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INTRODUCTION

This guide is designed to assist investigators in performing ionizing radiation effects testing of
semiconductor devices, commonly termed total dose testing. When actual use conditions, which
includes dose, dose rate, temperature, and bias conditions and the time sequence of application of
these conditions, are the same as those used in the test procedure, the results obtained using these test
methods apply without qualification. For some part types, results obtained when following this guide
are much more broadly applicable. There are many part types, however, where care must be used in
extrapolating test results to situations that do not duplicate all aspects of the test conditions in which
the response data were obtained. For example, some linear bipolar devices and devices containing
metal oxide semiconductor (MOS) structures require special treatment. This guide provides direction
for appropriate testing of such devices.

1. Scope Characterizatior—For some cases it may be more appropriate
1.1 This guide presents background and guidelines fofo @dopt some kind of worst case testing scheme that does not
establishing an appropriate sequence of tests and data analy&§luire device characterization. For other cases it may be most
procedures for determining the ionizing radiation (total dosefffective to determine the effect of dose-rate on the radiation
hardness of microelectronic devices for dose rates below 308ensitivity of a device. As necessary, the appropriate level of
rd(SiQ,)/s. These tests and analysis will be appropriate to assitetail of such a characterization also must be determined.
in the determination of the ability of the devices under test to 1.5.2 Determination of an Effective Strategy for Minimizing
meet specific hardness requirements or to evaluate the parts fé Effects of Irradiation Dose Rate on the Test Reslilhe
use in a range of radiation environments. results of radiation testing on some types of devices are
1.2 The methods and guidelines presented will be app|icab|galatlvely insensitive to the dose rate of _the radiation apph_ed in
to characterization, qualification, and lot acceptance of siliconthe test. In contrast, many MOS devices and some bipolar
based MOS and bipolar discrete devices and integrated ciflevices have a significant sensitivity to dose rate. Several
cuits. They will be appropriate for treatment of the effects ofdifferent strategies for managing the dose rate sensitivity of test
electron and photon irradiation. results will be discussed.
1.3 This guide provides a framework for choosing a test 1.5-3 Choice of an Effective Test Methodoleg¥he selec-
sequence based on general characteristics of the parts to e of effective test methodologies will be discussed.
tested and the radiation hardness requirements or goals for1.6 Low Dose RequiremenisHardness testing of MOS and
these parts. bipolar mlcroelectr_onlc devices for the purpose of quallflcatlon
1.4 This guide provides for tradeoffs between minimizing©F 10t acceptance is not necessary when the required hardness

the conservative nature of the testing method and minimizind® 100 rd(SiQ) or lower. _ _

the required testing effort. 1.7 Sources-This guide will cover effects due to device
1.5 Determination of an effective and economical hardnessting using irradiation from photon sources, suchP@So vy

test typically will require several kinds of decisions. A partial irradiators, =‘Csy irradiators, and low energy (approximately

enumeration of the decisions that typically must be made is a0 keV) X-ray sources. Other sources of test radiation such as
follows: linacs, Van de Graaff sources, Dymnamitrons, SEM’s, and

1.5.1 Determination of the Need to Perform Device flash X-ray sources occasionally are used but are outside the
scope of this guide.
1.8 Displacement damage effects are outside the scope of
1 This guide is under the jurisdiction of ASTM Committee F-01 on Electronics this guide, as well.
and is the direct responsibility of Subcommittee F01.11 on Quality Hardness 1.9 The values stated in Sl units are to be regarded as the

Assurance.
standard.
Current edition approved May 10, 1998. Published November 1998.
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2. Referenced Documents 3.2.9.1 Discussior—lonizing radiation effects are some-
2.1 ASTM Standards: times referred to as” total dose effects.”
E 170 Terminology Relating to Radiation Measurements 3:2.10low dose rate sensitiveadj—used to refer to a
and Dosimetr§ bipolar part that shows enhanced radiation induced damage at
E 666 Practice for Calculating Absorbed Dose from Gammzl0se rates below about 50 rd(S)3.
or X Radiatior? 3.2.10.1 Discussior—In this guide, doses and dose rates are

E 668 Practice for the Application of Thermoluminescence-SPecified in rd(SiQ) as contrasted with the use of rd(Si) in
Dosimetry (TLD) Systems for Determining Absorbed DoseOther related standards. The reason is that for ionizing radiation
in Radiation-Hardness Testing of Electronic Devices effects in silicon based microelectronic components, it is the

E 1249 Practice for Minimizing Dosimetry Errors in Radia- €nergy deposited in the Sj@ate, field, and spacer oxides that
tion Hardness Testing of Silicon Electronic Devices Using!S responsible for the radiation-induced degradation effects. For
Co0-60 Sources high energy irradiation, for exampl&Co photons, the differ-

E 1250 Test Method for Application of lonization Cham- €nce between dose deposited in Si and ;Stgpically is
bers to Assess the Low Energy Gamma Component gregligible. For X—raylrrad|§1t|on3 approxmately 10 k.eV photon
Cobalt-60 Irradiators Used in Radiation-Hardness Testingn€rgy, the energy deposited in Si under some circumstances

of Silicon Electronic Devices may be approximately 1.8 times the energy deposited ir.SiO
E 1275 Practice for Use of a Radiochromic Film DosimetryFOr additional details, see Guide F 1467.
Systeni 3.2.11 not in-flux testn—electrical measurements made on

F 1467 Guide for Use of an X-Ray Tester (10 keV devices at any time other than during irradiation.
Photons) in lonizing Radiation Effects Testing of Semicon- 3-2-12 qualification n—testing to determine the adequacy

ductor Devices and Microcircuits of a part to meet the requirements of a specific application.
2.2 Military Specifications: 3.2.13 rad, n—the rad symbol, rd, is a commonly used unit
MIL-STD-883, Method 1019, lonizing Radiation (Total for absorbed dose, defined in terms of the Sl unit of absorbed
Dose) Test Methatl dose as 1 rd= 0.01 Gy.

MIL-HDBK-814 lonizing Dose and Neutron Hardness As- 3-2.14 remote testsn—electrical measurements made on
surance Guidelines for Microcircuits and Semiconductordevices that are removed physically from the irradiation

Deviceé location for the measurements.
3.2.15time dependent effects (TQE}—the time dependent
3. Terminology growth and annealing of ionizing radiation induced trapped
3.1 For terms relating to radiation measurements and dgeharge and interface states and the resulting transistor or IC
simetry, see Terminology E 170. parameter changes caused by these effects. _
3.2 Definitions of Terms Specific to This Standard: 3.2.15.1 Discussion—Similar effects also take place during

3.2.1 accelerated annealing tesn—procedure utilizing irradiation. Because of the complexity of time dependent

elevated temperature to accelerate time-dependent growth aR§ects. alternative, but not inconsistent, definitions may prove
annealing of trapped charge. useful. Two of these are: the complex of time-dependent

3.2.2 category A n—used to refer to a bipolar part that is Processes that alter trapped oxide chané,() and interface
not low dose rate sensitive. trap density 4N;) in an MOS or bipolar structure during and
3.2.3 category B n—used to refer to a bipolar part that is after irradiation; and, the effects of these processes upon device
low dose rate sensitive. or circuit characteristics or performance, or both.

3.2.4 characterizationn—testing to determine the effect of 4. Summary of Guide
dose, dose-rate, bias, temperature, etc. on the radiation induced4 1 This guide is designed to provide an introduction and
degradation ofq part. . . direction to the purposes, methods, and strategies of total

3.2.5 gray, adi—the gray (Gy) symbol, is the Sl unit of

) _ ionizing dose testing.
absorbe_d dose, defined as 1 8yl J/kg (1 Gy. 1.00 rd). 4.1.1 Purposes—Device or system hardness may be mea-
3.2.6 in-flux testsn—measurements made in-situ while the

L L ) sured for several different purposes. These may include device
test device is in the radiation field. A . e .
S . characterization, device qualification, lot acceptance, line
3.2.7 in-situ tests n—electrical measurements made on

devices during, or before-and-after, irradiation while theyquahflcatlon, and studies of device physics.

7. : - . 4.1.2 Methods
remain in the irradiation location. L . .
. ) 4.1.2.1 An ionizing radiation effects test consists of per-
3.2.8 in-source testsn—an in-flux test.

S o . forming a set of electrical measurements on a device, exposing
3.2.9 ionizing radiation effectsn—the changes in the elec- : S L ; ; .
. . . . ; the device to ionizing radiation while appropriately biased, and
trical parameters of a microelectronic device resulting from . . . .
radiation-induced tranped charqe then performing a set of electrical measurements either during
P ge. or after irradiation.

4.1.2.2 Because several factors enter into the effects of the

2 radiation on the device, parties to the test must establish and

- Annual Book of ASTM Standardéol 12.02. agree to a variety of conditions before the validity of the test

Annual Book of ASTM Standardgol 10.04. .

4 Available from the Standardization Documents Order Desk, Building 4, SectionCan be eStab_“Shed or before the results O_f_ any one test can be

D, 700 Robbins Ave., Philadelphia, PA 19111-5094. compared with those of another. Conditions that must be
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established and agreed to include the following: total ionizing dose testing typically involves resolution of the
(a) Radiation Source-The type of radiation sourc€%Co,  conflicts between the following four competing requirements:
X-ray, etc.) that is to be used. 4.2.1 Test Fidelity—It is necessary that a test reproduce the

Nore 1—The ionizing dose response of many device types has beeresults to be expected in the projected application environment

shown to depend on the type of ionizing radiation to which the device isPo an acceptable degree of precision. The test methodology

subjected. The selection of a suitable radiation source for use in such ate%ho_sen has a strong effect on the PreCiSion of the result.
must be based on the understanding that the gamma or electron radiatidiypically, however, greater test fidelity must be balanced
source will induce a device response that then should be correlated to ti@gainst greater cost. In addition, many environments cannot be

response anticipated in the device application. reproduced in the laboratory. Often it may be necessary to have
(b) Dose Rate RangeThe range of dose rates within which @n adequate command of device physics in order to devise
the radiation exposures must take place (see 6.4). laboratory tests that adequately match or bound the perfor-

_ ~mance to be expected in actual use.
Note 2—The response of many devices has been shown to be highly 4 2 2 Reproducibility—It is important to have test proce-

dependent on the rate at which the dose is accumulated. There must b . .
demonstrated correlation between the response of the device under tPHeejres that can be depended upon to give approximately the

selected test conditions and the rate at which the device would be expectS@M€ result each time when used by different laboratories.
to accumulate dose in its intended application. Failure to achieve this goal may have significant contract

. " N . . implications. Obtaining this goal typically requires careful
(c) Operating Conditions-The test circuit, electrical biases attention to the control of experimental variables and to the

to be applied, and th_e e!ectri_ca_l operating sequence, if applHevelopment of accurate dosimetry methods.

cable, for the part during irradiation (see 6.3). This includes the , 5 3 Single-Valued ResultFor some purposes, it is desir-

use of 'n'ﬂl.JX or not in-flux testing. able to have a test that can be used to simply categorize parts
(d) Electrical Paramgters—The measqrements that are 0 be oy that gives one answer for each part. For example, labeling

rr;ade _;)n the test de_\/lceas_ before, during (if appropriate), anf¢ hats for the military parts system is facilitated if such a

after (if appropriate) irradiation. _ _characterization is available. On the other hand, the search for
(€) Time SequeneeThe exposure time, the elapsed time 5 gimple characterization scheme must not be allowed to

between exposure and post-exposure measurements, and Higcyre real dependencies on dose rate, temperature, bias, etc.,

time betw_ee_n irradiations (see 6.5). ) . which may have a significant effect on operational hardness.
(f) Irradiation Levels—The dose(s) to which the test device care must be taken to extrapolate appropriately from the

is to be exposed between measurements (see Practice E 668}y gitions that lead to the test rating to those conditions to be
(g) Dosimetry—The dosimetry technique (TLDs, calorim- expected in use.

eters, diodes, etc.) to be used. This depends to some extent oy » 4 Testability—lIt is, of course, desirable to obtain a test
the radiation source selection. that is economical in its use of time, equipment, and personnel.
(h) Temperature-Exposure, measurement, and storage teMThe perfect test typically will be too expensive to perform. The

perature ranges (see 6.5 and 6.6). _ goal is to determine an optimal balance between expense and
(i) Experimental Configuratiea-The physical arrangement reliability of results.

of the radiation source, test unit, radiation shielding, and any
other mechanical or electrical elements of the test. 5. Significance and Use

(i) Accelerated Annealing Testing for MGShe acceler- 5.1 Electronic circuits used in space, military, and nuclear
ated annealing tests called for in 8.2.2a8 through €) should  power systems may be exposed to various levels of ionizing
be performed for hardness assurance testing of any device thaidiation. It is essential for the design and fabrication of such
contains MOS elements by design. Further requirements anglrcuits that test methods be available that can determine the
exceptions to such accelerated annealing testing may be madginerability or hardness (measure of nonvulnerability) of
based on the factors discussed in Appendix X1. components to be used in such systems.

(K) Special Testing for Linear Bipolar The special testing 5.2 Some manufacturers currently are selling semiconductor
procedures called for in 8.1.2.1 through 8.1.2% nd 8.2.3.1  parts with guaranteed hardness ratings. Use of this guide
through 8.2.3.4 should be performed for hardness assuranggovides a basis for standardized qualification and acceptance
testing of linear bipolar devices. Further requirements anqlesting_
suggestions for the testing of linear bipolar devices will be
found in Appendix X2. 6. Interferences

4.1.3 Strategies—-Several kinds of strategies may prove 6.1 There are many factors that can affect the results of
useful for device testing. The strategy used will depend on thénizing radiation tests. Care must be taken to control these
key impediments to accurate, repeatable, and inexpensivfactors to obtain consistent and reproducible results. Several of
testing. For example, it may be useful to measure devicéhese factors are discussed as follows:
properties at several different dose rates and then to extrapolate6.2 Energy Spectrum-Many gamma-ray sources have as-
to the results expected at the actual dose rate anticipated in usmciated low-energy electron and photon components that
Then again, it may be more efficient to devise a method thatesult from interaction of the gamma radiation with shielding
will place an upper or lower bound on the excursions that maygurrounding the source (see Practice E 1249). These low-
be anticipated for a given device parameter. energy components can deposit their energy in a shallow layer

4.2 The choice of optimal procedures for the performance ofear the surface of the device chip. This places an absorbed

3
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dose in the most susceptible region of a test device that can be6.4.3 Because of the counteracting effects of charge anneal-
much higher than the dose measured by a monitoring dosimng and interface state growth in some MOS device oxides, the
eter, typically the average dose deposited in the dosimetatose rate at which a test is carried out can have a strong effect
material. The severity of the effects is very dependent on then the apparent device hardness (see 6.5 for further detail).
radiation source being used and the geometry of the test 6.4.4 Forthe reasons noted in 6.4.1-6.4.3, the dose rate to be
configuration. used in an ionizing radiation test must be established and
6.3 Bias—Most ionizing radiation effects are related to the agreed upon between the parties to the test and controlled
post irradiation net trapped charge in the device dielectriciuring the test. Selection of appropriate dose rate ranges should
layers, usually oxides, and to the interface traps at thée based on the radiation environments anticipated for the parts
dielectric-semiconductor interface. These effects often arevhile in actual system operation.
dependent strongly on the electrical field in the dielectric 6.4.5 The use of thick absorbers in order to produce a low
during and after exposure (see Test Method E 1250). Ifjose-rate ®°Co test source must be used with caution. The
general, the largest effect for the net trapped charge occurs f@ihsorbers may cause softening of the spectrum (through

a Iarge pOSitive electric field in the dielectric dUring irradiation. Compton Scattering)_ This may cause dose deposition and dose
For the interface trap build-up, the worst case condition mosgnhancement problems (see 6.2).

often is a small electric field during irradiation and a large g 5 Time Dependent Effects

positive field after irradiation. Radiation testing typically is ¢ £ 1 Time Dependent Effects for MOS Devices
performed under worst-case bias conditions. For many circuits, 6.5.1.1 lonizing irradiation of MOS devices results in two

the worst-case bias is a static dc bias with the supply voltages ajor species of defects: trapped holes in gate (and field)
at their maximum rated voltage. The determination of the Worsg]xijdes a%d interface stateé at gip-)gi@terfaces Igole trappin
case bias for the input/output lines and internal nodes of an ' pping

) - . . " aN¥ccurs rapidly (typically less thar-1 s) and often anneals
given circuit often is a complex process of circuit analysis or _.”~ . . )
o . ... significantly in hours or days. Interface state density builds up
characterization tests, or both, under many bias conditions, .
. T . . slowly (in seconds to days) and does not usually anneal
Some guidance is given in the appendices for methods to.

determine he wort case iradaton and anneal i FISNIAY 80T emerate The e gt of
complementary metal-oxide semiconductor transistor (CMOS P

: ) . nd its post-irradiation time dependence. The quality of the
components, see Appendix X1; for bipolar components, se€_. . : " .
. ) s e ..~ ~oxide determines the relative densities and saturation levels of
Appendix X2; and, for application-specific integrated circuits

. . . ; ..~ 'the defects.
ASIC) see Appendix X3. The irradiation bias conditions
( ) PP 6.5.1.2 Trapped holes in the silicon oxide result in a

selected for any component should not exceed the manufac- -~ hift in th hreshold vol for bothand

turer's maximum ratings or place the component in a configul'€9ative shiit in the gate threshold voltage for bathand

ration that is unrealistic for a system application p-channel devices. Interface states maintain a net negative
' charge inn-channel devices (positive gate threshold shift) and

Note 3—Lacking information on worst-case application conditions, a net positive charge ip-channel devices (negative gate
preliminary analysis and characterization tests should be performed tghreshold shift).

determine worst-case conditions. In performing step-wise irradiations, it is 6.5.1.3 With i ing ti t d hol d
important to minimize the changes taking place between exposures so that =~ ~* ith Increasing ume, trapped holes are removed or

measurements at each level accurately reflect the effects of the cumulatif®@mpensated while interface state concentrations increase.
dose to which the device was exposed. Minimum parameter changddecause hole trapping occurs rapidly, initial gate threshold
generally take place between exposures if the device pins are kept shorteshifts in both p- and n-channel devices are negative under
Bias should not be changed from one level to another in a step stresgradiation at moderate to high dose rates. As time passes, the
sequence, in order to avoid charge neutralization effects. gate threshold shift ofi-channel devices becomes less nega-
regle?tTitEioi_;?g-e ?gf‘chgg]%:ga“glfc t'rri‘g’gl'l‘;e Sﬁ)‘gfae; r‘:]ﬁ?eatre":(;{’o'ﬁl‘;‘tive, and, if interface states build up sufficiently, can eventually
memory (EPROM’S.) Another e;<ample is redundant devices and circuitsbecome p03|t|ye. V\(hethqer—channel gate shifts becpme more
that ride along in an unbiased condition until they are switched on. Stil®" Iess_ nega_ltlve with time depends on the relative rates of
another example is sensor circuits that only are biased on when Bormation of interface states and the removal of trapped holes,
measurement is to be taken. Thus, it may be desirable to characterize abtiit the shift always remains negative.
test these devices in an unbigsed gondition. Ipnizing dos_g survival levels § 5.1.4 The interaction of these competing effects that shift
may be _three to ten times higher in the unbiased condition than undgkith time cause the sometimes complex time dependent
typical bias conditions. behavior of MOS parts following irradiation. This complex
6.4 Dose Rate behavior explains observed effects once thought anomalous:
6.4.1 The concentration of excess carriers depends on tlreverse annealing, in which parts continue to degrade with time
dose rate. High densities of excess carriers can affect the charg®@lowing cessation of irradiation; the rebound effect, in which
state of trapping levels, as well as the mobilities and lifetimes-channel devices super-recover past their preirradiation gate
of these carriers resulting in altered post-radiation densities antireshold values and can fail due to a positive gate threshold
distributions of trapped charge. shift; dose rate effects where parts show little change at a
6.4.2 Photocurrents produced by the excess carriers gengarticular dose rate but show a significant response at either
ated by ionization can alter internal bias levels of a semiconhigher or lower dose rates (because at the intermediate dose
ductor chip, thereby causing a variation in the response of theate the net oxide-trapped charge buildup is balanced by
device or circuit. interface buildup); etc.
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6.5.2 Time Dependent Effects for Bipolar Devices fixtures should be checked regularly for socket or printed
6.5.2.1 The crux of the bipolar TDE issue concerns thecircuit board leakage and for degradation of any peripheral
properties of spacer oxides used to isolate the base and emite@mponents used in the test. Current leakage between pins or
contacts. These oxides typically are of poor quality. The effectsvires shall not be allowed to approach levels that interfere with

of radiation on such oxides determine the radiation response @iccurate parameter measurements.
many bipolar transistors. A characteristic failure mechanism in 6.9.2 lonizing radiation causes the introduction of color
such bipolar transistors is radiation-induced increase in theenters in optical materials, seriously degrading light transmis-
base current, and resulting decrease in transistor gain. Thgon properties. Much of the radiation damage to devices
excess base current largely is caused by enhanced surfacentaining optical elements may be due to this effect rather
recombination current in the emitter-base diode. than to damage of the semiconductor elements. Such damage
6.5.2.2 For the bipolar technologies mentioned above, failto the device under test or to test circuitry is outside the scope
ures occur at lower doses for irradiations at low dose rates tha@f this guide.
at higher rates. For example, the devices may show higher 6.10 Burn-In—Burn-in is a set of elevated-temperature
excess base currents below 1 rd(§i®than at 100 rd/(Si§)/s,  biased anneals required by reliability testing and the system
for the same level of accumulated total ionizing dose. Suclkpplication. For some devices, there is a significant difference
enhanced failure at low dose rates has been observed bothifthe radiation response before and after burn-in. Unless it has
modern bipolar technologies and in relatively old designsbeen shown by characterization testing that burn-in has no
These effects have been observed both in transistors and |Cgffect on radiation response, then either characterization and
6.5.2.3 These low dose-rate effects often cannot be simifualification testing must be performed on devices that have
lated by accelerated anneal procedures, such as that recoRfen exposed to all elevated-temperature biased (or unbiased)
mended for MOS devices in 8.2.2.3)(through €) and anneals required by reliability testing and the system applica-
Appendix X1. Currently, there is no proven single method fortion, or the results of characterization and qualification testing
accelerating the testing of low dose-rate irradiation for all typegnust be corrected for the changes in radiation response that
of dose-rate sensitive bipolar devices. Some promising tes¥ould have been caused by elevated temperature anneals (such

methods, however, are described in Appendix X2. as burn-in). This correction shall be performed in a manner
6.6 Temperature acceptable to the parties to the test.

6.11 Test Sample SizeThere is a difficult trade-off in
eciding the number of devices to use for a particular test.
Mging a large number may in some cases be prohibitively
xpensive. Then again, the reliability of a test result may be
unacceptably low if too small a sample size is used. This
utcome results from part-to-part variability within a given test

6.6.1 Because time-dependent effects (see 6.5) may b
thermally-activated processes, the temperatures at which radi
tion, measurements, and storage take place can affect para
eter values. It is recommended that all radiation exposure
measurements, and storage be done at 24C unless another
temperature range is called out specifically in the test or i . A X :
agreed upon between the parties to the test. If devices are to be- The ;ample_ sizes specified in this guide are accepted
transported to and from a remote electrical measurement sitdenerally in the industry.
the temperature of the devices shall not be allowed to increase Apparatus

by more than 10°C from the radiation-environment tempera- 7 ; pajiation Sources Used for lonizing Radiation (Total

tur6e.6 2 M devi . _lDose) Effects Testing
o any device parameters are t.e”."pefat“fe sensitive. T07 179 sources typically used for characterization, qualifica-
obtain accurate measures of the radiation-induced parametgr . -4 ot acceptance testing includ®Co and °7Cs

changes, the temperature must be controlled. isotopes (mounted in pool sources, pop-up sources, and fully

. 6.6.3 Temperature effects also must be considered in estabpje|ded irradiators), and low energy (approximately 10 keV
lishing the sequence of post-irradiation testing. The SequUencshoion energy) X-ray sources.

of parameter measurements should be chosen to allow lowestz 1 1 1 Each source can be used satisfactorily for such tests,
power dissipation measurements to be made first. Powefnq the differences in the results from using different sources or
dissipation may increase with each subsequent measuremepiqs of sources should be negligible provided that dose rates
When high power is to be dissipated in the test devices, pulsegh, pe matched or deemed to have no significant impact on the
measurements are required to minimize the temperature eXcUiayices being tested.
slons. _ . _ 7.1.1.2 The radiation environment impinging on the tested
6.7 Handling—As in any other type of testing, care must be gevice must be characterized in terms of photon energy
taken in handling the parts. This applies especially to parts thafpectrum and dose rate. In situations where the photon energy
are susceptible to electrostatic discharge damage. spectrum impinging on the device is not or cannot be well
6.8 Delidding—For some testing, it is necessary to de-lid defined, but is suspected to contain low energy components
the devices prior to irradiation and testing. Care must be takethat promote absorbed dose enhancement, a filter box such as
to make proper allowance for the effects of such a process. the lead-aluminum structure (see 7.1.2.1 and Practice E 1249)
6.9 Radiation Damage can be incorporated into the radiation test environment to
6.9.1 If a test fixture is used over a long period of time,harden the photon spectrum.
components of the fixture can be damaged by exposure to the7.1.2 The following radiation sources may be used to
ionizing radiation, causing an impact on the test results. Sucbupport ionizing radiation effects testing:

5
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7.1.2.1%°Co—The most commonly used source for ioniza- materials involved, the appropriate tabul&edass energy-
tion radiation (total dose) effects testing $8Co. Gamma rays absorption coefficients @fp), the energy spectrum of the
with energies of 1.17 and 1.33 MeV are the primary ionizingradiation field (not merely that of the unperturbed radiation
radiation emitted by®°Co (see 6.2). In exposures usif§Co  source, in which the exposure is conducted), and a related
sources, test specimens must be enclosed in a lead-aluminumeasurement based on a dosimeter whose response is well
container to minimize dose enhancement effects caused lefined in the particular radiation field of interest.
low-energy scattered radiation. A minimum of 1.5 mm of lead 7.4.2 For ®°Co irradiation systems, dosimetry most often is
surrounding an inner shield of 0.7 to 1.0 mm of aluminum isperformed using thermoluminescent dosimeters (TLDs) to
required. This lead-aluminum container produces an approximeasure the dose inside the lead-aluminum container delivered
mate charged particle equilibrium for silicon devices within a fixed time period. Other dosimeters, such as cobalt glass,
some attenuation of the gamma rays. Because of this attenuediochromic dye dosimeters (see Practice E 1275), or ion
tion, the gamma ray intensity inside the container shall behambers, however, can be used. This measurement is used to
calibrated initially, whenever sources are changed, and eadastablish the dose rate for the geometry used. Once the dose
time the source, container, or test fixture orientation or conrate is established, preselected radiation levels are attained by
figurations are changed. This measurement shall be performédadiating for the proper time period. TLDs also may be used
by placing a dosimeter, for example a TLD, in the devicewith any of the other radiation sources. Dosimeter systems can
irradiation container at the approximate position of the tesbe calibrated through a service of the NISProper use of
device (see Practice E 1249). TLD systems is described in Practice E 668.

7.1.2.2 13"cs—Radiation sources based obFF'Cs can be 7.5 Irradiation Temperature Chamberlonizing radiation
used for characterization testing in much the same weif@s  effects testing may require the use of an elevated temperature
sources. irradiation chamber (see 8.1.24d) (2), 8.1.2.2 ) (1), 8.1.2.4

7.1.2.3 A special case of radioactive source testing, foAnd 8.2.3.31f).
example, ®°Co sources and>"Cs sources, is to support very 8. Procedure
low dose rate testing, that is, <1 rd/s. The use of attenuation to’
obtain a low dose rate, for example the use of lead bricks or INTRODUCTION
sheet, can add a significant low energy component to the . . : . . - .
radiation due to Com%ton scattering. Tr?g radia?ion effects 05 This section provides guidance for charac.tenzatlon testing
such a softened beam may be significantly different than thosend for hardness assurance acceptance testing.
of the unattenuated beam. See Practice E 1249 for additionaINc_nTE 5—Hardness assurance refers to part qualification and lot/process
discussion. Special care is required to support such testing. quality conformance.

. Note 6—Semiconductor Devices and Integrated Circuits with Intended
7.1.2.4 Low Energy X-Ray SoureeLow energy (approxi- Use at Dose Rates above 300 rd (§i8—For some strategic and possibly

mately 10 keV photon energy) X-ray sources commonly argume tactical military applications, the ionizing dose response of many
used for transistor characterization. Because of the Iow pensemiconductor devices can be non-monotonic with the severity of

etration of such photons, devices must be tested prior taon-monotonic behavior depending strongly on both ionizing dose and

packaging or be delidded for testing. For additional detail, sedose rate. This problem can occur for ionizing dose in the prompt pulse
Guide F 1467. resulting from a nuclear explosion. Parameters, such as leakage currents

. N . N . and current gain, may reach failure levels during the pulse and return to
7.2 Bias Circuit—The bias circuit may be simple or com- passing levels shortly after the pulse. The time during which the

plex, depending on the part type and testing requirement$,rameters are above failure level may cause system failure even though
Good commercial design and fabrication practices should bgey return to passing levels after a short period of time. Hardness
used to prevent oscillations, minimize leakage currents, preassurance testing for these parts is discussed in Appendix X1.

vent device damage, and support accurate and repeatableg 1 Characterization Testing-Characterization testing is
measurements. For test fixtures hgldlng several deylces, |solgéncormed for the purpose of part selection, determination of
tion should be used between devices so that a failure of ongansitivity to dose rate or time dependent effects, categoriza-
device will not impact the other test units. For in-situ measuretion for hardness assurance. or to determine the specific
ments, provision must be made for switching individualyominal worst case test conditions for hardness assurance
devices between the radiation bias circuit and the test instrypsting.

mentation used for pre- and post-iradiation parameter mea- g 1.1 MOS Devices and Integrated Circuits with Intended
surements. For remote measurements, MOS and bipolar paftfe At Dose Rates At or Below 300 rd(SIB—Parts in this

should be maintained with shorted leads during transport.  cateqgory are those intended for use in, for example, space
7.3 Test Instrumentatien-Various instruments for device

parameter measurement may be required. Depending uponthe —
device to be tested, these can range from simple broadboard® see, for example, Hubbell, J.H. and Seltzer, S.M. “Tables of X-Ray Mass
circuits to complex IC test systems. All equipment is to be inAttenuation Coefficients and Mass Energy-Absorption Coefficients, 1 keV to 20

: . . T MeV for Elements Z= 1 to 92 and 48 Additional Substances of Dosimetric
calibration and of suitable stability and accuracy. Interest,” NISTIR 5632 May 1995. Available from lonizing Radiation Division,

7.4 Dosimetry System Physics Laboratory, National Institute of Standards and Technology, Technology
7.4.1 Determination of Absorbed DoseDetermining the Adr;unlstranon, U.S. I_Depqrtment qf Commerce, Gaithersburg, MD 20899.

. R X . To schedule calibration services, contact Center for Radiation Research,

absorbed dose in a semiconductor device requires a knoWledﬂgdiation Physics Building, National Institute of Standards and Technology (NIST),

of the elemental composition and geometrical structure of th&aithersburg, MD 20899.
6
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systems, some tactical military systems, some nuclear power 8.1.1.2 Start with the first element (unique set of test
plant electronics or associated robotics, and high energgonditions) in the test matrix. Prepare bias fixtures, test
particle accelerator detectors. fixtures, test circuits (or test equipment), and test programs.

8.1.1.1 Parties to the test must first establish the conditions 8.1.1.3 Perform dosimetry, including dose mapping of the
of the test. These conditions should be stated in a test plan &htire device irradiation area, if recent data for such measure-
follows: ments are not available. Fot°Co irradiation, the dosimetry

(a) Development of the Test PlamAs a minimum, the must be performed inside the lead-aluminum shield box
following conditions should be specified: test approach (steptSection 7). Determine appropriate factors to convert dose in
stress or continuous), test type (in-flux, in-situ, or remote)the dosimeter to dose in the device under test using Practice
irradiation source, total dose levels for electrical measurements 666.
(for step-stress), dose rate(s), irradiation bias(es), irradiation (a) As an exception to 8.1.1.3, the lead-aluminum shield box,
temperature(s), anneal bias(es), anneal temperature(s), anngly be omitted for the dosimetry and the subsequent test
times, and use of test structures (where appropriate). Isample irradiations under appropriate circumstances. In order
addition, it may be appropriate to specify date code informato make this omission, it must be demonstrated that dose
tion for the test devices (that is, limitations on the number ofenhancement inside the test sample package is negligible for
diffusion furnace lots or time to assemble date code lot, othe irradiation source being used (see Test Method E 1250).
both). All of the possible interferences listed in Section 6 must g 1.1 4 If the devices are being tested in-flux using the

be considered when making these decisions. continuous irradiation approach, place the devices in the
(b) Dose Rate-The dose rate for the test shall be selectedyradiation test circuit inside the lead-aluminum shield box, if
from one of the following possibilities: used, and initiate the test circuit. Record the preirradiation

(1) Standard Dose Rate, Condition—AJnless otherwise parameter, or functional measurements, or both. Begin irradi-
specified, the dose-rate range shall be between 50 and 3@fing the parts at the prescribed dose rate and continue to
rd(SiG,)/s. The dose rates may be different for each radiatiomonitor the electrical parameters/functionality of the devices,
dose level in a series; however, the dose rate shall not vary bsither continuously or at the prescribed time intervals, until the
more than+ 10 % during each irradiation. final dose level is reached or the parts become nonfunctional.

(2) Condition B—As an alternative, the test may be per- Assure that all electrical data are time stamped so that the total
formed at the dose rate of the intended application if this iglose levels for each set of measurements may be calculated.
agreed to by the parties to the test. 8.1.1.5 If the devices are being irradiated using the step-

(3) Condition G—As an alternative, if the maximum dose stress approach, begin by making preirradiation parameter, or
rate is < 50 rd(SiQ)/s in the intended application, the parties to functional measurements, or both. Place the parts in the
the test may agree to perform the test at a dose xathe irradiation bias fixture in the lead-aluminum shield box, if
maximum dose rate of the intended application. used, and irradiate to the first total dose level. Perform the post

(4) Condition D—To meet unusual requirements and if irradiation electrical measurements either in-situ or at a remote
agreed upon between the parties to the test, a dose rate that fiite. If testing is remote, the parts should be transported to and
none of the above conditions may be used. from the test equipment with shorted leads. Conductive foam

(c) Sample SelectiorThe sample size for each unique setMay be used to accomplish this shorting. Replace the parts in
of test conditions should be at least five and preferab|y |argeﬁ_he irradiation bias fixture and irradiate to the next total dose
The total population from which the test sample is drawn willlevel, following the same procedure just described, until the
depend on the purpose of the characterization. For example, f||pal level is reached. The time between irradiation and test and
the parts are to be used in a system, the population should pae time between irradiations should be minimized and re-
representative of the parts that will be used for flight hardware¢orded.
that is, single wafer, single process lot, single date code, or 8.1.1.6 Following the final irradiation, post-irradiation an-
multiple lots. If multiple lots are allowed, as a minimum the nealing measurements shall be made if required by the test
test sample should contain parts from at least three date codpgn. Annealing measurements usually are made using a
or process lots. Control devices from the same population astep-stress approach. Time zero for the annealing should be set
the test samples should be employed to monitor repeatability dfnmediately following the final postirradiation electrical char-
electrical test parameters. acterization or when bias is applied (for biased anneals).

(d) Development of Test MatrixFor many of the test Annealing may be performed at room temperature or at an
conditions there will be several values, for example, two orelevated temperature as prescribed by the test plan. All
more irradiation biases, two or more dose rates, two or morélectrical measurements shall be made at room temperature
annealing temperatures. If all of these test conditions are to b@4=6°C) unless otherwise specified by the test plan. See the
exercised with respect to all of the others, that is, a full factoriafollowing for use of an accelerated annealing procedure:
matrix, then the total sample size (for a minimum sample of (a) For details of the use of an accelerated annealing
five for each element) may be unmanageable. In this case, it rocedure to simulate space-level low dose rate effects, see
recommended that a reduced matrix be used. Best engineeriB8g2.2.3, &) through §). Such a procedure may be required for
judgment must be used in selecting the most important testardness assurance testing. It also may be performed for
parameters to emphasize. The test matrix should be included tharacterization testing if prescribed by the test plan. Addi-
the test plan. tional guidance may be found in Appendix X1.
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(b) If the anneals are to be performed at room temperature8.1.2.2. If previous testing on the same or similar parts has
the test devices shall be placed in the anneal bias fixture, thadicated that these parts are low dose rate sensitive, the
bias applied, and the parts left for the prescribed period. Thdevices-under-test may, with the agreement of the parties to
parts then shall be characterized electrically either in-situ or aest, be classified as Category B and the tests of 8.1.2.2 may be
a remote site. Transport to and from a remote test site shall bekipped.
with shorted leads. Conductive foam may be used to accom- (c) Testing Parts Which Are Not Low Dose Rate Sensitive
plish this shorting. This procedure shall be repeated until thé&or parts that are not low dose rate sensitive, the characteriza-
final anneal time prescribed by the test plan is reached. Thion testing may be performed at the standard dose rate of 50
time between anneal and electrical characterization and th® 300 rd(SiQ)/s (see 8.1.1.1b] (1)).
time between anneals shall be minimized and recorded. The (d) Testing Parts Which Are Low Dose Rate Sensitive:
temperature of the anneal shall be recorded. (1) Low dose rate sensitive parts may be tested at the dose

(c) If the anneals are to be performed at an elevatedate of the intended application; however, this often may be
temperature, the test devices shall be placed in the anneal biaspractical.
test fixture inside the environmental chamber, the bias applied, (2) For low dose rate applications, in many cases it will be
and the temperature rapidly brought to the anneal temperatudkesirable to use an accelerated testing method; that is, a test
and maintained for the first anneal time. The temperature themethod that provides a conservative measure of low dose rate
shall be reduced rapidly to room temperature while maintainpart response while using test irradiation at a dose rate well
ing bias, and the parts characterized electrically, either in-sittabove that expected in the intended application. Some combi-
or at a remote test site, as prescribed in the test plan. If theation of overtest, elevated temperature irradiation and anneal,
testing is to be performed at a remote site, the parts shall bean bound the low dose rate response for many low dose rate
transported to and from the anneal chamber with shorted leadsensitive parts. If a part is low dose rate sensitive and is to be
Conductive foam may be used to accomplish this shortingused in a low dose rate application, the determination of an
This procedure shall be repeated until the final elevatedppropriate accelerated test method for a given test typically
temperature anneal time prescribed by the test plan is reachedglill involve characterization over a range of dose rates to select
The elevated temperature anneal time shall be calculatemst procedures that will bound the low dose rate response.
without regard to time at room temperature during test se- N . ) . _—

ote 8—Based on transistor and base oxide capacitor tests, initial

quences. The f[lme between anneal and electrlca! (?h"_iraCte”Z&Ddies of the mechanisms of the low dose rate sensitivity have suggested
tion and the time between anneals shall be minimized anghat an elevated temperature irradiation -at 10-100 rd(SiQ)/s can

recorded. produce comparable damage to a low dose rate exposure in some cases.
8.1.1.7 The procedures described in 8.1.1.2-8.1.1.6 shall b#so, it has been shown that an extended room temperature anneal
repeated for each element of the matrix. following high dose rate irradiation may result in additional degradation in

8.1.2 Bipolar Devices and Integrated Circuits with Intended some circuits, particularly those which fail from gain degradation in a
Use at Dose Rates At or Below 300 rd(§id—Parts in this substrate or lateral pnp. . -
category are those intended for use in, for example, space 8-1-2-2Test to Determine Low Dose Rate Sensitiity
systems, some tactical military systems, nuclear power p|aml§efore proceeding with the full characterization testing, a

or associated robotics, and high energy particle acceleratcE’r_re“mi”ary screen test should be run to determine whether the
detectors. bipolar part has enhanced degradation at low dose rates, unless

8.1.2.1 Dose Rate Sensitivity the c_jose rate sensitivity alread_y has_ bt_aen determined through
previous testing or analysis. This preliminary test should be run
INTRODUCTION on all bipolar microcircuits which contain linear circuitry and

(a) It has been demonstrated that several bipolar lineaany discrete or digital part which is suspected of being dose
circuits exhibit an increased rate of degradation at low doseate sensitive (see Appendix X2 for discussion). The test for
rates (see Appendix X2.2.2). The effect is such that if wedose rate sensitivity may be run either at two dose rates for
compare gain degradation for two cases: at the end of a lowradiation at room temperature (RT), (see 8.1.2)2 ¢r at two
dose rate exposure, and at the end of a high dose rate exposim@diation temperatures for a dose rate of 50 to 300 rd{gsQ
to the same dose, followed by a room temperature anneal fgsee 8.1.2.2K)).
the same time as it takes for the low dose rate exposure, the (a) Dose Rate Sensitivity Test at Two Dose RatEsm a
gain degradation for first case can be much greater. This effegiopulation representative of the end use application of the
will be referred to as “dose rate sensitivity”. characterization test results, randomly select a minimum of 20

Note 7—Low dose rate sensitivity on discrete bipolar transistors hasparts' Smaller s_ample sizes may be used if agre_ed upon
not yet been observed to be greater than a factor of two. Also, it has ndtefween the parties to the test. All of the selected devices shalll
been observed on any type of MOS transistor while under normahave undergone appropriate elevated temperature reliability
operating bias. screens.

(b) The first concern for characterization testing for bipolar nore 9—There are risks involved in using smaller numbers of test
parts is to identify low dose rate sensitive parts. Parts, whicharts. These result from part-to-part variability within a given test lot.
are not low dose rate sensitive, are classified as Category ANote 10—Low dose rate sensitivity often has been observed to show a
Parts and parts, which are low dose rate sensitive, are classifiége variability in response with a change in date code.
as Category B Parts. A set of tests to determine whether a (1) Divide the test sample into two equal groups of at least
device-under-test is Category A or Category B is described iten and irradiate one group at a dose rate of 50 to 300

8
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rd(SiGQ,)/s, and the other group at a dose rate of 0.02 to 0.the part is considered to be a Category B (low-dose-rate
rd(SiG,)/s (the ratio of the high dose rate to low dose rate shalkensitive) part. Low-dose-rate sensitive parts shall be tested at
be at least 1000). Perform the irradiation and test as followsthe intended use dose rate or subjected to characterization

(2) Prepare bias fixtures, test fixtures, test circuits (or testesting to develop a hardness assurance procedure that will

equipment), and test programs. bound the low dose rate response (see Appendix X2 for
(3) The irradiation shall be performed usind®Co or ¥'Cs ~ recommendations).
irradiation source. 8.1.2.3 Characterization Testing of Category A Paxtd he
(4) Conduct the irradiation and dosimetry as specified incharacterization of Category A bipolar parts shall follow the
8.1.1.3-8.1.1.5. same procedures as prescribed for MOS parts (see 8.1.1.1-

(5) Special care is required if radiation beam attenuation i$3-1.1.7). The dose rate for these tests shall be the standard dose
used in order to reduce the experimental dose rate (see 7.1.2.8te of 50 to 300 rd(Si9)/s (see 8.1.1.10 (1) or MIL-STD-

(6) Compare the median values of the radiation induced83, Test Method 1019) unless otherwise required by the test
change of the most sensitive parameters at each of the doBkan.
levels tested. If the ratio of the median value at low dose rate 8.1.2.4 Characterization Testing of Category B Parts
to the median value at high dose rate is > 1.5, the part is (&) One of the main objectives of the Category B character-
considered to be a Category B (low dose rate sensitive) parization testing is to determine the dose rate response of the
Low dose rate sensitive parts shall be tested at the intended uparts down to dose rates of interest for the intended use.
dose rate or subjected to characterization testing to developFortunately, most low-dose-rate sensitive parts show a satura-
hardness assurance procedure that will bound the low dose rdten of the enhanced response at dose rates below a value
response (see Appendix X2 for recommendations). determined by the most sensitive transistor type for the

(b) Dose Rate Sensitivity Test at Two Irradiation parameter of interest. For some part types, this may-be
Temperatures-From a population representative of the endrd(SiG,)/s, and for others it may be- 1-10 mrd(SiQ)/s.
use application of the characterization test results, randomly (b) The characterization testing should be performed over a
select a minimum of 20 parts. Smaller sample sizes may beange of dose rates starting at100 rd(SiQ)/s and going to
used if agreed to by the parties to the test. All of the selectedose rates sufficiently low to observe saturation of the en-
devices shall have undergone appropriate elevated temperaturanced response. An exception to this rule is that the testing
reliability screens. need not be carried down to dose rates below that specified for

(1) Divide the test sample into two equal groups of at leasthe intended use of the device-under-test if this is agreed to by
ten and irradiate one group at a an irradiation temperature dhe parties to the test. If no saturation is observed at practically
125+5°C and the other group at an irradiation temperature ofittainable dose rates, engineering judgement is required, for
24+6°C. Perform the irradiation and test as follows: example, via use of overstress and extrapolation techniques, to

(2) Prepare bias fixtures, test fixtures, test circuits (or tesestimate saturated values.
equipment), and test programs. (c) Once the dose rate response has been determined, further

(3) Perform dosimetry and irradiation as specified in 8.1.1.3characterization should be performed to establish practical test
and 8.1.1.39). procedures that will bound the low dose rate response (see

(4) Special care is required if radiation beam attenuation ig\Ppendix X2 for discussion). These tests may include elevated
used in order to reduce the experimental dose rate (see 7.1.2.8ymperature irradiations. The characterization testing of Cat-

(5) The devices shall be irradiated using the step-stres§gory B parts, therefore, should follow the same procedures as
approach beginning with preirradiation parameter, or func_deSCTIbed in 8.1.1.1-8.1.1.7 with the addition of the fO”OWIng
tional measurements, or both, at room temperature. For thearagraph:
parts being irradiated at room temperature, conduct the irra- (d) If the devices are to be irradiated at an elevated
diation as specified in 8.1.1.5. For the parts being irradiated demperature, follow the procedures in 8.1.1.2 through 8.1.1.5
elevated temperature, place the parts in the irradiation fixture igs Well as the next statement. After electrical characterization
the environmental irradiation chamber (see Section 7), rapidlgnd before each irradiation begins, the test devices shall be
heat the test samples to the required temperature and stabilifeated rapidly to the prescribed temperature and stabilized for
for no more than three minutes before irradiation. Irradiate td10 more than three minutes before irradiation. See Section 7
the first total dose level, rapidly reduce the temperature to roorfPr a description of the environmental irradiation chamber. At
temperature and stabilize for at least three minutes. Perform tifee end of each irradiation, the temperature shall be reduced
electrical characterization either in-situ or at a remote site. [fapidly to room temperature and stabilized for at least three
testing is remote, the parts should be transported to and froflinutes before electrical characterization.
the test with shorted leads. Conductive foam may be used to (¢) For discussion of the possible elevated temperature
accomplish this shorting. Repeat the procedure just describetradiation procedures for use in hardness assurance testing, see
to the next required dose level until the final total dose is8.2.3.3 p) and Appendix X2.
reached. 8.2 Hardness Assurance Acceptance Testiftardness as-

(6) Compare the median values of the radiation inducedsurance testing is performed for qualification or lot/process
change of the most sensitive parameters at each of the dogeality conformance, often for a specific system application.
levels tested. If the ratio of the median value at elevatedHardness assurance testing will be performed using a pre-
temperature to the median value at room temperature is > 1.5¢ribed method of test sample selection and a single set of test

9
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conditions, such as irradiation bias, dose rate, and total dose (c) Follow 8.1.1.3-8.1.1.5 as just described with the follow-
levels. The specific set of test conditions often are determinethg exceptions. The parts shall be given an additional irradia-
to be the nominal worst case based on characterization testsion to raise their total dose level to 1.5 times the specification
8.2.1 Low Dose RequirementsHardness testing of MOS level. The time between the end of irradiation and the end of
and bipolar microelectronic devices is not necessary when thigne electrical tests shall not exceed 1 h. The samples used for

required hardness is 100 rd(S)r lower. this test may be the same samples used for the original test.
8.2.2 MOS Devices and Integrated Circuits with Intended (d) Following irradiation the parts shall be subjected to an
Use at Dose Rates At or Below 300 rd(Sie accelerated anneal. Withil h following post irradiation

8.2.2.1 Parties to the test must first establish the conditionglectrical characterization, place the parts in an environmental
of the test. These conditions should be stated in a detaileeghamber under the same bias used for irradiation and heat the
specification or other procurement document. As a minimumparts to 10&5°C for 168+12 h, or for the temperature and
the following conditions should be specified: test approach, tegime required by the specification. Reduce the temperature
type, irradiation source, total dose levels, dose rate, irradiatiorpidly to room temperature and withil h following the
bias, irradiation temperature, anneal bias, anneal temperatu@)neal, perform the required electrical characterization to
and anneal times. The recommended default irradiation condfletermine acceptance/rejection.
tions are step stress, remote characterizatfd&,0, four dose (e) As an alternative to 1065°C for 168t12 h, the
levels (0.1X, 0.2X, 0.5X, and 1.0X, where X is the systemtemperature and time may be determined by either character-
specification), 50 to 300 rd(Sips, static dc bias, and ization of the actual part type, or by characterizatiomifOS
24+6°C. All possible interferences of Section 6 must betransistors representative of the parts under test. If transistors
considered. The two-part test given below is based on that aire used the alternate temperature and time must demonstrate
MIL-STD-883, Test Method 1019; however, the procedure> 60 % trapped charge annealing and < 10 % interface trap
given here does depart from Test Method 1019 where thannealing.
document is considered to be too conservative. (f) The accelerated annealing test may be eliminated for
8.2.2.2 Test —for failures related to oxide trapped charge. certain part types or processes, or both, if it can be shown by
(a) Prepare bias fixtures, test fixtures, test circuits (or teseharacterization testing that rebound failures are not a problem
equipment), and test programs. for the irradiation conditions of interest. Also, it is permissible
(b) Follow 8.1.1.3-8.1.1.5 as described above with thet® omit the 50 % overtest requirement if characterization
following exceptions. The time between the end of irradiationtesting can demonstrate that the safety factor is not necessary.
and the end of the electrical tests shall not exceed 1 h, and tieee Appendix X1 for a discussion of the conditions for
time between irradiations shall not exceed 2 h. eliminating the rebound test or the overtest requirement.

o . ) ) 8.2.2.4 A chart summarizing the test decision flow specified
Note 11—There are significant categories of semiconductor dewceg 8.2.2 through 8.2.2.3)is given in Fig. 1
that show less ionizing dose damage at low dose rates than at 3 8 PR T o .
rd(Si0y)/s. These are devices wherein the damage mechanism is domi- 8-2-3 Bipolar Devices and Integrated Circuits with Intended

nated by build up of holes in the oxide layer, and that are only slightyUse at Dose Rates at or Below 300 rd(Si&

affected by the build up of interface states. For low dose rates typical of 8.2.3.1 The bipolar devices and circuits are divided into two
space applications, the effect can be very significant. Devices, which fai‘:ategories, Category A Parts, which exhibit no dose rate
at a dose levelD;, at 300 rd(SiQ)/s may survive at dose levels fronb2 sensitivity, and Category B Parts, which show enhanced

to 5D; when tested at low dose rates, for example, 0.01 rd(@0n some . . .
cases, characterization of these devices can permit the use of k(g/egradatlon at lower dose rates, as described in 8.1.2.2.

components, which would be rejected considering only the test data taken 8.2.3.2 Category A Parts-Category A Parts include all

at 300 rd(SiQ)/s. In many other cases, it can reduce the amount of eitheparts that have passed the screen described in 8.1.2.2 or have

local shielding or box shielding required to insure survivability. The been determined to be dose rate insensitive by previous testing

methods described in 8.2.2.8) (may provide a cost effective method to or analysis. For these parts a standard room temperature test

make allowance for these effects. (see 8.1.1.1-8.1.1.5 or MIL-STD-883, Test Method 1019) is
() If the intended use dose rate is below 0.1 rd(3#®and  sufficient for lower dose rate applications. The dose rate for

the parts fail at a higher dose rate, then one may perform a pothese tests shall be the standard dose rate of 50-300 gUSIO

irradiation room temperature anneal for a time not to excee@see 8.1.1.1k) (1) or MIL-STD-883, Test Method 1019)

the specification dose divided by the maximum intended usénless otherwise required by the test plan.

dose rate. The anneal bias shall be the same as the irradiation(@) Prepare bias fixtures, test fixtures, test circuits (or test

bias. At the end of the anneal period remeasure the electricalquipment), and test programs.

characteristics and use these data to determine acceptance(b) Follow 8.1.1.3-8.1.1.5 with the following exceptions.

rejection. The time between the end of irradiation and the end of the
8.2.2.3 Test 2—For failures related to interface traps. electrical tests shall not exceed 1 h, and the time between
(@) An accelerated annealing (rebound) test shall be perfradiations shall not exceed 2 h.

formed for failures related to interface traps, unless Test 1 is 8.2.3.3 Category B Parts-For parts, which are low dose

performed at the intended use dose rate or below or theate sensitive, there are three options.

conditions of 8.2.2.3ff apply. (a) Option 1—Test the parts at the average intended use dose
(b) Prepare bias fixtures, test fixtures, test circuits (or testate if the irradiation time at the specification dose is reason-
equipment), and test programs. able (see Appendix X2 for discussion). This option may be

10



iy F 1892

START

Select Dose Rate
(see 8.1.1.1(b))

v

Irradiate to Specified Dose
(see 8.2.2.1 and 8.2.2.2)

Y

Perform Specified Electrical Tests | fail
(see 8.1.1.4, 8.1.1.5, and 8.2.2.2(b))

pass ¢

Determine if Room Temperature | no

Anneal is Appropriate ]
(see 8.2.2.2(c)
b=

Determine if Accelerated Aging
no | Test is Required (see 8.2.2.3(a) PSS | perform Room Temperature

and 8.2.2.3(f)) Anneal & Specified Electrical
yes Tests (see 8.2.2.2(c))
PASS \

Irradiate to an Additional 0.5X
Specified Dose (see 8.2.2.3(¢c))

{

Perform Selected Accelerated Aging
Procedure (see 8.2.2.3(d) - 8.2.2.3(e))

Perform Specified Electrical Tests
PASS (see 8.2.2.3(d)) FAL |

FIG. 1 Flow Chart for lonizing Radiation Testing of MOS Devices (see 8.2.2 through 8.2.2.3 ( 1)

FAIL

practical for many applications where the dose rate is no loweminimize cost and time. Existing data on similar devices
than 0.01 to 0.1 rd(Sig)/s. Follow 8.1.1.3-8.1.1.5 using the should be used where possible.
specific test conditions required by the test plan and the (4) For such a test a well documented test procedure will be
following exception. The time between the end of irradiationrequired. Follow 8.1.1.3-8.1.1.6 and 8.1.2.4) (using the
and the end of the electrical tests shall not edcédr and the specific test conditions required by the test plan and the
time between irradiations shall not exceed 2 h. following exception. The time between the end of irradiation
(b) Option 2: and the end of the electrical tests shall not exickédn and the
(1) For some parts, irradiation at the dose and dose rate dime between irradiations shall not exceed 2 h.
the intended use is impractical because the resulting testing (c) Option 3:
times are excessive. For such cases, an accelerated test methofll) An alternative approach may be taken, if agreed upon
may be possible. between the parties to the test that entails a greater level of risk
(2) An appropriate set of accelerated test conditions, ifthan does Option 1 (see 8.2.38)(or Option 2 (see 8.2.3.3
available, must be determined using characterization testin¢p)).
described in 8.1.2.4. Potential methods for achieving an (2) For this option, the radiation hardness assurance lot
accelerated test include)(a high-dose-rate irradiation (50 to acceptance test applied to each date code shall consist of one of
300 rd(SiQ)/s) at an elevated temperaturbd) @ moderately the following two tests: a room temperature low dose rate test
low-dose-rate irradiation (0.1 to 1 rd(Si}ls) at an elevated at 10 mrd(SiQ)/s, or an elevated temperature test at 10
temperature, d) use of an overtest, andl)(use of a room rd(SiQ,)/s and 10&5°C. The total dose induced change in
temperature anneal following irradiation. See Appendix X2 foreach of the sensitive parameters should be determined at the
discussion of these and other strategies for obtaining aspecification dose for each test.
accelerated test. (3) If the low-dose-rate test is chosen, a design margin of two
(3) The test plan for the determination of an appropriateshould be applied. If the elevated temperature test is chosen, a
accelerated test should receive careful attention in order tdesign margin of three should be applied.

11
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(4) Device parametric values shall be compared to the 9.1.2 The test plan containing a listing of items agreed upon
specification requirement for the parameter to determine padsy parties to the test including all conditions of 4.1.2.2, for

or fail for the lot. example, nature and spectrum of the radiation source, dose
(5) For further discussion of the conditions specified inrates, time sequences, and dosimetry techniques and measure-
Option 3, see Appendix X2. ments.
8.2.3.4 A chart summarizing the test decision flow specified 9.1.3 A schematic for the bias and parameter measurement
in 8.2.3.2 through 8.2.3.%) (4) is given in Fig. 2. circuits.
9.1.4 A diagram of the physical test configuration with
9. Report distance and materials.
9.1 Report the following information: 9.1.5 A tabulation of test parameter measurement data
9.1.1 Identity of the Part(s) TestedAll information avail-  including electrical noise and current leakage of the electrical

able for part identification should be included, for example,measurement system for in-flux testing, the test date, the
part type, serial number, manufacturer, lot date code, diffusiomadiation source used, the bias conditions during irradiation
lot designation, wafer lot designation, package type, etc. and transport, the ambient temperature around the device

¥

Review data: dose rate
sensitive?

Yes No

Unclear

Initial Test: dose rate
sensitive? (8.1.2.2 -
8.1.2.2(b)(6))

Y y¥es Yoy
Std. Room Temp

Willing to accept risk?

Test (8.2.3.2)
¢ No *Yes

Option 1: Test at Option 3: Test at 10
intended use dose rate mrds/s with design END
(see 8.2.3.3(a)) margin 2 or test at

-o1- . 10 rd/s & 100°C
Option 2: Determine with design margin
and use accelerated test 3 (see 8.2.3.3(c))
method (see 8.2.3.3(b))

—> enp [

FIG. 2 Flow Chart for Lot Acceptance Testing for Bipolar Devices (see 8.2.3 through 8.2.3.3 3 ( o) (4)
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during irradiation and testing, the duration of each irradiation, 9.1.9 For procurement testing the pre- and post-irradiation
the time between irradiation and electrical testing, the durationlata shall be recorded for each part and retained with the parent
of the electrical measurements, the time to the next irradiatioqpopulation data.
the electrical test conditions and the radiation test (dose) levels;

9.1.6 Any anomalous incidents during the test. 10. Keywords

9.1.7 A description of the accelerated annealing procedure, L e L ]
if used. 10.1 ASIC (application specific integrated circuit); bipolar;

9.1.8 For bipolar devices, whether Category A or CategonfFebalt 60 testing; gamma ray tests; ionizing radiation testing;

B, test conditions used if Category B, and how those tesMOS; radiation hardness; semiconductor devices; time depen-
conditions were established. dent effects; total dose testing; X-ray testing

APPENDIXES
(Nonmandatory Information)
X1. MOS (METAL OXIDE SEMICONDUCTOR) DEVICES AND CIRCUITS

X1.1 Scope—Because of their low power requirements and Gate Oxide

increasing dominance in the digital IC world, MOS electronics @) R
are very important components of virtually all military and

space systems. Most of the discussions in this appendi o:‘:;on
describe total-dose qualification of parts for space and other
low-dose-rate radiation environments. A detailed discussion of +
the technical basis for the MOS test method in 8.2.2 is
provided, and alternative test methods are discussed. A brief
discussion of tactical and higher-dose-rate weapon environ-
ments also is included. Examples are limited to small-signal
electronics, but discussions also generally apply to power
MOS.

"Border Traps” Interface Traps

"Switching States™

 —

Electrical
X1.2 Background—MOS total-dose response is governedResponse
almost exclusively by ionization effects in critical insulating
layers in the devices, most notably gate and field oxides, and by

~— "Fixed States”—|

7

Gate

Oxide

Si

defect buildup at or near the critical interface between the - 4, Physical Location ( ) and Electrical Response (b)

silicon channel layer and the SjOgate oxide (1-3).” A
schematic illustration of the most important defects in modern

Associated With Defects in MOS Gate Oxides (Ref 4)

MOS gate oxideg4) is shown in Fig. X1.1. Defect location is o aqonted of assuming that most defects that do not exchange

shown in Fig. X1.14), and impact on electrical response is
indicated in Fig. X1.1§). Historically, defects in the MOS

charge with the silicon during the measurements (“fixed states”
in Fig. X1.1(0)) are oxide traps, and most defects that exchange

system have been grouped into “oxide traps” and “interfac%harge with the silicon (“switching states” in Fig. X1b)Y are

traps.” For thermal oxides in a radiation environment, the; . tace traps.
dominant oxide-trap charge is positive and due primarily to
radiation-induced trapped holes. These shift the threshol
voltage of a MOS transistor negatively. Interface traps shift th
threshold voltage of am-channel MOS transistor positively,
and that of ap-channel transistor negativelil-4). Interface

traps also lead to mobility degradati@¢h,6). Recently, it has

become clear that it can be difficult with standard character

d X1.2.1 Dose-Rate Effects on MOS Total-Dose Respense
&19. 2 shows threshold voltage shifts as a function of dose rate
for an early Si-gate radiation-hardened CMOS prod@ys
Irradiations at dose rates typical of conventional laboratory
sources (20 to 200 rd(SigPs) show relatively large negative
threshold voltage shifts at a dose of 1 Mrd($iCA negative

ization techniques to distinguish the effects of interface trapdréshold voltage shiftin anMOS transistor can cause failures

and near-
transistor I-V characteristic¢4). Although this can be an

interfacial oxide traps, that is, border traps, on mModglue to excess leakage current in MOS I_C’s. Testing at lower
dose rates, however, closer to space environments, shows large

important distinction in studies of MOS radiation physics, PoSitive threshold voltage shifts in Fig. X1.2 at lower total
presently it is not thought to be critical to discussions of mosdoses. Positive threshold voltage shifts, often called “rebound

hardness assurance. The historical convention, therefore, w

fr “super-recovery,” in which the value of the threshold voltage

not only “turns around” with increasing total dose, but also
exceeds its preirradiation valy&,9) can lead to circuit and
7 The boldface numbers in parentheses refer to the list of references at the end 8YSt€M failures due to reductions in noise margin, speed, and

this standard.
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ULELLAALL B A L RN EULRRS bias are equal, to within experimental uncertainty, to low-dose-
- rate exposures at equivalent times. Similar trends are observed
] for the growth of interface trap charge and the annealing of
4 oxide-trap charg€11). The response of MOS devices under
. these irradiation and anneal conditions, thus, falls on universal
i defect growth and annealing curves over an extremely wide
0.10 rad (Sii/e s range of dose ratefl1-15) That is, fundamentally different

] processes are not occurring during irradiation at different dose
rates; the apparent dose rate effects are due to differences in
] time dependent oxide-trap charge neutralization and interface-
] trap buildup. The equivalence of high-rate irradiation and
20 - annealing to low-rate response occurs only when electric fields

2.0

W e e e e e e e e ]
THRESHOLD- TIMING “FAILURE

VOLTAGE
SHIFT

& Yy (V)

<1.0 |AEAKAGE“FALURET == B e — — — — —] L
L 200 i and temperature are constant throughout the irradiation and
— L;un' ot -;----' T annealing sequencgdl). This does not present a practical
104 1050055(“‘ (smw. problem for MOS devices under typical worst-case radiation

response conditions, but causes difficulties in defining hardness

Note 1—The “failure levels” indicated on the figure at 1 V are for ~ assurance tests for bipolar devices, as discussed in Appendix
illustration purposes only. Real failure doses in MOS IC’s may be atX2.
higher or lower level§Ref 7).

FIG. X1.2 Threshold Voltage Shifts Versus Dose and Dose Rate X1.3 Low-Dose-Rate Hardness Assurance

for °°Co (2 — 200 rd(Si . i ;
Irradiations of (MOS Trans(iigré)@)itﬁnf&nmc'rshi(coler:t(esgxzizjlesi X1.3.1 I.t must be recognized that.one cannot perform a
cost-effective standard test that fully simulates the response of
a MOS device at the end of its life in a space environment. This

rates of 20 to 200 rd(Sig)'s, therefore, can give both the is because with higher-rate irradiations or anneals, or both, one
wrong failure dose and the wrong failure mode for a lower-cannot reproduce simultaneously the amount of oxide- and
dose-rate space application. interface-trap charge that will exist in an irradiated MOS oxide

X1.2.2 Technical Basis for MOS Hardness Assuranceafter years of exposure in space. Instead, one can only define a
Tests—Fig. X1.3 shows threshold voltage shifts as a functiontest sequence that will ensure that a device will perform within
of postirradiation anneal time f@MOS transistors with 60-nm  consistent, bounded limits during its lifetime. The method in
gate oxides. “Zero” on the time axis is taken to be the8.2.2 was developed subject to the following general con-
beginning of each of the respective irradiation periods. Dat&traints(12-16})
are shown for LINAC, X-ray, and*®>'Cs irradiations to a total ~ X1.3.1.1 The test must screen out both interface- and
dose of 100 krd(Sig) at 6 V bias, followed by room- oxide-charge related failures.
temperature anneal at the same bias. Dose rates range from 6 X1.3.1.2 The test must work for both hardened and com-
10° to 0.05 rd(SiQ)/s. At high rates, the threshold-voltage mercial ICs.
shifts are fairly large and negative, dominated by oxide-trap X1.3.1.3 The test must be conservative, that is, some good
charge. At lower rates, the shifts are positive, indicating arproduct is allowed to be excluded on the basis of the test
excess of interface traps. Threshold-voltage shifts followingnethod, but bad product is not allowed to be accepted.
high-rate irradiation plus room-temperature anneal at the same X1.3.1.4 The test must be relatively inexpensive, and easy
to perform and interpret.

X1.3.1.5 The test must not depend on the availability of test

0.8 structures. Indeed, the method should be useful even in absence
04l X-ray, 50-5000 rad (Si0,)/s of pre-existing knowledge about an ICs radiation response.
’ °® X1.3.1.6 Because of these constraints on a standard test
0 ° D ' method, optimized tests can be developed for a well-
AVth \ - characterized te_chnology that imp'rove on standard tests, for
(V) -0a}f example, by being less conservative, as illustrated below. In
general, the tests outlined below have been shown by experi-
.0.8 ence to be conservative for MOS technologies.
Cs-137 0.16 rad/s X1.3.2 Test RequirementBecause oxide traps shift the
“12 t 9 Cs-137 0.05 rad/s threshold voltage negatively, and interface traps shift the
LINAC, 6x10" rad/s threshold voltage for anMOS transistor positively, at least a
-1.6 57— L 5 & L ' ' »  two-step test must be performed to assess the suitability of

[] 5
te 10 10 10 10 10 10 10 10 \OS devices or ICs in a low-dose-rate environment in a
TIME (sec) practical, cost-effective manner, unless either oxide trap or
Note 1—The irradiation and anneal bias was GRef 11). mter.fa.ce t.rap effects can be. rigorously demonstrated to be
FIG. X1.3 Threshold Voltage Shifts for nMOS Transistors With negllglble ina tec.hnolog'y of interest. .
60-nm Gate Oxides Versus Postirradiation Anneal Time For X1.3.2.1 Bounding Oxide-Trap Charge EffeetOxide-trap
Varying Dose Rate Exposures to a Dose of 100 krd(Si0 ) charge decreases monotonically with decreasing dose rate or

14
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annealing time(7-11) As long as the dose rate of any 1.0 T T T T T
laboratory exposure is greater than the expected dose rate in
space, there will be more oxide-trap charge after the laboratory
irradiation than in space. Further, because interface-trap charge ®8 [~
tends to increase with increasing irradiation or annealing time, - I
or both, there will be less interface-trap charge after a labora- R At C
tory exposure than in space. Together, these two points ensuge
that gate, or field, oxide transistor threshold voltage shifts wiIIT_.,'

be more negative after laboratory exposure described in 8.2.2;
than in space (see Fig. X1.3), so a laboratory test is already
conservative with respect to oxide-trap charge effétis16)
Bounding interface trap effects in space is more difficult. With 4,
room temperature irradiation or room-temperature annealing,

or both, one can never be sure that one has performed a fully

Ay

Cs-137 (0.165 rad/s) ]

Co-60 (400 rad/s)+25°C ANNEAL

conservative test for positive threshold voltage shifts and ¢ 1 L ! L !
mobility degradation effects associated with interface traps. 102 103 104 108 108 107
This is because there will always be more oxide-trap charge t(s)

and fewer interface traps following such a sequence than irFIG. X1.5 Threshold Voltage Shifts Due to Interface Traps for the
space. See Fig. X1.3, for example. With increasing irradiation Devices of Fig. X1.4 (Ref 15)

or anneal time, or both, theMOS threshold voltage shift is
becoming more and more positive. Attempts to “simulate” 1.0 ; T T T T
MOS response in space simply by performing a low-dose-rate 5 .
irradiation (at a rate that does not closely approximate the
actual rate experienced in the application), therefore, are
inherently nonconservative, unless characterization tests have -
been performed to show that no further interface-trap growth or  g.¢ |-
oxide-trap charge annealing occur in the devices of interest og.

0.8 |- Co-60 (400 rad/s) + 100°C ANNEAL .

Co-60 (400 rad/s) + J

time scales longer than that of the exposure. < i 25°C ANNEAL

X1.3.2.2 Bounding Interface-Trap Charge Effect§o pro- £ 0.4 |- / \ 8 -
vide a conservative test for interface-trap effects in space, o X / i
must ensure that the second part of the test sequence (8.2.2.3) /

leads to a more positiveMOS threshold voltage shift follow- 0.2 - )
ing the laboratory test than will occur in spa@3-15) Figs. K
X1.4-X1.6 show how “rebound” testing accomplishes this

! Cs-137 (0.165 rad/s) -
|

goal. First note in Figs. X1.4-X1.6 th&Co irradiation to 300 0 !
|

krd(SiQ,) at a dose rate of400 rd(SiQ)/s followed by~ 10° 3

-0.2 1 ] [ [}
0.2 . T . . . 102 108 104 10% 108 107
X ] t (s)
c°'°°/(4°° rad/s)+100 °C ANNEAL FIG. X1.6 Net Threshold Voltage Shifts for the Devices of Fig.
o X1.4 and Fig. X1.5 (Ref 15)
S -02} . s of room-temperature annealing at the same bias (6 V) is
- i equivalent to a 0.165 rd(Sis **'Cs exposure. In Fig. X1.4,
S the net oxide-trap charge recovery is accelerated by raising the
< -04 |- Cs-137 (0.185 rad/s) 4 temperature during annealing to 1008@), and in Fig. X1.5
| C0-80 (400 rad/s)+28 °C ANNEAL | the interface-trap buildup rate increases with 100°C annealing.
This combination is ideal for providing a conservative test of
08 T interface traps at low dose rates; the oxide trap charge is
- . minimized, and the interface-trap charge is maximized. Both
0.8 A ! ! ' ! components therefore, act to make the threshold shift more
102 103 104 103 10® 107 positive during annealing, as shown in Fig. X1.6. More

t(s) importantly, the value of the threshold voltage shift in Fig.
X1.6 is significantly more positive after the annealing sequence
Anneal temperatures were 25°C or 100Ref 15) than it would be after a much .Ionger period at 25°C, given any
FIG. X1.4 Threshold Voltage Shift Due to Oxide-Trap Charge for k|n(_j of reasonable extrapolation of the. threshold-voltage shﬁt
nMOS Transistors With 32-nm Oxides, Irradiated to 300 krd(SiO  ,) during the next 1 to 2 decades of time in the 25°C data of Fig.
With ®°Co or *¥7Cs Gamma Rays X1.6.

Note 1—Gates were biased at 6 V during irradiation and annealing
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X1.3.2.3 Accelerated Annealing TestFigs. X1.4-X1.6 and past) product runs, without evidence of control of variables
other experience with MOS devicd41-16) suggest that a impacting radiation hardness, which is virtually impossible to
“rebound test” at 100°C is a suitable accelerated annealing tesbtain from a purely commercial line. For low-dose systems,
for interface-trap effects at low dose rates. An additionalhowever, it may be possible to waive rebound testing on the
irradiation is specified in 8.2.2.3, Test &) (to account for basis of a first-principles estimate of the maximum number of
uncertainties in determining worst-case bias during irradiationnterface traps that can be generated in a MOS transistor with
and anneal, and to account for the possibility gMOS  a gate oxide of a given (known) thickness. In Fig. X1.7, the
threshold voltage recovery during the anng@a,15,17) Para- maximum positive threshold voltage shift is plotted that
graph 8.2.2.3 allows some latitude in choosing the details ointerface traps may induce in MOS devices with 20-nm,
the accelerated annealing test, based on characterization t&}-nm, and 100-nm oxidgd 3,20) Specifically, interface-trap
results. Care must be exercised that significant interface-trafpuildup is described in the following equation:
annealing, however, doe_s not occur at th_e temperature chosen AV, ~ (@egg) kg , Ty (02 D (X1.1)
for the rebound test, which becomes an increasing risk above
100°C (15). where

. . —q is the electronic charge,
X1.3.2.4 Omitting the Accelerated Annealing Test c.is the oxide dielectric constant,

H X
Accelerated annealing tests are necessary for many part typeKé’, (the charge generation efficiency) is the number of electron-
ole (e-h) pairs generated in SiO

and their expense can be a small price to pay to avoiclilg
catastrophic system failure due to improper part selectiont is the probability that a given e-h pair does not recombine,

Nevertheless, it is more expensive to do rebound testing than 4t : . . -
would be to omit it. if safepto 46 %o. For this reason g 29 3fn is the interface-trap generation efficiency, that is, the total

. g _ number of interface traps eventually created per e-h pair,
contains many ways to avoid rebound testing as part of 2 is the thickness of the Sigyate oxide, and
routine lot acceptance program. An obvious case where Xis the dose. '

accelerated annealing test is not needed is an application o yalues of Fig. X1.7 were calculated assuming a charge
which the duration of the possible radiation exposure in thegeneration efficiency of~ 8 X 10% cndX(Si0,), and a
environment of interest is comparable to the Co-60 irradiatioq:harge yield of~ 80 % (13), both of which are reasonable for
time in 8.1.1. For cases in which parts must survive for Iong,iased MOS devices in space. A valuefgfof ~ 20 % was
times after irradiation exposure, or during low-dose-rate expogg|ected as typical of, or greater than, values,06r MOS
sures, one must consider _other ways in WhICh accelerate§oyices that exhibit very large interface-trap build(i8).
annealing tests may be omitted. One way is to perform fullspifts in Fig. X1.7 assume no offsetting contribution to
charactenzathn tests on devices made in the same proceggeshold voltage due to oxide-trap charge, even though this
technology. If it can be demonstrated that rebound failures arg|| pe non-zero in space, and thus, provide an approximate
not a problem for the devices and irradiation conditions ofupper bound on the maximum device rebound for a given gate
interest, 8.2.2.3 gllows_the rebound test to be omltte_d during logyide thickness. Interface traps in field oxide regions of MOS
acceptance. This action should not be taken lightly, an@jevices do not adversely affect device response because they
certainly not without evidence that the devices are beinghitt the field oxide threshold voltage away from depletion, so
manufactured on a process line for which variables that affecdnly interface traps in the gate oxide need be considered in this
radiation-induced interface-trap buildup, like postoxidationestimate. Except for circuits with delicate timing requirements
temperatures and annealing ambig(itd8) are under careful  or jow noise margin, or devices like power MOSFETs where it
control. Ewdenpe of sufficient Contrql could be demonstratedmay not be possible to tolerate even small reductions in output
for example, with lot sample tests using a 10-keV X-ray sourcgjrive current, circuits and devices with gate oxides thinner than
to irradiate test structures that accompany product w@tés  ~ 100 nm often can function with the small positive threshold-
If, and only if, (1) interface-trap densities of test structuresyoltage shifts observed below 5 krd(SiQdashed line) in Fig.
remain under statistical process control, agjitheir level is  X1.7. For thinner oxides, this point of automatic acceptability

below trap densities for which it has been demonstrated thahoves to higher doses. For example, Eq X1.1 suggests that a
product circuits will pass testing for the given application,

including rebound testing, then it is reasonable for the partieg. e
to the test to agree to waive rebound testing during routine lotz £
acceptance of product from that line to avoid unnecessar@ i
expense.

X1.3.2.5 Accelerated Annealing Test Issues for Commercial
Parts—Unfortunately, not all product required for low-dose
space systems can be procured from vendors who can (or wil F
demonstrate sufficient control of interface-trap densities tog %°3[
allow a waiver on rebound testing. Certainly, this would almost® 0.017 : —r ye— Fra—
never be .the case for a commercial line in which radiation DOSE [krad(si0,)]
hardness is neither a requirement nor a consideration duringthe ;= 1 7 vaximum Positive Threshold Voltage Shift as a

product cycle(19). For a commercial line, a successful “spot  Fynction of Dose for n(MOS Transistors, Calculated Under the
test” on one product run cannot be used to “bless” future (or Conditions of Eq. 1(Refs 13,20)

oaf
0.1

ROSITIVE N-ch
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10-nm oxide should have less than about +0.06 V rebound are expensive, difficult, and time consuming. There also are
100 krd(SiQ). For thin enough gate oxides and low enoughchallenges associated with dosimetry at very low dose rates
total dose requirements, it should be possible to waive rebound.1). Moreover, for devices like the HM6504 and the SGS
testing in many casegl3,16,20) Of course, in absence of 4007 in Fig. X1.8, one could perform very-long-term expo-
knowledge about device processing or circuit response, aures and still find that the device is unsuitable for system
limited amount of characterization testing that includesapplication. These potential difficulties do not rule out low-
elevated-temperature annealing to screen for possibldose-rate irradiation as a less conservative test of oxide-trap-
interface-trap effects certainly would be prudent for sensitivecharge related effects in space, especially for systems with

devices and ICs. modest total dose requirements that allow low-rate exposures
X1.3.2.6 Less Conservative Oxide-Trap Charge Tesfs to be performed on manageable time scales.
less conservative test than Condition A, 8.1.D)(1) is useful X1.3.2.8 Irradiation Plus Room Temperature Anneafn

for low-dose space systems, for example, 5 to 20 krdf§jO alternative to low-dose-rate testing is irradiation plus room
for which some commercial non-radiation-hardened devicetemperature anneal. In Fig. X1.9 the response of non-radiation-
might fill system needs. For example, Fig. X1.8 illustrates howhardened oxides has been simulated affi&o irradiation and
the failure dose of three commercial devices depends on th25°C anneal via linear response thedid). The approach
dose rate of the exposure. The Oki 81C55 is a device with gaken to derive these results has been validated for many types
rapidly-recovering field oxide that causes failure duriffiffo  of MOS circuits and deviced1-16) In Fig. X1.9 the response
irradiation at 50-300 rd(Sig¥s, but not at dose rates (< 0.1 of MOS devices following ®°Co irradiation and room-
rd(SiQ,)/s) typical of space applicatior(3,10) At low rates, temperature anneal is compared to their projected response
failure is caused by oxide charge trapping in the MOS gatafter low-dose-rate irradiation to the same dose. Interface trap
oxide (7). The SGS 4007 and the Harris HM6504 are commereffects are neglected here and would have to be assessed
cial devices that recover very slowly aftéPCo irradiation at ~ separately via rebound testing at the conclusion of the room
50 to 300 rd(SiQ)/s, and exhibit failure doses at low dose ratestemperature anneal. To generalize the discussion to higher and
that are similar to those observed at high rdte?). The Oki  lower annealing rates, simulated irradiation and anneal curves
device, then, is typical of devices that will function at much are plotted in Fig. X1.9 for otherwise identical devices having
higher doses in space than duriifCo exposure at 50 to 300 annealing rates of 5 and 15 % per decade of annealing time
rd(SiQ))/s, and the HM6504 and SGS 4007 are typical of(Curves A and C, respectively). Here, failure is defined to be
slow-annealing devices that will fail in space at doses onlythe point at which theaMOS gate- or field-oxide threshold
slightly higher than during®Co exposure at 50 to 300 voltage becomes less than 0 V; that is, the point at which the
rd(SiQ,)/s. gate or parasitic field oxide transistor goes into depletion mode.
X1.3.2.7 Lower Dose Rate Irradiatior-One type of less At or near this point, increased leakage in the device can lead
conservative test for oxide-trap charge failure in space iglirectly to circuit functional failure or to system failure because
simply to irradiate at lower dose rates. This is illustrated by theof excessive power dissipation. Fig. X1.9 shows that devices
Oki data of Fig. X1.8. Lower-dose-rate irradiation leads to awith gate or field oxides that trap large amounts of oxide
higher dose-to-failure than®Co irradiation at 50 to 300 charge and anneal very slowly (Curve A) fail aftéfCo
rd(SiQ,)/s, but still provides a conservative test for oxide irradiation {4, < 0 V), and also fail in space for the same
charge effects at the still lower dose rates (<< 0.01 rdfB&p reason. Faster annealing devices (Curves B and C) also fail
typical of many space systems. This is equivalent to usingfter ®°Co irradiation ¥, < 0 V), but function acceptably at
Condition C in 8.1.1.1 i) (3). There are some practical
difficulties with this approach. Low-dose-rate exposures often the  1dy 1wk 30yr

18 1.2 T T T
Low Dose Rate
15 - 1.0
A: 5% per decade
30 T T T T T T <121 98 ] B: 10%per decads
= OK! 81Cs5 ' 1072 ! >'.': 'y >._.,= 0.6 - | C: 15% per decade
@ B : . S gl Foal
3 P 5L 3,
S 2l : ¢ © 3 o2t
= H H a =4 Co-60 + RT Anneal
5 ! : m 0F 00
- ' -
a 15 : ! Ak -02)
a : )
10 |- ] N -6} 04 |
g §G$4007 : H gl 0.6 Ll sund o sied el cosond il vl g
_— ' 2 3 4 5 8 7 ] 9 10
= 10 10 10 10 107
T 5 Huesos : - 10 10 10 10
- - L ! TIME (Seconds)
0 i 1 [ i I | '
0.001 0.01 0.1 1 10 100 1000 Note 1—Data points are derived from linear response analysis predic-
Dose Rate {rad(Si)/s} tions, which are variations on a set of experimental annealing data, as

described in Ref(Ref 13) The starting value of the threshold voltage is
Note 1—Irradiations at dose rates greater than 1 rd(Si)/s were pertaken to be 1 V for the gate oxide and 15 V for the field oxide. No
formed with Shepherd or AECL gamma sources. Irradiations at lowesignificant changes occur for times less tharf 0for the low-rate
rates were performed with Shephefd’Cs sources. For these sources, response curves.

dose (Si)~ dose (SiQ) (Ref 13). FIG. X1.9 Projected Values of nMOS Gate-Oxide or Parasitic Field
FIG. X1.8 Failure Dose Versus Dose Rate for Three Types of Oxide Threshold Voltage for Non-Radiation-Hardened MOS
Commercial MOS Devices Transistors
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low dose rates\{y, > 0 V; solid symbols, low-rate curves). The only parts with parametric failures are allowed to go into the
devices of Curve C recove¥{, > 0 V) approximately one day room temperature anneal in 8.2.2c). (Parts that fail function-
after higher-rate irradiation, and the devices of Curve B recoveally at higher dose rates due to excessive leakage must be
after about 11 days~ 10° s). For any reasonable annealing irradiated at a low enough rate that function failure does not
time, however, even up to 1 year (3 X 10’ s), the threshold  occur, subject to the constraints of 8.1.1b) (3) Condition C,
voltage is more negative following®°Co irradiation and if one wishes to pursue lot acceptance of such devices.

room-temperature annealing than at the end of the low-dose- X1.4 Dose Rates Greater Than 300 rd($)@—For tactical
rate exposure for Curve A. Fig. X1.9 and other experience witfy,y pigh_dose-rate weapon applications in which the dose rate
.MOS. d.eV|ces and circuitel6), therefore, copﬂrms that Cq of exposure greatly exceeds 300 rd(9i®, the test flow of
|rrad|at|0n_ and room-temperature annealing can pr_owde Zection 8 often does not provide a conservative estimate of
conservative response of oxide-charge related failure in spacgng responsé22). One such example is shown in Fig. X1.10
but the estimate is less conservative than that provided by, o the quiesceﬁt leakage currd,, of a 16k Static .RAI\./I '
Condition A O_f 8111 ) (1). is plotted as a function of dose for three different dose rates:
X1.3.2.9 Limitation on Room Temperature Anneal 16 1833 and 100 rd(Sig¥s. At the higher rates, there is a
Time—On the basis of Fig. X1.9, one could extend the|;rqe jncrease in leakage current at 100 to 200 krdgSiQe to
annealing period indefinitely and obtain even more realistiGhe tym-on of a parasitic edge transistor associated with the
estimates of oxide-trap charge effects in space. One mugk|q oxide in these devices. At the lowest rate, no such increase
ensure, however, that the total annealing time at room teMg gpserved. These differences in response are due to the
peraturef,, does not exceet ma, Where: decrease in oxide-trap charge and increase in interface-trap

tamax = Dr/Ry (X1.2)  charge in the edge region with decreasing dose rate, or
where: increasing anneal time, or both, that prevents the parasitic
D, is the system total-dose specification, and device from turning on and increasitg,, at the lowest rate.

Ry, is the maximum dose rate at which any significant dose i©Oxide-charge related failur_es in_high-_dose-r_ate _radiation envi-
deposited14). The limitation ont, is necessary for systems in ro_nments. are not always |derjt|f|ed in testing in acqordance
which a significant fraction of the dose can be deposited duriny/ith Section 8. For these environments, one must either test
a relatively short portion of the mission, for example, during aunder conditions thgt simulate _the environment of interest, for
solar flare or an excursion into the radiation bgRa). This  ©€xample, by exposing the devices at a LINAC or flash X-ray
equation also is a potentially important constraint to militarySOUrce, or a derivative test method must be empldgéc22)
space systems, where a satellite not only must survive the X1.4.1 High-Dose, High-Dose-Rate Environment$he
natural radiation encountered in space, but also must surviveader is cautioned that when using some types of high-total-
higher-rate weapon-related radiation environments. Keeping dose, high-dose-rate radiation environments there is no suitable
< ta maxPrevents devices that could fail during the brief periodalternative to testing at a suitable high-dose-rate source that can
of exposure at higher dose rates from being accepted on trapproximate the environment of inter¢$6). Moreover, spe-
basis of their longer-time recovery. For systems in whichcial care is required for MOS devices and ICs built in SOS/SOI
nearly all of the total dose is deposited at approximately thésilicon on saphire, silicon on insulator) technology due to
same rate, Eq X1.2 provides no practical limitation on thepotential back-gate and sidewall leakage issues. For a detailed
allowed annealing times. For mixed-rate systems, as long adiscussion of testing alternatives in these cases se¢1Bgf

the above limit on anneal time is observe¥Co irradiation 0-1
plus room-temperature annealing can provide an estimate of

the effects of oxide-trap charge on MOS response in space.
Especially for commercial technologies, annealing rate is a 107 |- 105rad/s
crucial parameter to monitor during technology characteriza-
tion and hardness assurance testing for low-dose-rate applicg— 103 |-
tions. 2
X1.3.2.10 Limitation on Room Temperature Anneal _@
Temperature-If the leakage current induced by the initial
radiation exposure becomes so large that it heats the devices
significantly, the irradiation plus room temperature anneal test ~ 10°°
can become nonconservative due to thermally-assisted over-
annealing of the oxide-trap charge. It is important, therefore, 10°8 '
that the IC remains truly at room temperature during annealing PRE 0.1 1 10
and does not self-heat. Of course, the test method specifies Dose, Mrad(Si0,)

control of the device temperature during irradiation for the

same reason in 8.2.2.1, so such parts should be identified at théNore 1—The 100 rd/s exposures were inP&Co source, the 1833 rd/s
irradiation-testing phase. exposures were with 10-keV X rays, and the® 16/s tests were with

o . L 230-MeV protons at the TRIUMF cyclotron at the University of British
X1.3.2.11 Limitation on Failure Criteria—Parts that expe- gumbia '?n vancouver CanadéRefyZZ) y

rience functional failure during testing often become de-biased, Fri. x1.10 Quiescent Leakage Current Versus Dose for IC's
leading to radiation-induced recove({6). For this reason, Irradiated at Rates of 100, 1833, and 10 ° rd(SiO,)/s

4 1833 rad/s

10°*

X\

100 rad/s

toy =31 nm
SA3240 Voo =SV
|

-t
-ty
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X1.4.2 10-keV X-ray Irradiatior—10-keV X-ray tests often 10" — .
are performed to characterize the basic radiation response of | ® 150°C Burn-in
MOS structures, track the hardness of a given technology via 102 | | ® No Burn-in
test structure irradiations, and provide quick feedback about 107 i .
the hardness of a lot before submitting it to the further expense Failure Level
of packaging the devices and performintCo-based lot .~ 10
acceptance testing (see Re&fand Guide F 1467). The data of S, 105 N
Fig. X1.10 suggest that, because of the higher dose rates@ X
associated with typical 10-keV X-ray exposures (see Bef =— 10° |-
and Guide F 1467), such irradiations also might be useful in a 107 [
hardness assurance test plan for MOS electronics intended for X
use in some types of weapon applications. Issues of X-ray 108 |
penetration depth, charge yield, and dose enhancement must be 10° [ !:, o
addressed before one can use 10-keV X-ray irradiation to Pr; 10° 10°¢ 105
qualify parts for high-rate radiation environments. A full
discussion of these issues is provided in Guide F 1467. If these Dose [rad(SiOz)]
issues can be addressed within the framework of the testing
requirements, a 10-keV X-ray source can provide assistance inNote 1—The dashed line represents a parametric failure level of 1 mA.

lot acceptance for high-dose-rate applicati¢hk, 16,22) (Ref 24)
FIG. X1.11 Static Power Supply Leakage Current as a Function of

. . . " Dose for Commercial Octal Buffer/Line Drivers With or Without a
X1.5 Burn-In Effects—A complication in the traditional Pre-Irradiation 150°C Burn-In, Irradiated With  °°Co Gamma Rays

MOS lot acceptance flow is work showing that reliability at 90 rd(Si0 ,)/s

screens, for example, burn-in, normally given devices before

product is shipped sometimes can affect significantly theisystem failure(22,23) Enhanced leakage currents associated
radiation responsé€23). Because burn-in is performed at a with burn-in also have been observed in he hardened SRAMs
much lower temperature than the device has already experef Fig. X1.10(23). An initial characterization study of gate and
enced during processing, it had been presumed previously thfitld oxide transistors suggests that burn-in may alter some
the radiation response of burned-in and non-burned-in devicdaterface-trap precursors in these technolog@$). Without
would be similar, so lot samples for radiation testing could becompensating interface traps, gate-, field-, or edge-transistor
pulled, to save time and expense, without receiving a burn-ineakage can be unacceptably high in high- or low-dose-rate
Fig. X1.11 illustrates the danger of testing devices withoutapplications(16,22,23) If devices are to be burned-in before
burn-in. These commercial octal buffer/line drivers have abeing used in such systems, the results of R2R) show
problem with excess leakage current in a radiation environelearly that one must perform radiation testing on burned-in
ment. In Fig. X1.11, devices, which received a burn-in, showparts, unless the devices have been shown not to exhibit
much higher leakage currents aftéfCo irradiation to 150 changes in radiation response due to burn-in, or unless the
krd(SiG,) than do parts which did not receive a burn-in. Theresponse of burned-in devices can be correlated accurately to
non-burned-in parts easily pass the parametric test limits fothat of non-burned-in devices. This effect also must be consid-
these devices, while burned-in parts, more representative @fred in interpreting the results of wafer level irradiations on
shipped-product response, fail the test. At higher dose ratason-burned-in devices for technologies that show this effect.
typical of some weapon environments, these parts could causénally, the sensitivity of device radiation response to burn-in
system failure due to their high leakage currents. Failures eveis most likely not unique to MOS technologies, as bipolar and
could occur in space systems in oxide-trap charge annealingiCMOS devices, which are prone to show parasitic leakage in
rates that are not high enough for the devices to recover beforecessed or trench field also may be susceptible to these burn-in
the leakage current becomes great enough to cause circuit effects.

T

X2. BIPOLAR DEVICES AND CIRCUITS

X2.1 Purpose and OrganizatierThis appendix supports X2.2.1 Until the early 1980s, ionization damage in bipolar
those sections of the main document, which deal with bipolatievices and circuits was thought to be due primarily to gain
devices and circuits. Background information and a discussiofiegradation in the bipolar junction transistor (BJT) and only
of total dose response mechanisms in discrete bipolar transigependent on the total dose and independent of the dose rate.
tors and digital and linear microcircuits are provided. Mecha-\iost digital circuits were thought to be hard to 1 Mrd or more;
nisms in the sensitive oxides, the transistors, and the circuitynereas, linear circuits were known to vary widely in their
are addressed. Specific details to support the bipolar issues 55| dose failure levels and to often show quite different total
Section 6 on interferences and Section 8 on test procedures gj§se response following a post irradiation thermal anneal (to

provided. remove the damage) and then reirradiated to the same total
X2.2 Background dose level.

19



iy F 1892

X2.2.2 Leakage Currents-In the early 1980s it was shown process, hole trapping efficiencies and interface trap generation
that many types of bipolar digital circuits, using recessed fieldates usually are high.

oxides for lateral isolation, exhibited severe leakage currents at x2 3.2 Discrete BJTs-Discrete BJTs are defined herein to
total dose levels as low as 5 to 10 Ki24-26) There are two  mean the JEDEC 2NXXXX type transistors, not microcircuit
potential sources for this leakage) @n inversion layer under test chip transistors or breakouts. In discrete BJTs, the effect of
the thick recessed oxide, across tpdype channel stop, the trapped positive charge is to change the surface potential
between two adjacent buried layers causing leakage betweggepletion and possible inversion qf-doped regions and
components, ancb] an inversion layer across the base of agccumulation ofn-doped regions), and the effect of the
walled emitter NPN BJT causing collector-emitter (C-E) leak-jnterface traps is to increase the surface recombination veloc-
age. The former leakage path is most likely to occur under @y For a given operating condition, usually defined\y and
metal stripe that is positively biased with respect to they  there is an increase in the base current, with little or no
substrate during irradiation and often results in excessive i”ptﬂhange in the collector curre1 to 42) This increase in base
current high () in logic gates. Excessive C-E leakage currentcyrent results in a reduction in the dc current gaip, defined
in BJTs often leads to functional failure. _as IJl,. If the BJTs are similar in geometry and doping
X2.2.3 Low Dose Rate Enhancemenin the early 1990s, it gensities, an NPN will degrade more than PNP because of the
was found that the total dose induced gain degradation in SOM&ects of the positive trapped charge in the base region. It is

linear microcircuit BJTs was sensitive to dose rate for dos‘?)ossible that in an NPN BJT the trapped positive charge could

rates _beloyv about 1OQ rd(7). Furthermore, the procedure nvert the p-type base causing a surface leakage path from
contained in 8.2.2 and in MIL-STD-883, Test Method 1019, t0gitter 1o collector. The base surface doping, however, usually

measure failures related to interface traps, that is, irradiate tQ high enough to prevent inversion by the trapped hole density
150 % of the specification dose and perform a 168 h, 100°Gynhich usually saturates with dose at value o200 cni2 ’
anneal) actually could result in nonconservative response Whe@s).
compare_d to low dosg rate |rrad|at|qn of _the B‘?TS'. This X2.3.3 Circuits—In bipolar circuits, the increase in the base
observation led to a series of tests on bipolar linear circuits that . e
- .. surface current, which causes the reductiofdjg still is one
showed that many part types exhibit a low dose rate sensitivity. ; . . .
: of the major total dose degradation mechanisms. In addition to

For some parameters the degradation at dose rates of a few. . ; ; .

: ; ain degradation, the inversion pftype surface regions by the
mrd/s can be 5 to 10 times as great as the degradation at dorgpped positive charge also can occur leading to leakage
rates of 50 to 300 rd/$28-32) It was confirmed for many . .

. . ) = . §urrents between-type regions, which has been observed to
widely used bipolar linear circuits, therefore, that establishe : . 3 o
80 . . -~ cause failure in some digital circui{@4,25)

test methods using®Co did not provide a conservative

estimate of a linear bipolar circuit response at low dose rates. X2-3-3-1 Leakage Currert-There are several potential
Indeed, several studig29-32)confirmed that a true dose-rate Problem regions for surface leakage currents in bipolar micro-
sensitivity exists for many types of linear bipolar circuits circuits. For those circuits using recessed field oxide or local

unlike the time dependent effects ascribed to CMOS technoldXidation of silicon (LOCOS) for lateral isolation, tietype

gies. Several theories have been proposed to explain thif'annel stop doping density under the oxide, betwegype
unexpected phenomen¢di,33-37) Studies are in progress to regl_o.ns,_often is on_ly h|gh enough to prevent inversion from
determine the process technologies and part types that manifd@Sitive ion contamination, for example, sodium or potassium.
the low-dose-rate effect. At the present time, 18 widely used N€Se regions often are inverted easily by total dose induced
part types have demonstrated a dose rate sensi(8&y In trapped positive charge causing leakage between components
addition, research is underway to develop cost-effectivd the circuit. Inversion of these regions occurs at much lower
hardness-assurance test procedures using intermediate d§@s€ when there is a positive electric field in the oxide during
rates, for example, 1 to 6 rd(Si¥s, that will provide a bound irradiation, such as would occur with a positively biased metal

to the low dose rate respon@9 to 40) Because this is a new stripe over the oxide. Such failures have been observed in
area of research, direction provided in this guide should b&STTL (low power Shottky TTL) digital logi¢24). The buried

considered preliminary. The intent is to provide suggestiond®Yer to buried layer (BL-BL) leakage path is illustrated in Fig.
and recommendations to address this complex issue of detef2-1 taken from Ref{44). Leakage also can occur in walled

mining the worst case total dose response of bipolar circuits€Mitter BJTS(25), as illustrated by the C-E leakage path of
X2.1. Here the base interface doping density is much lower at

X2.3 Degradation Mechanisms the sidewall than at the top surface and may be easily inverted

X2.3.1 Long-term ionization, that is steady-state total ion-to form a leakage path between collector and emitter. Such
izing dose, effects in bipolar devices and circuits are a result oftructures seldom are used in discrete BJTs. The C-E leakage
charge trapping and interface trap formation in the oxide thathat can occur in walled emitter BJTs can be eliminated by
overlies the base-emitter junction and other dielectric layersising a fully recessed emitter. This method, however, will
used for passivation and isolation. These oxide layers arénpact device integration density. C-E leakage also can occur
significantly different from the pristine gate oxide structuresin conventional BJT technologies if a metal stripe crosses an
because of normal circuit fabrication processes, and thud\PN base region and is biased positively with respect to the
provide a total dose response different from the often studie@ase during irradiation.
gate oxides. Since these oxide layers often contain a very X2.3.3.2 Circuit BJT Gain Degradation-Total dose in-
significant number of defects, by virtue of the fabricationduced gain degradation in BJTs was studied extensively in the
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FIG. X2.1 Cross Section Showing BL-BL and C-E Leakage (Ref 44)

1960s and 1970s and a comprehensive body of knowledg€his behavior has been observed in most NPN BJTs. Once the
concerning the degradation mechanisms exists. The recestrrface potential, for higher values Nf,, drives the peak of
identification of enhanced low-dose-rate sensitivity in certainthe recombination below the Si-SjOnterface and into the
types of linear bipolar circuits, however, has renewed thesilicon, Al,, reaches a saturation level, which also has been
interest in this area. observed43).

X2.3.3.3 NPN BJTs—For the vertical NPN (VNPN), the X2.3.3.4 PNP BJTs—Although the conventional vertical
ionization induced excess base current occurs in the emitteNPN BJT structure radiation response now is reasonably well
base depletion region at the base surface (Si:8it@rface) as understood, the radiation response of conventional lateral PNP
illustrated in Fig. X2.2. The net trapped positive charge(LPNP) and substrate PNP (SPNP) BJTs, which are used
depletes the-type base, extending the depletion region intowidely in bipolar linear circuits, is just beginning to be
the base and the interface traps increase the base surfat®deled in detail. These conventional LPNP and SPNP struc-
recombination velocity. A thorough analysis using a 2-d devicdures, shown in Fig. X2.3, often degrade at a much greater rate
physics code (PISCES) has been performed on the VNPN arttian conventional NPN BJTs. One reason that has been offered
an analytical expression for the excess base current developéat the greater initial rate of degradation in the PNP BJTs is that
(41). According to this model, the positive charge at or near thehe oxide over the emitter-base (E-B) junction in these struc-
interface, consisting of the net positive trapped oxide chargéures usually is much thicker than in NPN BJB). Lateral
and positively charged interface traps, affects the surfacand substrate PNPs are used widely in linear circuits but almost
potential and the interface traps increase the surface recombiever used in digital circuits. A state of the art, polysilicon
nation velocity, Vg« as was previously known. The depen- emitter version of the LPNP and SPNP has been characterized
dence of excess base current, howewdy, on the positive and modeled to understand the total dose induced degradation
interface chargeN,,, is of the formAl, a Vg,r expMNy,2).  mechanismg42,45) The major component of the excess base
Because the term which involves trapped charbg, is  current appears to be a result of increased surface recombina-
exponential, the dependenceAlf, on dose can be superlinear. tion very near the E-B junction. This term actually is reduced

. SRS ST TR EBE *,
xeja,lﬂs!s:su!xvs:;*x l"‘l:!

oxide
+ +
electric field — A\ electric field St + + + +
n*-emitter o emitter
interface
i traps
depletion layer depletion layer
p-base p-base
(a) ®)

FIG. X2.2 Schematic Representation of Gain Degradation Mechanisms in an NPN BJT: (a) Preirradiation (b) Post-irradiation
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FIG. X2.3 Cross Section of Lateral and Substrate PNP Transistors Used in Many Bipolar Linear Circuits

by an increase in positive trapped charge that causes amitter perimeter to area ratio. This is again a result of the fact
accumulation of the-type base region. For this structud,, ~ thatAl, physically occurs near the E-B junction at the surface,
offsets theV,,s term causing a sublinear total dose depen-so the longer the emitter perimeter, the higher the valukl gf
dence. In conventional LPNP and SPNP BJTs, the emitteThis is illustrated in Fig. X2.4 for a modern polysilicon emitter
doping density is comparable to the VNPN base doping, sincBlPN transistor wherdl, is shown versus emitter perimeter to
the NPN base diffusion is used for the PNP emitter. The emittearea ratio P/A) for three total dose levels. The process
doping can be as much as a factor of 100 lower than the dopingarameters, which affeckl,, the most are interface doping
in the polysilicon emitter LPNP used in the state-of-the-artdensity, oxide (dielectric) thickness, and oxide (dielectric)
process. Unpublished modeling results on the conventionalharge trapping efficiency. As previously implied, higher sur-
LPNP structure show that the dominant mechanism may b&ace doping densities result in greater total dose tolerance,
recombination in the emitter surface region near the E-Bsince the surface is harder to deplete. As stated in X2.3, bipolar
junction, which has been depleted by the net positive chargexides tend to be thicker and more highly defected than MOS
This base current component is similar to the base current termxides. Although there are well known solutions for hardening
in VNPN BJTs. For these LPNPs, the excess base curremtitical bipolar oxides, including the use of composite dielec-
would be expected to be superlinear with dose, rather thatrics, they are seldom used, especially in commercial technolo-
sublinear, as with the polysilicon emitter devices. gies. Most bipolar oxides, therefore, may be considered to have
X2.3.3.5 Dependence of Gain DegradatiesiThe magni- very high introduction rates for both trapped positive charge
tude ofAl, depends on many process, layout, irradiation, andand interface traps. Also, the magnitude\f is very sensitive
operating parameters. These parameters have been identified operating current. The ideality factan, defined by the
and characterized extensivey6) for modern complementary equation below, usually ranges between 1.5 and 2.0 depending
bipolar linear microcircuit BJTs, but not as well for older on whether the dominant degradation mechanism is oxide
circuit technologies or discretes. The irradiation conditionstrapped charge or interface traps. This causes the gain degra-
which affect the magnitude oAl, include dose, dose rate, dation to be much more severe at lower operating currents such
temperature, and bias. Dose rate and temperature will bas forV,.in the range of 0.5 to 0.¥. This strong dependence
discussed in a later section. As previously discussed for NPNf gain degradation ol is illustrated in Fig. X2.5.
the dependence on dose tends to be linear at low dose, Al = Al,, exp(qVednKT) (X2.1)
superlinear at intermediate dose, and sublinear (leading to
saturation) at high dose. The range of values of “Iow,”allgllu
“intermediate,” and” high,” dose depend on the interface 0 Total Dose [krad(8IO, )i
doping density in the base, the base oxide thickness, the | —g= 1247
electric field in the oxide during irradiation, and the hole 8.0
trapping efficiency. The electric fields in BJT oxides often are
fringing fields, resulting from junction biases. Exceptions to 4 g}
this are the vertical fields resulting from field plates, for
example, the emitter-poly overlap in poly-emitter BJTs and
intentional field plates in some lateral PNPs, and metal run
over the base that can occur in some microcircuits. Since the
major components ofAl, occur physically near the E-B 2.0
junction, they are affected most by the fringing electric field
caused by, The rate of degradation is greatest for a reverse, o
Ve @nd smallest for a forward,,.. In normal circuit operation,
Ve is forward biased at a potential between 0.1 and \0.8

—&= 407
-= 247

depending on whether the BJT is on, off, or amplifying. In 0'8“ 0.76 100 126 180
some applications, especially in linear circuits or in some P/A (um-1)

BICMOS gate output$47), a reverse/y,, can occur. _The MAaJOr  FIG. X2.4 Excess Base Current Versus Emitter Area to Perimeter
layout parameters that affeétl, are emitter perimeter and Ratio for Doses of a Few Hundred Kilorads
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X2.3.4 Digital Circuits—Most digital circuits, which fail at rate sensitivity. The input bias current is one of the most
total dose levels below 100 krd(Sj)D fail from surface straightforward examples of bipolar linear circuit parameter
leakage currents rather than gain degradation. The exception #iegradation since it usually is the base current of a single input
this failure is the integrated injection logic technology, whichBJT. Other sensitive parameters, for example, input offset
has almost completely disappeared from the market. This is goltage, voltage gain, and slew rate of operational amplifiers
result of how the BJTs are used in the circuit, and the fact thaénd comparators and output voltage of regulators and refer-
only vertical NPN BJTs are used. The BJTs usually are scalednces, are affected by the degradation of internal subcircuits
in emitter area so that they are operated at a collector curreqising both NPN and PNP BJTs, and thus, show more complex
near the gain peak, for examph,. = 0.7 to 0.8V (where the  failure mode response. The behavior of input offset voltage,
degradation is least), and the forced gain to maintain saturatiod_, often shows abrupt increases with dose and dose rate,
in the “on” state usually is between 2 and 10. The gain requirednaking it hard to characterize and even harder to predict. An
to maintain a high current® on” state, therefore, would have toexample is given in Fig. X2.7, which shows, versus dose at
degrade to a very small value to pull the BJT out of saturationdifferent dose rates for an LM3281). The circuit mechanism
Parasitic leakage currents, on the other hand, can causer this response is thought to be the degradation of a current
parametric failure in digital circuits at total dose levels as lowsource using a lateral PNP BJT whose gain must degrade below
as 5 to 10 krd(Si¢) (25). C-E leakage in walled emitter BJTs
can cause functional failure in digital circuits at total dose

levels of 20 to 50 krd(Sig) (26). S T =002 radisiyaec 5
X2.3.5 Linear Circuits and Low-Dose-Rate Enhancement 1 =o= 0.005 rad(Siysec [

Bipolar linear circuits usually fail from gain degradation for | —0—50.0 rad(Siysec

several reasonsa) gain is a critical parameter for many of the ] X

circuit BJTs and the gain requirements for proper circuit 0 < - 0

operation often are highp) LPNP and SPNP BJTs are used
extensively and are more susceptible to gain degradation than

most VNPNSs; and,d) many linears require close matching of 5 ]

BJT parameters, which become unbalanced after irradiation |.E 5 - _ 5
the BJTs are biased differently during irradiation. Because thg 8 ] X
linear circuits are quite susceptible to gain degradation faiIureé :
they are likely to exhibit the low-dose-rate sensitivity observed 1

in microcircuit BJTs. This low-dose-rate sensitivity is more

pronounced in LPNPs and SPNPs, and hence, circuits, which ~10 - 10
use these structures in critical applications, such as the input )

transistors of operational amplifiers and comparators or in 4 mw.‘:.r‘“ﬂ".‘.‘:..’““" !
critical current sources or mirrors, are affected by this failure ] Substrate pnp lnput Transistor |
mode. This is illustrated in Fig. X2.6, which shows the 1§ “pvrrrrrreerrTeTTTTYTT Ty et <18
degradation of the input bias current at 50 krd(Si) versus dose 0 10 20 30 40 SO 60 70 %0
rate (normalized to the value at 50 rd(Si)/s), for several types Total Dose (krad(Si))

of operational amplifiers and comparat¢29). Those circuits, FIG. X2.7 Input Offset Voltage Versus Total Dose for LM324 at
which use SPNPs for the input BJTs, show the greatest dose Various Dose Rates (Ref 31)

23



iy F 1892

1-2 before it is no longer able to supply the proper current tan a significant number of holes in the oxide bulk being
a critical subcircuit. Characterization of the dose rate responseompensated. At low-dose-rates, the irradiation times are long
of bipolar linear circuits is ongoing and will probably uncover enough for the holes to be emitted from the traps and transport
additional complex behavior. Studies have been performed tout of the bulk and become trapped in deeper traps near the
understand the circuit mechanisms in various part types witinterface. Because there is no significant space charge in the
the use of circuit simulators, for example, SPICE, and totabxide bulk, fewer are compensated by trapped electrons. The
dose and dose rate data on the various BJTs in the circuitumber of holes trapped, therefore, is roughly the same at high
(30,43) These studies are supplemented with the use ofnd low rates, but the number of compensating electrons
selective irradiation of BJTs and subcircuits with a scanningrapped is greater at the higher dose rates. A properfy’ of
electron microscope, SEM. The purpose of these studies is ®&enters is that they release trapped holes at relatively low
demonstrate that the circuit parameter response as a function igfmperatures. The majority of these detrap at temperatures as
dose and dose rate can be predicted from the dose and dose ri@e as 100°C, but deeper hole traps near the interface still are
gain degradation of the critical BJTs. In addition to the lowfilled (49). If one were to perform the higher-dose-rate irradia-
dose rate sensitivity, many circuits have been observed ttons at an elevated temperature, say 60 to 120°C, however, the
degrade further after irradiation, during a room or evenresults should be similar to the response at low-dose-rate. This
elevated temperature anneal. The degradation following anneegsponse has been verified with extensive studies on BJTs
after a high dose rate irradiation is seldom as great as th€36,48)and linear circuit{39). - _
degradation following a low dose rate irradiati¢tD,48) X2.3.6.4 Another model, which was proposed in 1935),
X2.3.6 Low Dose Rate Bipolar Oxide Mechanisms is that the low-dose-rate effect is due to shallow electron traps
X2.3.6.1 The mechanism for the low dose rate sensitivityin'!1 the OX|Qe, which again haye room temperature trapping
T : . times of minutes to hours. At high-dose-rate, the electron traps
BJTs has been studied in MOS capacitors made with BJT base - ; .
! " fe filled and capture holes, thus reducing the effective hole
oxides. It has been shown that both the net positive trappe .
. ) . ield. At low rates, the electrons have time to detrap before
charge density and the interface trap density are greater at doge . .
i ey can capture holes, thus leading to higher trapped hole
rates below 10 rd(Sig)/s than at dose rates above 100 o . . ;
X ; densities. One of the problems with this model is that the
rd(SiQ,)/s (33). It also has been shown that this only occurs s )
; . o trapped hole densities are found to be nearly the same at high
when the externally applied electrical field is near zero. For

) oo and low rateq33,35)
gﬁgj;r\?eb;;’g; 10° Viem the low dose rate sensitivity is not ™y, o'c =500 1995, another model was proposed to

_ i ) explain the low-dose-rate dependence and to explain the
X2.3.6.2 Tests on thick MOS field oxides that have been.gninued degradation of some circuits after irradiatiam).

degraded purposely with a high temperature nitrogen anneglyis model is based on work performed in the 1970s, which
also show the same type of behavior. It appears possiblgyqgyed that for low electric fields and thick oxides the hole
therefore, that the low dose rate sensitivity could be seen fotrransport time to the Si-Sidnterface can be minutes to hours
parasitic Ieakages in both bipolar and CMOS technologies. Thf‘o even days. The argument is that the effect has a longer time
reason that it has not been seen to date in CMOS technologiggsiant in PNPs because the oxides are thicker in lateral and
is that the first order failure will likely be a result of a path gnstrate PNPs than in VNPN&L). This model is not a model
where a positive bias occurs across the oxide. In this case, thg (e dose rate response, but rather, time dependent effects.
low-dose-rate sensitivity would not occur. The time dependence of the hole transport cannot explain the
X2.3.6.3 There are several models that have been proposegta in Ref(33), since the oxides are only 55 nm thick. It may
to explain the low-dose-rate sensitivity. In the first mof8d),  explain some of the post-irradiation annealing behavior, how-
it is proposed that the effect was the result of metastable holgver, in the lateral and substrate PNPs. Another possible
traps in the oxide bulk, which have trapping times at roomexplanation for the post-irradiation anneal behavior may be the
temperature and low fields of minutes to hours. At high-dosesjow buildup of interface traps. Work continues to be per-

rate these hole traps, known B centers, trap most of the formed to refine and validate these models or develop new
holes near where they are created, and hold them long enoug@hes, or both.

to create a space charge, which causes holes near the interface _ )

to be trapped closer to the interface, where they can be X2.4 Supplemental Material for Section 6—Interferences
compensated by electrons from the silicon, forming border X2.4.1 The areas in Section 6, which are of specific concern
traps. At low-dose-rate, on the other hand, sufficient time idor bipolar technologies are bias, dose rate, TDE, and tempera-
available for many of the holes trapped in the delocalized trapture.

to become detrapped, causing less space charge. The holes<2.4.2 Bias—Total dose studies on field oxides have shown
trapped near the interface, hence, are further from the interfadbat the electric field during irradiation and during anneal have
and fewer are compensated, leading to a higher net positive strong influence on the damage. While a large positive
charge. This model was revised in 19&5) in the following  electric field during irradiation is worst case for trapped
manner. At high dose rate, where the irradiation time is shorpositive charge, especially at high dose rate, a zero field is
compared to the time for holes to be emitted from the traps andiorst case for low dose rate enhancement. The worst case for
transport out of the oxide bulk, a significant space chargalelayed interface traps is low field during irradiation and
builds up near the center of the oxide due to metastable holgositive field during anneal, whereas for the prompt interface
trapping. This positive space charge attracts electrons resultirtgaps, that have been observed in bipolar field oxi@s50)
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the worst case is positive field during irradiation. A determi-terization data are available, the following recommendations
nation of the worst case irradiation and anneal bias, howevegre given: §) use a static dc configuration with a nominal
depends on the first order failure or degradation mechanisrsupply voltage; If) for operational amplifiers, use a fixed gain
and may not be the same for all parametric circuit measureconfiguration with the differential input voltage set to force the
ments. output to a value 2 to 3 volts off the railg)(for comparators,
X2.4.2.1 Irradiation Bias for Discrete TransistorsThe  use the maximum differential input voltage consistent with the
first work on worst case irradiation bias conditions for discretesystem application; anddy for regulators and references, use
BJTs was done in the 1960s. It was shown thigtwas greater the maximum input voltage consistent with the system appli-
for |argerva|ues ovceduring irradiation. This dependence was cation. In those cases where the hardness assurance tests
revisited in 1994(29), in a paper that investigated the bias, involve an anneal, use the same anneal bias as used for
dose and dose rate dependence of total dose damage in sevéfzgdiation.
NPN and PNP BJTs used in present day space systems. As withX2.4.3 Dose Rate-In MOS technologies, it has been dem-
microcircuit BJTs the damage is greater 1@, of zero or  onstrated that for dose rates below a few hundred rd/s there are
reverse bias. Irradiation induced degradation also is a functiono true dose rate effects, only time dependent effects. It
of collector voltage, as was shown in the earlier studies. Forecently has been shown that in bipolar oxides at very low
certain high voltage device9), the degradation with an electric field there are true dose rate effects that cause the
irradiation bias ofV., = 50V was triple that fol/,, = 10V.  degradation at low-dose-rate to be significantly higher than for
Based on these studies, the recommended irradiation bias ftre same dose delivered at high-dose-rate and followed by an
discretes isV,,, = 0V andV,, = maximum specification value, anneal for a time equal to the exposure time at the low rate. To
with the following exception. If the BJT is used in an date no true dose rate effect has been verified in discrete BJTs,
application where the E-B junction is reversed biased for aligital bipolar circuits or MOS devices or circuits. The effect,
significant time, for example > 5 % duty cycle, use the worsthowever, has been observed in capacitor structures at zero volts
case operating reversg,. using soft MOS field oxides. For all parts, which exhibit a true
X2.4.2.2 Irradiation Bias for Digital Circuits—For digital ~ dose rate effect, characterization tests should be performed at a
circuits the worst case bias should be determined through aminimum of two dose rates, including dose rates sufficiently
analysis of the application and characterization testing. Thé&W to observe a saturation of the degradation. Saturation of the
worst case bias will depend on the failure mechanism. Foflegradation usually occurs in the range of 1-10 mrdgger
parasitic leakage failures the worst case bias is the one th&tgher. In some cases, testing down to saturation of degradation
causes a positive oxide field in the most critical parasiticnay be difficult or impractical to implement. This may present
leakage path. One method to determine this condition would bthe tester with difficult engineering decisions.
to perform an analysis of the chip layout and compare it to the X2.4.4 Time Dependent EffeetsTime dependent effects
circuit diagram for various operating conditions. Anotherare defined as those that occur as a result of the time
method would be to perform extensive characterization testinglependence of the buildup and annealing/compensation of
As a general rule, the parts should be biased in a static doxide trapped charge and interface traps. When the exposure
condition with the maximum allowed supply voltage. The time is short compared to the time constant of a process, most
inputs should be aboudthigh and¥2 low. The outputs should of the response occurs after irradiation. When the exposure
be biased as followsa] tristate outputs—tied t&,, (b) data  time is comparable or long compared to the time constant of a
latched outputs—programmed féshigh and¥2low, and €) process, however, the response occurs during the irradiation
sequential logic outputs—inputs set to cadéehigh and¥2.  and continues after irradiation. For the case where there are no
low. true dose rate effects, one would expect to see a similar
X2.4.2.3 Irradiation and Anneal Bias for Linear Circuitss ~ response after a low dose rate exposure as would be seen for a
The worst case irradiation and anneal bias for bipolar lineahigh rate exposure followed by an anneal at the same bias for
circuits may vary as a function of circuit parameter, dose rate2 period of time required to get the same dose at the low dose
and temperature. Although, in theory, the worst case bias mafate. In actual tests, the response will not be exactly the same
be predicted by circuit analysis using extensive circuit BJTbecause the response to the dose received at the end of the
characterization data, often it is difficult. Some cases ardow-dose-rate exposure will not have had the same anneal time
relatively straightforward, for example, an operational ampli-as for the dose received at the beginning of the low rate
fier where the most sensitive parameter is the input bias curreeixposure. TDE have been characterized extensively in MOS
and the input is connected only to the base of a single BJTechnologies but very little in bipolar technologies. In general,
Most circuits designs, however, are more complex. For mostery little annealing of gain degradation is observed in discrete
circuits, the recommended approach for identifying the worsBJTs following irradiation at either high or low rate. For
case irradiation and anneal bias is to characterize the total dobépolar digital circuits which fail as a result of parasitic
response for the full range of system operating conditions thdeakage, there have been two reports, which show different
occur for a significant fraction of the mission time. If the part results(51,52) In one study, it was shown that the LSTTL (low
is a Category B part (low-dose-rate sensitive, see 8.1.2.2power Schottky transistor-transistor logic) parts were fast
perform the worst case bias characterization test at a lownnealers, and hence would fail at a much higher-dose-level as
enough dose rate, for examptel rd(SiQ,)/s that the enhanced the dose rate was decreasgd). In the other study, it was
degradation is present. For parts where no analysis or charashown that several LSTTL circuits were very slow annealers,
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and hence there was very little difference in the failure dose afr an appreciable part of a mission. Experiments are planned
a function of dose ratg2). The TDE of bipolar digital circuits, to look for the dose rate sensitivity of discrete BJTs with all
which fail from C-E leakage has not been addressed. leads shorted, but until the results are in, one may not assume
X2.4.5 Temperature-The only special consideration for that all discrete BJTs are dose rate insensitive. Most bipolar
bipolar technologies with respect to temperature is that fodigital microcircuits, whose first order degradation mechanism
Category B (low-dose-rate sensitive) parts, the degradation fas due to gain degradation, are quite hard. The one exception is
higher-dose-rate irradiation at elevated temperature may hiategrated injection logiclfL). There are very few’L parts on
greater than at room temperature. The mechanism for thithe market, but they do exist, for example, the AD574 12 bit
phenomenon is discussed in X2.3.5. For Category B partsADC. Since this part also contains linear circuitry, however, it
elevated temperature irradiation is recommended for charaevould not be considered a strictly digital part. Bipolar digital
terization testing. Also, hardness assurance tests to bound tb#cuits, which fail in the range of a few 10s of krd(S)Q
low dose rate response may include elevated temperatuigsually fail as a result of leakage currents. In general, leakage
irradiation tests. Such tests cannot be performed in-sourcgurrent failures occur under an irradiation bias condition with
since the electrical measurements are to be performed at rooglarge positive electric field in the oxide. For this case, the
temperature. failure mechanism is not dose rate sensitive. As a rule of
thumb, one may assume that strictly digital bipolar microcir-
i ) cuits are Category A parts unless they contéincircuitry. The
‘X2.5.1 Section 8 involves many tests that only apply toggmple selection for the characterization is very important. The
bipolar linear circuits. This appendix will provide supporting o5 dose and dose rate response of bipolar linear circuits not
dpcumentation fqr those test procedures that are specific T(9n|y vary with part type (for example, an LM124 is not the
bipolar technologies. _ o _ same as an LM124A), manufacturer and date code, but may
X2.5.2 Characterization Testing-Characterization testing 41y significantly from sample to sample within a date code. It
of bipolar devices and circuits with intended use dose rates qf jmnortant, therefore, to have a significant sample size for the
less than the baseline rate of 50 to 300 rdgi&(see 8.1.1.1 o terization test and for the sample to be representative of
(b) (1) is covered in 8.1.2. There are two major parts t0 thiSihe parts that actually will be used in the system. The best

characterization: a test to determine whether the part is Iovﬁractice is to draw the sample from the same set of parts that

dose rate sensitive, and a test to determine 'ghe conditions for\/9i|| be used in flight hardware. This includes ensuring that they
hardness assurance test for dose rate sensitive parts.

" i will be the same part type, manufacturer, date code, package,
X2.5.2.1 Test for Dose Rate Sensitivitif the specific part part yp P d

) nd will have seen the same preconditioning, for example,
type of interest (same manufacturer and process technolog rn-in. All of these factors may affect the result. The primary

already has been characterized for dose rate sensitivity, this te@i

X2.5 Supplemental Material for Section 8—Procedure

bably i A F | di fd rpose of the dose-rate-sensitive test is to clearly establish
probably 1S ot necessary. For exampie, a compendium ot Gaignaiper part shows enhanced low dose rate response, not
on 35 to 40 part types/manufacturers recently has been

; whether a high-dose-rate test, with some design margin, is
published (38). About half of the me types_/.manufacturers adequate. Because the basic mechanisms studies on the true
were found to be dose rate sensitive. Additional part type

. ) . Hose rate effect have shown that elevated temperature irradia-
continue to be characterized. Unfortunately, there is a Iarg'ﬁons may result in similar response as for low-dose-rate, the
variation in both the total dose and dose rate response of som '

W&st for dose rate sensitivity may be performed either with a test
part types from the same manufacturer. For example, one majQt

) : . t two dose rates or a test at a higher dose rate, say 50 to 300
bipolar linear U.S. vendor uses a different process for parts sol (SiQ)/s, at two irradiation temperatures
for mil-aero-space (MAS) application than for parts sold as ' '
commercial-off-the-shelf (COTS). The MAS parts come from_ X2-9.2.2 Testat Two Dose RatesThe test at two dose rates
a wafer bank and are processed in a different facility with 45 Pased on a comparison, at a fixed dose, of the median change
different process than the COTS parts. Dose rate tests on botf (€ most sensitive parameter at a low dose rate compared to
MAS and COTS parts with the same part number show quitéhe median change qf the same parameter at the baseline dose
different results. Many, but not all, MAS parts are both harderrate of 50 to 300 rd(Sig)/s (see 8.1.1.10] (1). The dose levels
and less dose rate sensitive than similar COTS parts. Becau§Bosen for the comparison are recommended to be logarithmi-
of these mixed results, it is recommended that existing data eally spaced (1X, 2X, 5X, 10X, etc.) up to a level 2 to 10 times
used to classify a part as Category B (dose-rate-sensitive), pie system specification level. The startmg dose is arbitrary but
not to classify a part as Category A (not dose-rate-sensitiveﬁhomd be IQW enough that the parametric changes are small (1
Although the low-dose-rate sensitivity was first discovered int@ 10 krd(SiQ)). The lower dose rate value should be a factor
state-of-the-art bipolar microcircuit transistors, the only micro-0f 1000 lower than the higher dose rate, for example, a low rate
circuits that have shown enhanced low-dose-rate response ha®&0-1 and a high rate of 100 rd(Sjjzs. If the median change
been conventional small scale linears. Only one extensival the lower rate is more than 50 % larger than the median
study of discrete transistors has been perforif29), and in ~ change at the higher rate at any dose where the most sensitive
this study the dose rate response was measured only withRgrameter shows significant degradation or exceeds the preir-
large C-B reverse bias. While the study did not show anyadiation _s_pecification, or both, the part is considered dose-
enhanced low-dose-rate response, there could be an enhandate-sensitive.
low-dose-rate response for the case of all leads shorted, asX2.5.2.3 Test at Two Irradiation TemperaturesThe test at
might occur for unbiased spares or for parts that are not in usevo irradiation temperatures is based on a comparison, at a
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fixed dose and dose rate, of the median change in the mostany of the very dose rate sensitive part types. Based on the
sensitive parameter at an irradiation temperature of #Z8C  mechanisms and device investigations to date, the most prom-
compared to the median change of the same parameter at tising approach is the elevated temperature irradiation. Elevated
baseline dose rate of 50 to 300 rd($i (see 8.1.1.1b) (1)  temperature irradiation tests on actual circuits, however, have
and an irradiation temperature of 265°C. The dose levels provided mixed result§37,39) For example, as shown in Fig.
chosen for the comparison are recommended to be logarithmk2.8, irradiation of the LM111 at 50 rd(Si)/s and 90°C does not
cally spaced (1X, 2X, 5X, 10X, etc.) up to a level 2 to 10 timesproduce much more damage than irradiation at 50 rd(Si)/s and
the system specification level. The starting dose is arbitrary butbom temperaturé37). If the dose rate, however, is lowered to
should be low enough that the parametric changes are small ébout 1 rd(Si)/s at 90°C, the damage is enhanced greatly and is
to 10 krd(SiQ)). If the median change at the higher irradiation nearly the same as at very low-dose-rate. On the other hand, it
temperature is more than 50 % larger than the median changgas shown in another stud$9) that if the dose rate is lowered
at room temperature at any dose where the most sensitiier an elevated temperature irradiation, the total dose for which
parameter shows significant degradation or exceeds the prethe enhancement occurs is limited, because the longer time at
radiation specification, or both, the part is considered doseremperature causes annealing that offsets the effect of the
rate-sensitive. enhanced degradation. There is a trade-off between dose rate
X2.5.3 Characterization Testing of Category B Partdhe  and temperature, which is a function of the total dose. To
purpose of this test is to establish the test conditions fodetermine an optimum dose rate and temperature for a given
hardness assurance tests. total dose would require a large matrix of test variables. Also,

X2.5.3.1 The first part of the test is to determine the dosdased on the results of the investigations to date, it is unlikely
rate that produces the maximum parametric response at ratéat the optimum dose rate and temperature will bound the very
down to the lowest system dose rate for which a significantow dose rate response. As a starting point, it is recommended
portion of the total mission dose is received. For example, ithat the elevated temperature irradiation test be performed at a
the system application is for a satellite in low earth orbit, wheredose rate of 1-10 rd(SiP's and a temperature of 1800°C.
> 90 % of the dose is received while traveling through theFrom these data, either an overtest factor or a design margin
South Atlantic Anomaly, the lowest meaningful dose rate mayfactor, or both, may be selected to bound the low-dose-rate
be on the order of 0.1 rd(Sif)s. In this case, testing down to response. This approach is illustrated in Fig. X2.9, which
0.001 rd(SiQ)/s is not necessary. On the other hand, the parghows the excess input bias current versus dose for a National
may be in a GEO orbit where the dose rate is reasonablyM124 at several dose rates and irradiation temperatures. The
constant, except for solar flare activity, and may be as low alpw-dose-rate response is assumed to be bound by the data at
0.1-0.01 mrd(SiQ)/s. In this case, it will be important to find 0.01 rd/s, as shown by the dotted line. If the specification level
the saturated value of the low-dose-rate enhancement. Fromi®20 krd, then an overtest factor of 1.5 to 2.0 would suffice for
practical standpoint, testing below 1 mrd(S)@ (31.5 a test at 1 rd/s and 100°C. For a test at 10 rd/s and 100°C,
krd(SiQ,)/year) is not recommended. The response of the paftowever, an overtest factor of 3 to 4 would be required. Using
should be measured at dose levels at least as high as thee design margin approach, the excess input bias current
specification level for dose rates every decade down to theneasured at 20 krd at 1 rd/s and 100°C would have to be
lowest system significant dose rate, but no lower than Imultiplied by 1.5 to 2.0 to bound the low rate response;
mrd(SiG,)/s and for exposure times no longer than one yeamwhereas, for a 10 rd/s at 100°C irradiation, it would have to be
The irradiations should be performed at nominal dc static biagnultiplied by 2.5 to 3.0. If the specification were 50 krd, the
Nominal should be determined by the worst case systemvertest approach would not work, even at 1 rd/s and 100°C
application, if practical. It is not necessary to use unrealistidoecause of saturation of the excess bias current with dose. By
worst case bias conditions, which overdrive the part, as is oftensing the design margin approach, however, the result at 1 rd/s
done with burn-in bias. Recommended irradiation bias condiand 100°C only would have to be multiplied by about 1.5 to
tions are discussed in X2.4.1. bound the low-dose-rate response. For circuits controlled by

X2.5.3.2 The second part of the Category B characterizatiofateral or substrate PNP response, a post irradiation anneal
testing is to find a test that will bound the low dose ratefollowing a high-dose-rate irradiation often will result in
response. If the lowest system significant dose rate is on thadditional degradatio(®0). At room temperature, the time for
order of 0.1 rd(SiQ)/s, the system specification dose level isthe additional degradation to saturate may be as long as several
on the order of 50 krd(Sig) or less, then the total irradiation months, making the approach somewhat impractical. This
time to test at the system dose rate is less than a week, whighocess could be accelerated at elevated temperature, but again
may be considered practical for a lot acceptance test. In thihere will be a trade-off with the actual annealing that will
case, a higher dose rate test may not be required; however, @tcur as a result of the time at elevated temperature. Since this
most cases, it will be desirable to find a higher dose rate test t@pproach relies on time dependent effects, rather than true dose
bound the low dose rate response. There are at least threate effects, it will not produce the same amount of damage as
approaches that may be investigated; overtest, elevated temecurs at very low dose rate; therefore, the post-irradiation
perature irradiation, and post irradiation annealing. To date ianneal approach must be combined with overtest to bound the
has been shown that none of these approaches alone will bew dose rate response. The required overtest factors often are
adequate to cover all part types; however, it has been demonuite high (40). Based on these considerations, the post-
strated that a combination of these approaches will work foirradiation anneal plus overtest approach is not recommended.
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FIG. X2.8 Damage Enhancement of LM111 Input Bias Current at Various Dose Rates (Ref 37)

X2.5.4 Hardness Assurance Testirgfhe hardness assur- terization testing. The characterization testing is discussed
ance tests, qualification and lot acceptance, depend on whethemder X2.5.1 (see also 8.1.2). Option 3 (see 8.23)3fay be
the parts are Category A or B. For Category A parts, the testingsed in those cases where the user is willing to assume some
may follow the standard tests at a dose rate of 50 to 30@isk because the response of the part is well behaved or the
rd(SiQ,)/s (see 8.1.1.1b) (1). For Category B (low-dose-rate application of the part is not critical. A considerable amount of
sensitive) parts, there are three options. The first option (seengineering judgement must be used in making this decision
8.2.3.3 f)) is to test at the average intended use dose rate. Thisince the amount of data to support the test conditions
option is appropriate if the total irradiation time is on the orderrecommended under this option is not extensive. Under Option
of one month or less; hence, if the specification total dose i8, there are two choices: test at low dose rate or test at elevated
only 20 krd(SiQ), dose rates as low as 10 mrd ($)@ would irradiation temperature. In both cases, the application of a
be practical. Caution must be used in determining the averag#esign margin is specified. The magnitude of the specified
dose rate. For many space systems, the dose rate is not constdasign margin has been based on the data base currently
but varies dramatically. For example, in a deep space missiomyvailable. A more thorough discussion of the rationale for the
there may be years at very low-dose-rate and then a suddéest conditions and caveats for Option 3 is given in reference
increase when a planetary belt is encountered. Also, for som@3). The low dose rate value of 10 mrd(S)3 and the design
earth orbits, most of the dose may be accumulated when flyinmhargin of 2 for Option 3-1 is based on characterization data
through the South Atlantic Anomaly. The average dose ratefrom about 5—7 part types. The elevated temperature irradiation
therefore, should be the dose rate during the time when most abnditions of 10 rd(Si¢)/s and 100°C with a design margin of
the dose is being accumulated. Option 2 (see 8.2.B)B ( 3 for Option 3-2 is based on characterization data from 4 to 5
should be used if the total irradiation time under Option 1 ispart types. The validity of these test conditions will be further
excessive and the part is either being used in a criticaévaluated as more data are accumulated. The conditions
application or the response of the part is very nonlinear. Thapecified in Option 3 represent an engineering judgement based
test conditions for Option 2 are determined from the characen the data available at the present time.
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FIG. X2.9 National LM124 Excess Input Bias Current Versus Dose

X3. TOTAL DOSE TESTING FOR APPLICATION SPECIFIC INTEGRATED CIRCUITS
INTRODUCTION

Application specific integrated circuits (ASICs) are a category of digital microcircuits, which
encompass a broad range of fabrication technologies, design philosophies, and functional perfor-
mance. As the name implies, devices in this category are developed to perform a specific function in
a system with a great deal of design input from the system developer. Typically, they have large
number of input and output (I/O) terminals and operate at high clock rates. Design technologies, which
are used in ASIC development include: gate arrays, standard cells, and compiled designs. They may
be fabricated in a variety of silicon technologies (bipolar or CMOS), as well as gallium arsenide. The
comments in this appendix are directed toward CMOS technologies since they constitute the largest
market segment today.

Because ASICs are highly complex, have large I/O counts, and operate at high clock frequency,
evaluation of total ionizing dose effects on their performance can be quite difficult. Typically, high
performance, large pin count, automated test equipment is required to store all the test vectors and
exercise the ASIC at an operational clock frequency. Few total dose irradiation facilities have such
testers available, and the logistics of moving test parts between the irradiation and test facilities can
be difficult within the time allotted by 8.2.2.D) and 8.2.3.2lf), (and also by MIL-STD-883, Method
1019). Understanding total dose failure mechanisms and their manifestation in ASICs, however, can
result in simplified performance testing that ensures adequate characterization of total dose effects.

Total ionizing dose induced failures in ASICs are the result of radiation induced changes in
transistor characteristics and the creation of leakage paths, which drastically increase supply currents,
or alter the information stored as charge on critical nodes, or both. These changes are produced by a
combination of mechanisms involving charge trapping and interface state generation in gate and field
oxides (see Appendix X1).

In general, selection of appropriate test and measurement techniques is facilitated by detailed
knowledge of the fabrication and design technology used to develop the ASIC. In particular, the
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macrocell level netlist, the circuit schematics for the macrocell library, and the macrocell polygon
layouts can be extremely helpful. Also, information about the total dose performance of test transistors
from the fabrication technology is beneficial. Specific parameters of interest, as a function of
irradiation under the conditions of Section 8, or under MIL-STD-883, Method 1019 conditions,
include: @) threshold voltage and mobility shifts fdi-channel andP-channel gate-oxide transistors;

(2) edge leakage foN-channel transistors;3) field-oxide leakage between adjaceNtplus
source/drains andll-plus to N-well regions; and 4) changes in macrocell propagation delay. Such
information is helpful in predicting critical failure mechanisms and establishing worst case bias
conditions. Models for circuit level simulation of macrocells and gate level simulation of the ASIC can
be used effectively to predict performance changes as a function of total ionizing dose. If detailed
design, process, and modeling information are not available, however, some general guidelines can be
provided to direct the total dose testing process. The following sections provide a brief discussion of
bias condition selection, test sequencing, and post-irradiation evaluation.

X3.1 Irradiation Bias Conditions for ASIGs-The selection engineer may find selection of the worst case condition to be
of irradiation bias conditions probably is the most importantdifficult. In that case, a reasonable practice is to bias some of
aspect of characterizing the total ionizing dose hardness of ahe input terminals t&, and others t&/sg The use of current
ASIC. In general, consideration should be given to biasing alimiting resistors to connect input terminals ¥, or Vggis
I/0O terminals, internal state biasing for worst case timinggood engineering practice. In cases, where the inputs incorpo-
effects, and internal state biasing for worst case leakage currerdgte TTL to CMOS conversion circuits, the engineer must pay
effects. Typically, all of the total ionizing effects are worse for attention to the 1/V characteristics of the terminal circuitry to
a maximum supply voltage, that 5. The device, therefore, ensure that he does not permit the circuit to self bias to an
should be biased at the largégs, value specified. Generally, unintended state.
static bias conditions produce the greatest degradation from X3.1.1.2 Many ASICs use bidirectional 1/0 terminals to
total ionizing dose. Some technologies, however, have showminimize the number of package pins required. In those cases,
worst case response when irradiated while being activelyhe test engineer may wish to provide input bias to some
clocked. Differences between irradiation with static versuserminals and set the logic output state on others. ASIC
active clocking generally are less than a factor of two. Usuallyterminals intended for connection to data buses usually contain
such differences are not sufficient to justify the additional tesfprovisions for setting a high impedance (Hi-Z) state by turning
complexity associated with providing test vectors to ensure thaff the internal transistors driving the output. The test engineer
data are being toggled through a significant portion of the ASIGhould ensure that some terminals set in the Hi-Z state are
by an active clock. If the ASIC design employs dynamic logic,irradiated with the output forced ¥, while others are forced
for example, precharge/discharge read-only memory (ROM)so Vo4 Usually, there are several types of 1/O included on a
an active clock may be required during irradiation. In that casemicrocircuit to meet the performance requirements of the
a 50 % duty cycle clock should be used with the lowestdifferent input and output signals. The different I/O types can
specified clock frequency. be distinguished by their input capacitance ratings, their names,

X3.1.1 I/O Bias Conditions—The selection of I/O bias that is address, clock, data, etc., their functional performance,
conditions usually is the easiest. For input terminals, theéand their ESD protection rating. The test engineer must ensure
parameters, which will be affected are the and |, (input that each type of 1/O is tested in a worst case condition.
current for a low state and input current for a high state). They X3.1.2 Internal State Biasing for Worst Case Timing
are affected typically by leakage currents associated with thEffects—Dynamic performance parameters such as propaga-
input protection networks used for ESD (electrostatic distion delays and maximum operating frequency often are the
charge) suppression. There are a great variety of input protecaost important metrics for ASIC performance. Total ionizing
tion schemes used in the semiconductor industry, and theirradiation adversely can affect these parameters by altering the
susceptibility to total ionizing dose induced leakage dependsurrent drive characteristics of the MOS transistors. This
on the type of protection elements used (diodes, resistorghanges the rate at which capacitive elements can be charged
FETSs), the design of the protection element, and the routing adind discharged and alters the timing performance of the
metallization and polysilicon associated with the element.  microcircuit. Whether the timing performance becomes faster

X3.1.1.1 If the test engineer has access to the design layoot slower depends on the dose rate of the irradiation, the
or to a photomicrograph of the 1/O structures, he may select accumulated dose, and the bias conditions during irradiation.
bias condition that would yield the worst case leakage. H&Some conditions cause the threshold voltageNethannel
should give consideration to leakage paths under field oxid&ansistors to move toward depletion mode operation, which
which connect to Vggcontacts and to edge leakage pathstypically increases their current drive and speeds up any
around FETs used for protection devices. In some casesjrcuitry with performance dependent dd-channel drive
fringing fields associated with the 1/0O bias may play a majorstrength; however, the threshold voltage fechannel transis-
role in enhancing a leakage path. Where the bias voltage on thers always moves further toward enhancement mode operation
input terminal may affect several potential leakage paths, thand cause the current drive to decrease. Furthermore, the
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increase in interface states in both NMOS and PMOS transidiow to set the state at the clock terminal, he may wish to
tors decreases the carrier mobility and reduces the drivdetermine the worst case condition empirically by irradiating
strength accordingly. two samples with different clock states.

X3.1.2.1 Any circuitry dependent orP-channel drive X3.1.3 Internal Biasing for Worst Case Leakage Effeets
strength will slow down. Any circuitry dependent diachannel  Post-irradiation leakage current is not usually as important a
drive strength may either speed up or slow down depending oparameter in ASICs as it is in memories or to some extent in
the relative contribution of oxide trapped charge and interfacenicroprocessors. ASICs typically are operated at a high clock
state effects as determined by the total ionizing dose, dose ratete, and their normal operating current significantly exceeds
annealing time, and annealing temperature. Circuitry deperthe post-irradiation leakage current. The leakage current per-
dent on a balance betwedhchannel andP-channel drive will ~ formance, however, can provide some insight into the overall
have its timing performance skewed. This can be importantadiation hardness of the technology. Also, some ASICs
particularly for logic propagation paths, which are sensitive tocontain a significant amount of memory and register files.
race conditions, that is, precise timing of the arrival of two orThose devices may be placed in stand-by mode to conserve
more pulses to ensure proper logic performance. For examplsystem power. In such cases, the post-irradiation current may
CMOS NOR circuits tend to become faster in their high-to-lowbe of significant interest.
transitions because of the increased drive strength of the X3.1.3.1 SinceN-channel transistors are associated with
paralleIN-channel transistors. They tend to become slower irmost leakage paths, bias conditions which place a high state on
their low-to-high transitions because of diminished drivethe N-channel gate will lead to worst case leakage. In circuits,
strength in series connect&ichannel. These effects become sych as memory cells or latches, where data is stored in
more pronounced as the fan-in of the NOR increases. CMOgross-coupled inverters, the engineer should ensure that a
NAND circuits typically do not show as much change in timing known logic state is written into the storage cell. Typically, a
performance for equivalent dose becauseNhehannel tran-  checkerboard pattern is stored during irradiation, and then its
sistors are connected in series andRRehannel transistors are complement is written for the post-irradiation leakage test.
connected in parallel. If pulses from two propagation pathsrhis ensures that the transistors which were biased for worst
must converge on a logic element simultaneously for correcgase leakage are tested to determine their leakage performance.
logic operation, an erroneous result may occur after irradiation X3.1.3.2 If the ASIC test engineer has access to cell layouts

it one path is dominated by NOR cells and the other Sor a photomicrograph of the microcircuit, he may identify
dominated by NAND ceIIs: ] regions where field oxide leakage may be maximized. Usually,
X3.1.2.2 If the test engineer has access to the logic scheney are associated with polysilicon that crosses over adjacent
mat|p Qf the. ASIC he may ;et irradiation bias conc'iltlonS Owell and substrate regions. Logic states which place a positive
maximize differences in timing performance. Logic statesyizs on those polysilicon strips enhance field oxide leakage.
during irradiation should be selected to place most NOR cellghe pias on metallization layers usually is not of concern
in the low state by having all the gate inputs in a high statepecayse there is an intervening layer of dielectric between the
Biasing of NAND cells is less critical in determining worst first |evel of metal and the substrate. The increased dielectric
case performance. Worst case timing bias conditions for oth&pickness reduces the field strength from the metal bias to the

cell types depends on the transistor design used to implemegsirate and decreases its effect on charge trapping and
them and their fan-in. The use of a timing simulator andsubsequent substrate inversion.

post-irradiation timing models is required to perform a quan-
titative design of worst case bias states for complex ASICs.  y3 5 Total lonizing Dose Irradiation Sequence for ASICs

X3.1.2.3 In many cases, the test engineer may not havgradiation of ASIC test sample typically is performed in a
access to the cell schematics to determine the worst case biggquence of exposures with electrical characterization per-
conditions for all cell types. In those cases, he should selegbrmed after each dose step. Since oxide trapped charge and
states, which place the maximum number of cells in anterface state buildup occur at different rates and produce
low-state. If he has no insight into the gate level design of thejifferent effects, the test engineer must ensure that he has
ASIC, he should pick logic states which set a 50 % mix of lowsampled the ASIC performance frequently enough to detect the
states and high states on logic buses, at multiplexer outputs, flose at which worst case effects occur. If the device is
registers, and at other locations under his control. fabricated using an unhardened process technology, functional

X3.1.2.4 To mitigate problems associated with race condior parametric failure may occur at a very low total dose, that is,
tions, most ASIC designs use a discipline requiring a two phas&000 to 10 000 rd(Si)). The first test point for unhardened
nonoverlapping clock to control the movement of data throughechnologies, therefore, should be taken at 1 krd(Si). Subse-
the circuit. Typically, the clock circuit is designed carefully to quent tests should be performed at evenly spaced logarithmic
ensure symmetrical operation in the high-to-low and low-to-steps. A 1-2-5-10 sequence often is used in the initial radiation
high transitions. The clocking tree, that is, the clock distribu-characterization. Once the failure level is bracketed from these
tion lines and any clock buffers) is designed to minimize anytests, additional test points can be added or shifted into the
skewing of the clock signal. If the ASIC can be irradiated in avicinity of worst case degradation to define the failure dose
static mode, the test engineer should set the clock input so thatore precisely; however, the test engineer must be cautious
the main clock driver cell is in the low state during irradiation. about restricting data collection to an expected failure dose
If he does not have enough insight into to design to determineegion, particularly where unhardened fabrication technologies
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are concerned. Those technologies often exhibit a large stafeam. Since ASICs typically are developed for specific appli-
dard deviation in the dose where their worst case degradatiatations, functional test instrumentation often is available,
occurs. Enough measurement sequences must be kept in thich exercises the functions most important to the system,
test procedure to ensure that the failure point is not missed. that is, a subset of the complete set of test vectors, but does not

X3.2.1 During the irradiation sequence, device performancé’erform_a” exhaustive charact_erization. _Suc_h instrume_ntation
can be monitored using one or more of the following tech-usually is ade_qugte for detec_tmg radla'_uon _mqluceq failures.
niques: Although locating instrumentation at the irradiation site would

implify greatly testing logistics, any results based on an

X3.2.1.1 In-source—Measurements are made on the devicd™P"Y. o - :
while it is being actively irradiated: application specific tester should be verified against results

X3.2.1.2 In-situ—Measurements are made at the irradiatiofrom a tester capable of exercising the full suite of test vectors.

site but hot during actual exposure to radiation: and rAppendlx X3.3 provides some guidance in selecting a subset of
: . U .. test vectors for on-site, post-irradiation evaluation of ASIC

X3.2.1.3 Off-site—Measurements are made using Oﬂ's'teperformance
test facilities ty_pically requiring transport between the irradia- X3.2.5 Thé requirement given in 8.2.2 through 8.2.4)3 (
tion and test sites. ) c¥and also in MIL-STD-883, Method 1019), for biased, high-
~ X3.2.2 In general, the supply current should be monitoredemnerature anneal (BHTA) provides a method for bounding
in-source and in-situ, especially if the ASIC is being tested iyerformance degradation resulting from interface state build-
a static condition or with a low-clock-rate. If a high-clock-rate \,, The device is irradiated to 150 % of its specified radiation
is used, the operating current may mask radiation induceflyrgness level and then subjected to a biased anneal at 100°C
changes in the supply current. Radiation induced leakage undgsy 168 h and retested. The ASIC must be fully functional and
the field oxide, around transistor edges, and through thgaqq narametric tests after the BHTA process. If an ASIC is
transistors themselves will be manifest in the supply curréntyeing characterized to establish its hardness capability, samples
Usually, the best procedure is to measure and record the supplyqid be removed from the test population at each step in the
currentimmediately prior to beginning the irradiation, monitor (ot sequence (for doses where significant interface state
the current and record its peak during irradiation, and measu[glrowth is possible) and subjected to BHTA to ensure that

and record its value just after the irradiation source is turne terface state effects are not the dominant failure mechanism
off. This procedure provides information on the amount Offsee X1.3.2.5).

annealing that is occurring between irradiation sequences. It
also gives some indication of the dose at which the greatest X3.3 Post-Irradiation Evaluation of ASIGsDetection of
leakage occurs, which is beneficial in selecting subsequent tegtdiation induced faults in the ASIC requires careful attention
sequences. The supply current is easy to monitor with ato the electrical characterization procedures used to evaluate
ammeter in series with the power supply. parametric and functional performance following irradiation.
X3.2.3 Other in-source measurements can be quite dificulEvaluation of those procedures should begin with consider-
to make and seldom are worth the expense and test complexi@fion of the test equipment. If automated test equipment (ATE)
required to make them. The test engineer should keep in mini§ being used for parametric measurements, its current resolu-
that the purpose of the test procedures such as those outlinedtian capability should be compared with the expected preirra-
8.2.2 through 8.2.2.1, 8.2.2.23)(through ) or in MIL-STD- diation and post-irradiation current values. Some ATE systems
883, Method 1019, is to bound the radiation induced degradaare limited to current resolution of 100 nA. While such a
tion from total ionizing dose effects where the dose may becapability is adequate for demonstrating that currents do not
accumulated over a broad range of dose rates. The dose r&¥ceed specification, it may not be adequate to measure
provided by most®®Co sources (50 rd(Si)/s to 300 rd(Si)/s) is accurately actual standby supply current and leakage currents
unlikely to match the threat scenario for the microcircuitfor inputs and tristated outputs. These values may be only a few
application; therefore, detecting a rapidly annealing failure nanoamps initially and the changes in their values as a function
that is, a fault that would anneal before it could be detected bgf total ionizing dose may provide valuable insight into the
off-site measurements within an hour, through in-source testinggilure mechanisms affecting the ASIC. If adequate measure-
is unlikely to provide a significantly more accurate represeniment resolution is not available in the ATE, the test engineer
tation of failure bound unless the environment happens ténay wish to perform supplemental measurements with a higher
match the ¢°Codose rate. resolution ammeter. As noted in X3.1, supply currents in the
X3.2.4 Paragraphs 8.2.2.D)(and 8.2.3.2 If) (and also standby modg should pe measured with any ASIC r.egis'ter.s or
MIL-STD-883, Method 1019) require electrical characteriza-memory set in the logic state complement of the irradiation
tion of the part withn 1 h following the exposure and initiation condition.
of the next exposure sequence within 2 h. The complexity of X3.3.1 Consideration of loading conditions also is impor-
state-of-the-art ASICs usually necessitates the use of higtant for obtaining good post-irradiation characterization of the
performance automated test equipment to evaluate fully thpart. Output high and low voltage levels, that Mg, andVg,)
functional and timing operation of the devices at their ratedshould be measured at the maximum specified condition for
clock frequency. Since few irradiation sites have such equipeurrent sourcing or sinking. If TTL input stages are used, the
ment, the test devices often must be transported from thiput noise margin parametek§, (minimum input voltage
radiation source to the test location. During transport, theecognized as a high state) aWj (maximum input voltage
device leads should be shorted by placing them in conductiveecognized as a low state) should be measured under maximum
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input current specifications. X3.3.4 Care must be exercised in setting input voltage
X3.3.2 For propagation delay measurements, the ASIlQdevels when performing testing for SCHMOO characterization.
outputs should be required to drive the maximum specifiedypically, the I1/O pads are connected to the VDD and VSS
capacitive load during testing. Also, the output waveformbuses through the input protection diodes. If VDD is more than
should be monitored to ensure that voltage reflections due ta diode drop below the input, the power bus will be driven
impedance mismatch are not causing spurious results. This feom the input pads; therefore, as the supply voltage is
important particularly for post-irradiation measurements wherehanged, the input voltage levels should be adjusted to ensure
changes in threshold voltage and mobility may have causedthat V,, and V,, conditions are met and to prevent input
change in the ASIC output impedance. Typically, propagatiorprotection diodes from being turned on whens set below
delay measurements are not performed on all possible sign#},,. Since each point on a SCHMOO plot requires a complete
paths in the ASIC. Instead, a few, typically 2 to 10 paths withtest vector cycle, the use of an abbreviated vector set will be
the most critical timing constraints, are identified by the ASIChelpful in controlling test time. As a minimum, the abbreviated
designer using either a static or dynamic timing simulatorset should exercise the following functions:
Propagation delays are measured on these critical paths whichxX3.3.4.1 Any propagation path designated as a critical
are assumed to be worst case. The test engineer should enstifging path;
that the reason for designation of these paths as critical is x3.3.4.2 Write cycle times for any on-chip memory;
understood and supported by analysis. As discussed in X3.1, 3 3 4 3 Read access time for on-chip memory for read

the irradiation bias conditions to ensure worst case degradatica,deS triggered by address transitions, memory block select

should be used. In addition to the critical paths identified in they,q read/write enable control lines (use a physical test patterns
timing analysis, the test engineer may wish to consider othef,5; gives a logic 1 in a field of Os and a logic 0 in a field on
paths that may exhibit changes that are important for assessing,.

radiation hardness. For example, a signal path which incorpo-
rates the maximum number of logic cell types used in the
design, or a path which has the greatest number of cells witﬁl : . .
worst case radiation performance, for example, maximum X3.3.4.5 I{O data transfgrs |.ncIL!d|n.g any direct memory
fan-in NORs allowed in the design, could be selected. If thefCCess and interrupt .handllmg c.|rcwtry,. ) .

ASIC includes on-chip memory, the timing associated with X3.3.4.6 Data muIUpngmg with transitions from logic 0 to
reading and writing should be measured. 1 and 1 to O at the multiplexer output;

X3.3.3 Functional testing requires the application of test X3.3.4.7 Worst case manipulation of data path blocks, that
vectors to the ASIC inputs and monitoring the Output foriS, arithmetic IOgiC Units, mUltipIierS, barrel Shifters, etc., to
correct results. Rigorous functional testing usually requires theroduce the maximum number of internal state transitions in
application of many thousands of test vectors, which may takéhanging from one output state to another;
several minutes on high speed ATE; however, judicious selec- X3.3.4.8 Critical functions related to the application for
tion of test vectors may permit adequate post-irradiatiorwhich the ASIC was designed.
characterization in less time and with less sophisticated and X3.3.4.9 Reference to the top level design documentation
expensive test equipment. Some recommendations for judean be extremely helpful in selecting an abbreviated set of test
ciously selecting test vectors are offered below, but beforeectors. Examination of the state diagram, the VHDL behav-
discussing them, the importance of supply voltage and tegbral description, or other depictions of the relationships among
frequency in the post-irradiation characterization must bdunctional blocks can provide insight for the development of
noted. The most beneficial result of the post-irradiation functest software to exercise the most susceptible portions of the
tional characterization is an indication of the change in theASIC.
performance envelope resulting from the total dose. Since the
performance envelope typically is a function of supply voltage X3.4 Conclusior—ASIC technology is advancing rapidly to
and operating frequency, the post-irradiation functionality istake advantage of the smaller feature sizes and greater density
best represented by a plot with axes of voltage and frequencgvailable in state-of-the-art semiconductor processing. The
This graph, known as a SCHMOO plot, plots a pass or fairesultant devices are becoming true systems on a chip, and
condition for each voltage/frequency point pair. In general, theheir radiation hardness will be a major contributor to the
operating frequency should cover the range from below theystem hardness. The radiation effects test engineer must be
minimum specified value to above the maximum specifiednvolved early in the design process to ensure that the
value. For ASICs using dynamic logic, total dose inducedperformance of the device and adequate controls for facilitating
leakage ay cause failures to occur first at low operatingadiation testing are understood. Whenever possible, formal-
frequency. For example, source to drain leakage in arzed “design for test” approaches, such as full level sensitive
N-channel pass transistor may cause the charge associated wsttan and boundary scan, should be incorporated into the design
a high state to leak away before the next clock cycle occurseffort. The efficiency realized in the performance of radiation
therefore, the minimum operating frequency as well as theaesting usually is worth any additional expense of the design
maximum, should be included in the SCHMOO testing. for test and the area consumed by the testability features.

X3.3.4.4 Data bus transfers (both all Os and all 1s) among
Il blocks on internal data buses;
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