA dB -0.5 -0.5 -0.8 09 062 0.56 No No

Fout=120Hz, 1 Vrms,

TABLE IV
AVERAGE READING AT 0 KRAD AND AVERAGE (AVE.) AND STANDARD DEVIATION (SIGMA) OF THE PARAMETRIC DRIFT THROUGH 100 KRAD
Conditions 0 Rad LDR Drift HDR Drift
Parameter Vin=10V, Vout=5V, lout=SmA Ave. Biased Unbiased Biased Unbiased
unless otherwise indicated Units Value  Ave. Sigma Ave. Sigma  Ave. Sigma Ave. Sigma
Output Voltage V 50076 0.0114 0.0031 -0.0089 0.0015 0.0167 0.0041 -0.0085 0.0015
Dropout Voltage  Tout=1A, Vout=20V Vv 0.515 0077 0.017 0054 0022 0043 0023 0.049 0027
Line Regulation Vin=7-26V mV -1.18 0.35 0.21 0.43 0.33 0.45 0.21 0.63 0.36
Load Regulation Tout-50mA-1A mV  -1047 -2.65 0.52 -2.99 0.96 -1.25 0.78 -1.53 0.72
Adjust Pin Voltage V12754 0.0026 0.0008 -0.0026 0.0003 0.0040 0.0011 -0.0025 0.0004
Quiescent Current  Tout=1A mA 2416 1.97 0.13 1.14 0.09 1.48 0.17 1.03 0.11
On/Off Pin Current  Von/off=2V, output off nA 4550 -3.16 0.69 -2.15 0.59 -3.14 0.47 -1.88 031
Ripple Rejection Vin=25V, Tout=100mA dB 65.1 -0.5 0.24 -0.5 0.18 -0.9 0.24 -0.8 0.26

Fout=120Hz, 1 Vrms
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Fig. 7 Quiescent Current vs. radiation exposure. Test conditions are listed
in Table IV. Maximum specification limit for this parameter is 45 mA.

IV. UDR (1 MRAD/S) RESULTS

The average parametric drift through 13.0 krad(Si) for
the UDR test legs, 12.4 krad(Si) for the LDR test legs and
10.0 krad(Si) for the HDR test legs are summarized in
Table V. The 10 to 13 krad(Si) TID range was chosen
because this was the highest TID tested and tightest TID
range where there were data for all three dose rates.

The final two columns of Table V list the specification
range for each parametric test and the electrical test system
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Fig. 8 On/Off Pin Current vs. radiation exposure. Test conditions are listed
in Table IV. Maximum specification limit for this parameter is 100 pA.
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Fig. 9 Ripple Rejection vs. radiation exposure. Test conditions are listed in
Table IV. Minimum specification limit for this parameter is 48 dB.

guardbands. The guardbands incorporate all sources of the
test system variability: test system repeatability and tester
to tester, test board to test board and setup to setup
correlation variations.

The average parametric readings through 20.0 krad(Si)
for the UDR test legs, 32.3 krad(Si) for the LDR test legs
and 30.0 for the HDR test legs are plotted in Figs. 10 to 17.

TABLE V
AVERAGE PARAMETRIC DRIFT FOR UDR (0.001 RAD/S), LDR (0.01 RAD/S) AND HDR (169-188 RAD/S ) TEST LEGS

Conditions UDR LDR HDR Test

Parameter Vin=10V, Vout=5V, lout=>mA 13.0 krad(St1) 12.4 krad(Si) 10.0 krad(Si) Spec Guard

unless otherwise indicated  Units Biased Unbiased Biased Unbiased Biased Unbiased  Range Band
Output Voltage v -0.0023  -0.0029  -0.0003 0.0015 0.0017 0.0028 03 0.0170
Dropout Voltage Tout=1A, Vout=20V v -0.009 0.004 0.014 0.015 0.007 0.003 0.8 0.100
Line Regulation Vin=7-26V mV -0.19 0.01 0.03 0.05 -0.04 0.14 100 2.00
Load Regulation Tout-50mA-1A mV -1.18 -0.82 -0.58 -0.89 -0.32 -0.12 100 3.60
Adjust Pin Voltage v -0.0005 0.0001  -0.0002 0.0003 0.0005 0.0007 0.076 0.0020
Quiescent Current  Tout=1A mA 0.41 0.22 0.38 0.22 0.33 0.24 45 2.70
On/Off Pin Current  Von/off=2V, output off pA -0.65 -0.75 0.11 -0.04 -0.22 -0.25 100 11.60
Ripple Rejection Vin=25V, lout=100mA dB -0.2 03 0.0 -0.1 -0.1 -0.1 54

Fout=120Hz, 1 Vrms,

62



5.03 -10
= s
: ERsrero— - —s £
@ § W —t —————— X c
(U“) o — — — 2
s B
o o
= 9
2 «
£ °
o 3
—=—UDR Biased = -UDR Unbiased - —=—UDR Biased = - UDR Unbiased
—o—LDR Biased =i - LDR Unbiased —&—LDR Biased =X - LDR Unbiased
HDR Biased HDR Unbiased HDR Biased HDR Unbiased
4.97 T T T -14 T T T
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Exposure (krad) Exposure (krad)

Fig. 10 Output Voltage vs. radiation exposure. Test conditions are listed in Fig. 13 Load Regulation vs. radiation exposure. Test conditions are listed in

Table V. Specification limits for this parameter are 4.85 to 5.15 V. Table V. Specification limits for this parameter are -50 to +50 mV.
0.6 1.28
—=—UDR Biased = — - UDR Unbiased
—o—LDR Biased =X - LDR Unbiased
HDR Biased HDR Unbiased .
— >
> =3
= o
) g A —p — - —p———
£ 3 =all
o >
> c
s o
° -
% ]
° 3
S g
—=—UDR Biased =4 -UDR Unbiased
—o—LDR Biased =X -LDR Unbiased
HDR Biased HDR Unbiased
T 1.27 T T T
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Exposure (krad) Exposure (krad)

Fig. 11 Dropout Voltage vs. radiation exposure. Test conditions are listed in ~ Fig. 14 Adjust Pin Voltage vs. radiation exposure. Test conditions are listed
Table V. Maximum specification limit for this parameter is 0.8 V. in Table V. Specification limits for this parameter are 1.237 to 1.313 V.

0 27

—=— UDR Biased =4 - UDR Unbiased
—o—LDR Biased =X - LDR Unbiased
HDR Biased HDR Unbiased

—=—UDR Biased =4 - UDR Unbiased
—o—LDR Biased =X -LDR Unbiased
HDR Biased HDR Unbiased

— —
_ AT ==

Line Regulation (mV)
Quiescent Current (mA)

= A — —

= —h =A==

-2 - T T T 24*;, T

0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Exposure (krad) Exposure (krad)

Fig. 12 Line Regulation vs. radiation exposure. Test conditions are listed in Fig. 15 Quiescent Current vs. radiation exposure. Test conditions are listed
Table V. Specification limits for this parameter are -50 to +50 mV. in Table V. Maximum specification limit for this parameter is 45 mA.

63



50
<
2
€
£ WA e
3 frT-—’-X-:__:-—\_;;./. ME=—==== === =
£
a
% —=— UDR Biased =4 - UDR Unbiased
o —&—LDR Biased = -LDR Unbiased
HDR Biased HDR Unbiased
40 . . .
0 5 10 15 20 25 30 35

Exposure (krad)

Fig. 16 On/Off Pin Current vs. radiation exposure. Test conditions are listed
in Table V. Maximum specification limit for this parameter is 100 pA.

66
A
P -~
g ' //.
§ —— .
B == = = — — _
-g-’. - T — =
[0
[v4
]
a
h% —=—UDR Biased =4 - UDR Unbiased
—o—LDR Biased =X - LDR Unbiased
HDR Biased HDR Unbiased
64 T . .
0 5 10 15 20 25 30 35

Exposure (krad)

Fig. 17 Ripple Rejection vs. radiation exposure. Test conditions are listed in
Table V. Minimum specification limit for this parameter is 48 dB.

V. DISCUSSION

Table V lists the electrical test system guardbands which
incorporate all of the sources of variability that can affect the
repeatability of the electrical test system. Since all electrical
testing was done using the same electrical tester and test
board, two sources of repeatability error were eliminated.
The HDR test legs were irradiated and tested in one session,
also eliminating time based and setup repeatability errors.
The LDR and UDR test points were spread out over several
days to several weeks, making those test legs susceptible to
setup repeatability errors. Any differences in data greater
than the test system guardband can be considered significant
and not within the experimental error.

In all cases, the difference in parametric drift between the
UDR (1 mrad/s) and LDR (10 mrad/s) test legs is small and a
fraction of the electrical test system guardband.

Fig. 10 to 17 indicate that the UDR, LDR and HDR
parametric drifts follow the same general trends with a few
exceptions. For some of the parameters (Fig. 11 and 17) the
UDR results may be indicating the start of a steeper upward
trend between 13 and 20 krad(Si). Since there is no data at
20 krad(Si) for the LDR and HDR test legs, it is not possible
to tell if this trend is unique to the UDR. The 100 krad(Si)
plots (Fig. 3 and 9) indicate that the LDR test legs may have
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had a similar phenomena somewhere in the region of 10 to 30
krad(Si) before settling back to a trend that matched that of
the HDR test legs.

VI. CONCLUSIONS

The ELDRS characterization, described in Test Method
1019 of MIL-STD-883 was demonstrated on National
Semiconductor’s bipolar low dropout (LDO) regulator,
LM2941WGRLQMLYV (5962R9166702VYA). The product
was found not to be ELDRS sensitive to 100 krad(Si) per the
definition in the test method.

The validity of the ELDRS characterization for this part
was demonstrated to 20 krad(Si) by also testing material at a
dose rate (1 mrad/s) lower than that required by the test
method (10 mrad/s). Testing a part at 1 mrad/s to 20 krad
requires that the part be irradiated for 232 days. The total
test time is even longer due to the time required for shipping
and performing electrical parametric test at the interim test
points. Data for the 30 krad(Si) test point will be available in
December, 2009.
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the Tl product(s) identified in such TI Resource. NO OTHER LICENSE, EXPRESS OR IMPLIED, BY ESTOPPEL OR OTHERWISE TO
ANY OTHER TI INTELLECTUAL PROPERTY RIGHT, AND NO LICENSE TO ANY TECHNOLOGY OR INTELLECTUAL PROPERTY
RIGHT OF TI OR ANY THIRD PARTY IS GRANTED HEREIN, including but not limited to any patent right, copyright, mask work right, or
other intellectual property right relating to any combination, machine, or process in which TI products or services are used. Information
regarding or referencing third-party products or services does not constitute a license to use such products or services, or a warranty or
endorsement thereof. Use of TlI Resources may require a license from a third party under the patents or other intellectual property of the
third party, or a license from TI under the patents or other intellectual property of TI.

TI RESOURCES ARE PROVIDED “AS I1S” AND WITH ALL FAULTS. TI DISCLAIMS ALL OTHER WARRANTIES OR
REPRESENTATIONS, EXPRESS OR IMPLIED, REGARDING TI RESOURCES OR USE THEREOF, INCLUDING BUT NOT LIMITED TO
ACCURACY OR COMPLETENESS, TITLE, ANY EPIDEMIC FAILURE WARRANTY AND ANY IMPLIED WARRANTIES OF
MERCHANTABILITY, FITNESS FOR A PARTICULAR PURPOSE, AND NON-INFRINGEMENT OF ANY THIRD PARTY INTELLECTUAL
PROPERTY RIGHTS.

TI SHALL NOT BE LIABLE FOR AND SHALL NOT DEFEND OR INDEMNIFY YOU AGAINST ANY CLAIM, INCLUDING BUT NOT
LIMITED TO ANY INFRINGEMENT CLAIM THAT RELATES TO OR IS BASED ON ANY COMBINATION OF PRODUCTS EVEN IF
DESCRIBED IN TI RESOURCES OR OTHERWISE. IN NO EVENT SHALL TI BE LIABLE FOR ANY ACTUAL, DIRECT, SPECIAL,
COLLATERAL, INDIRECT, PUNITIVE, INCIDENTAL, CONSEQUENTIAL OR EXEMPLARY DAMAGES IN CONNECTION WITH OR
ARISING OUT OF TI RESOURCES OR USE THEREOF, AND REGARDLESS OF WHETHER TI HAS BEEN ADVISED OF THE
POSSIBILITY OF SUCH DAMAGES.

You agree to fully indemnify Tl and its representatives against any damages, costs, losses, and/or liabilities arising out of your non-
compliance with the terms and provisions of this Notice.

This Notice applies to TI Resources. Additional terms apply to the use and purchase of certain types of materials, Tl products and services.
These include; without limitation, TI's standard terms for semiconductor products http://www.ti.com/sc/docs/stdterms.htm), evaluation
modules, and samples (http://www.ti.com/sc/docs/sampterms.htm).

Mailing Address: Texas Instruments, Post Office Box 655303, Dallas, Texas 75265
Copyright © 2018, Texas Instruments Incorporated
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