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PREFACE

The work described in this report was performed by the Information
Systems Division of the Jet Propulsion Laborztory under the cognizance of
the Voyager Project.

Documents outlining the conditions and requirements of the test program,
which make up Appendixes A through E of this report, will be published as
Volume II. These Appendixes are as follows:

Appendix A -~ Electron Simulation Radiation Test Specification for
Voyager Electronic Parts and Devices

Appendix B ~-- Electronic Piece~Part Testing Program for Voyager

Appendix C -- Test Procedure for Radiation Screening of Voyager
Piece Parts

Appendix D -- Boeing In Situ Test Fixture

Appendix E -- Irradiate - Anneal (IRAN) Screening Documents

The Voyager Project was formerly designated the Mariner Jupiter/Saturn
1977 Project, and some of the publications cited in this report bear
the earlier Project nomenclature,
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DEFINITION OF IDENTIFICATION CODES

Subsystem Identification Codes

Abbreviation Subsystem Name Division
STRU Structure 35
RFS Radio Frequency 33
MDS Modulation/Demodulation 33
PWR Power 34
CCs Computer Command 36
FDS Flight Data 36
AACS Attitude & Articulation Control 34
PYRO Pyrotechnic 38
CABL Cabling 35
PROP Propulsion 38
TEMP Temperature Control 35
DEV Mechanical Devices 35
DSS Data Storage 36
CRS3 Cosmic Ray 29
PRA Planetary Radio Astronomy 29
PUWS Plasma Wave 29
LECP Low Energy Charged Particle 29
PPS Photopolarimeter 29
PLS3 Plasma 29
gvs Ultraviclet Spectrometer 29
MAG Magnetometer 29
188 Imaging Science 82
IRIS Infrared Interferometer 29

Spectrometer
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ADI 24355 Analog Devices, Inc., Norwocod, Mass.

ANA 31855 Analog Technology Corporation

CAD 19647 Caddock Electronics, Division of
Globe Union, Inc.

CRC 12517 Component Research Company, Inc.

CTI Circuit Technology, Inc.

DAL 91637 Dale Electronics, Inc., Subsidiary
of the Lionel Corporation

DIK 12954 Dickson Electronics Corporation

EXR 52063 # Exar Integrated Systems, Inc.

FAS 07263 Fairchild Semiconductors, Division
of Fairchild Camera and Instrument
Corp.

GEC 09214 General Electric Company, Semicon-
ductor Products Dept.

HAR 91417 Harris Semiconductor (Radiation,
Inc.)

HON 91929 Honeywell, Inc., Microswitch
Division

RBP4 28480 Hewlett-Packard Company

INL 322493 Intersil Inc., Cupertino, Cal.

KMC 20754 KMC Semiconductor

MOT 14713 Motorola Semiconductor Products,
Ine.

NSC 27014 National Semiconductor Corporation

PMI 06665 Precision Monolithies, Inec.,

Santa Clara, California
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Vendor Identification Codes
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Alphabetical Number Vendor
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RAY L9956 Raytheon Company

RCA 02735 RCA Corp., Solid State Division,
Somerville, N, J.

SET 14099 Semtech Corporation

SGH 18324 Signetics Corp., Subsidiary of
Corning Glass Works

SIL 17856 Siliconix, Inc.

S0D 13327 Solitron Devices, Inec.

TIX 01295 Texas Infstruments, Inc., Semicon-
ductor Components Div.

TRW 01281 TRW Semiconductor, Inc., (PSI)

UTR 12969 Unitrode Corp.

WEC 05277 Westinghouse Electric Corp.,

Semiconductor Division
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ABSTRACT

In the final report for thé Voyager parts radiation program, the
program philocsophy, radiation, environment, device hardening efforts,
and radiation test methods are discussed in detail. In addition, the
results of characterization testing and sample screening of over 200
device types, in a radiation environment, are summarized.
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SECTION I

INTRODUCTION

This final report summarizes the parts radiation program for
the Voyager spacecraft which will be launched in 1977 and will pass
Jupiter in 1979. Pioneer spacecraft have measured large fields of
electrons and protons trapped in Jupiter's magnetic field. Because
these radiation fields are potentially damaging to the sophisticated
electronic systems of Voyager, a program to radiation-harden the systems
was necessary (see Section II, Radiation Environment, and Section VI,
Device BRardening).

The purpose of the parts radiation program was to provide devices
capable of meeting the environmental requirements or, if necessary,
to provide data from which to determine how to harden the circuits
or to shield the parts. In the device characterization tests, the
general radiation sensitivity levels of approximately 200 different
device types were determined under the specifiec bias conditions used
in the spacecraft. More than 230 integrated circuit (IC) and transistor
radiation sereening tests were conducted, and more than 13,000 CMOS3
devices were radiation screened (see Section IV, Electronic Parts Radiation
Program) .

The electron radiation was provided by a 2.0~ to 2.5-MeV Dynamitron,
and in the case of the CMOS and the Irradiate-aAnneal (IRAN) program,
a cobalt 60 source was used (see Section V, Radiation Testing and Dosimetry).
The devices were always electrically biased during irradiation, using
the worst-case spacecraft circuit conditions and measured in situ within
5 min after the end of radiation exposure. The majority of the cirecuits
had been designed before the necessity for considering the radiation
environment was understood. Consequently, the first step was a worst-
case analysis of the completed designs, making use of an existing radiation
effects data base. This was -supplemented as rapidly as possible by
data from device characterization tests more representative of the
Jupiter radiation environment,

The results of the analysis and characterization tests led to
circuit redesign, the substitution of harder components, spot shielding,
and a comprehensive screening program. This multifaceted screening pro-
gram was designed to ensure that the flight devices performed in the
same manner as the devices in the characterization tests (see Section III,
Radiation Program Philosophy). Because of time and cost restraints, only
those devices from the Voyager parts usage that were known to be sensitive
to radiation were tested. Section VII covers the characterization test
results, and Section VIII covers the screening test results.

Complete detailed test results for the individual device types
are presented in Reference 1-1.
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-SECTION IT

RADIATION ENVIRONMENT

A. INTRODUCTION

The Voyager spacecraft was designed to function within specification
during and after exposure to Earth and Jupiter radiation belts, large
solar proton events, solar wind protons, galactic cosmic radiation,
and radiation from the Radicisotope Thermoelectriec Generators (RTG)
and Radioisotope Heater Units (RHU). The greatest radiation damage
to the electronics is caused by the electrons of the Jupiter belts.

B. EXTERNAL NATURAL SPACE RADIATION

The Jupiter radiation model is based on the results of the three
Picneer 10 and 11 particle experiments.

The electron spectra were derived using the results of integrations
along the Jupiter-Saturn-Io (J3SI) trajectory ineluding peak fluxes. The
proton spectra were derived using the results of integrations along the
Jupiter-Saturn-Ganymede (JSG) trajectory.

The Voyager program is oriented toward an equatorial flyby mission
with perijove <5 Kj-

4 definition of the environment is shown in Table 2-1. A _more
detailed description of the external radiation environment may be found
in Reference 2-1.

The solar flare proton fluence made a negligible contribution.
to the total proton environment except at the very highest energies.
The 95 percent probability solar flare fluence was considered in the
characterization of the environment.

C. RTG AND RHU RADIATION

The RTG and- RHU radiation models were based on the following
nuclear characteristics:

RTG Power 2400 watt (th)

RHU power 1 watt (th)

Fuel age 10-year~old 238py

Fuel form PPO with 1.2 ppm of 236pu, 232y, and 228Th

when manufactured

Neutron emission 7 x 103 n/s-g 238Pu excluding self-multiplication
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Table Z-f. Charged Particle and Nuclear Radiationa

Bus-Mounted Elgctronios Non-Bus-Mounted

and Science Instruments Science Instruments
Environment

Peak Flux Fluence Peak Flux Fluence

(em—2-s=1) (em=2) (em—2-s-1) (em=2)

Unshielded Unshielded linshielded Unshielded
Protonb 9 x 107 5 x 1012 9 x 107 5 x 1012

E > 1 MeV {20 MeV Eq.) E > 1 MeV (20 MeV Eq.)
Electron 2 x 108 4 x 1012 2 x 108 4 x 1012

E > 0.4 MeV (3 MeV Eq.) E > 0.4 MeV (3 MeV Eq.)
RTG and RHU 4 rad (Si)s 2 x 109rad(Si) 4 rad{Si)s- 2 x 10%rad(Si)
Neutron 80 1t x 1010 10 1 x 109

(1.0£E<3.0 MeV)

RTG and RHU
Gamma 3200 1 x 103¢ 3504 100¢
(0.3<E<3.0 MeV)

a@From Table 18, "Functional Requirement, Mariner Jupiter/Saturn 1977
Environmental Design Requirements," MJS77-3-2U40, Jet Propulsion
Laboratory, Pasadena, Calif., March 14, 1975 (JPL Internal Document).

Pproton flux and fluence assume a 1-MeV cutoff. Proton levels for
true external surface problems will be higher than those above. The
level is 3.1 x 108 pad(si).

Clonization dose controlled by electron and proton environment.

dyalue for scan platform instruments location.

The neutron fluence and gamma dose values shown in Table 2-1 are integrated
values cover U years and are total spectrum values having an average

energy in the ranges of 0.3 < E £ 3.0 MeV for gammas and 1.0 < E £ 3.0 MeV
for neutrons.

2-2
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D. INTERNAL ENVIRONMENT

The internal environment is dominated by Lhe penetrating electrons,
which generate surface ionization effects in semiconductor devices
as well as rate effects in sensitive optical devices., The contribution
of the electrons to digplacement damage is very small. The total internal
proton fluence is insufficient to cause significant displacement damage,
and the ionization effects caused by protons are much less than those
caused by electrons. The neutron fluence from the RTG's and RHU's is
insufficient to cause significant displacement damage. The ionization
gffect caused by the gamma-rays from the RTG's and RHU's is much less
than that of the electrons.

The levels in Table 2-1 are external (unshielded) environments
containing no margins. Parts environments were controlled by the appli~
cation of shielding as required, to satisfy the established design
margins. The radiation design margin is defined as the ratio of the
part (or component) capability in a given current application to the
local ambient environment. For Voyager, the radiation design margin
for electrons was based strictly on dose, since ionization is the dominant
damage mechanism. The electron dose radiation design margin was 2
for engineering subsystems and the imaging science subsystem and was
a minimum of unity for all other science instruments. For protons,
where displacement damage is of most concern (except for exterior spacecraft
surfaces) the radiation design margin was based on displacement fluence
and was the same as that applied to electron dose for the subsystems
listed. The radiation design margin for interference effects was related
to charged particle flux and is the same as is defined above for the
engineering and science subsystems, except for the imaging subsystem,
where the radiation design margin for flux was unity.

In addition, electronic parts had to be capable of operating
within limits specified by the cognizant engineer for the particular
functional application, during and after exposure to the radiation
levels shown in Table 2-2.

If the electronic parts did not satisfy these requirements or
if spot shielding had to be added to provide the radiation design margins,
waivers were written by the cognizant engineer of the subsystem in
which the discrepancy existed. The waiver contained the proposed design
values for parts capability and shielded environment, and an estimate
of added shielding mass, if any. These waivers provide a permanent
record of special radiation design requirements, a control mechanism
for shielding mass allocations, and a systematic method of reviewing
and controlling special shielding requirements.
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Table 2-2. Electronic Parts Capability

Environment Displacement Damage Ionization Damage
Proton 1 x 1010 p/em2 {20-MeV equivalent) Electrons dominate@
Electron Ionization dominates 60 krad(sSi)

Neutron 1 x 1010 n/em2 (1-MeV equivalent) Negligible effect
Gamma Negligible effect Electrons dominate

8gyxcept for true external spacecraft surfaces.

2-4
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SECTION III

RADIATION PROGRAM PHILOSOPHY

4. GENERAL CONSIDERATIONS

The Voyager radiation program was in?ended to provide confidence
that the spacecraft will perform within acceptable limits during and
after Jupiter encounter and at Saturn, within a limited allowance for
radiation effects, This was achieved by limited investigations of
known sensitive areas.

The investigations were conducted primarily at the parts level, .
with limited circuit tests to assess interferernce effects. Subsystem
tests were not ecarried out except on a very limited basis durilng the
early phases of the program. Subsystem tests are generally ineffective
due to insufficient sample size, parameibric variations with lot, and
inadequate analysis of extreme conditions including minimum pre-irradiation
specifications, temperature and aging effects.

Most of the characterization data were obfained with a monochromatic
2.5=MeV electron beam from a Dynamitron. Although this differs sub-
stantially from the exponential Jupiter spectrum, the effects are prac-
tically the same, since total dose effects depend only on the energy
absorbed by the device in rad(Si). Although the tests were carried
out at flux rates at least one order of magnitude greater than those
experienced in the Jupiter environment, this fact does not in any way-
change the magnitude of the effects, and this was experimentally verified
in several instances. Synergistic effects are not expected to play.
any role in the Jupiter environment. :

The cverall program was carried out in three phases as shown
below:

Phase I

Circuit design analysis.
- Device radiation characterization.
- .Shielding analysis.

Phase 2

Substitution of components.
= Circuit redesign.
- Shielding analysis and additional shielding.

- Medification of components.

Phase 3 Screening of sensitive flight devices.

The majority of ecircuits had been designed before the necessity for

considering the radiation environment was understood. Consequently,
the first- step was an analysis of the completed designs, making use

3-1
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of an existing radiation effects data base. This was supplemented

as rapidily as possible by device characterization data more representa-
tive of the Jupifter radiation environment. A review of the first phase
of the program led to circuit redesign and the substitution of harder
components. A multifaceted sereening program was instituted to ensure
that the flight devices would perform as well as the comparable items
in the characterigation tests.

The ability of the subsystems to meet the radiation environment
was accomplished by using the following priority:

(1) Direct replacement of parts from the Voyager parts lists.
(2) Circuit redesign.

(3) Radiation-hardened parts, developed through the negotiation
of special processes and screening.

(4) Addition of shielding mass.

The overall approach may be illustrated with reference to bipolar tran-
sistors, many of which exhibit outliers1 with significantly worse radiation
behavior (see Section VIII-C-5). 4 review of the test data, the inherent
radiation environment at Jupiter, and the worst-case circuit requirements
led to the identification of specific radiation problems (see Figure

3-1). A study was then made of the location of the parts with respect

to the radiation environment so as to evaluate spot-shielding and radiation-
screening possibilities, new procurements, and schedule needs. Additional
radiation experiments were performed if required. The problem was

then reviewed with the subsystem personnel to see if circuit changes

were possible. A final review with the project. office led to the final
approach, which usually took the form of selective parts screening,
selective shielding, or the selection of devices with a high pre~irradiation
dec gain.

Device characterization and screening (described in Section IV)
were handled by the Radiation Effects Group. Hardening by device mod-
ification (described in Section VI) was attempted for a number of device
types by the manufacturer. Circuif analysis and radiation shielding
analysis were carried out by other personnel and are briefly discussed
here to complete the picture of the total radiation effort.

Tan "outlier® is defined as a data point that does not fall within
30 of.the mean value of that parameter at the lowest value of the
independent variable.
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Figure 3-1. HRadiation Evaluation Method

b. C1RCUIT ANALYSIS
1. Worst-Case Analysis

The radiation parts capability was determined for each application
by combining the characterization test data described in .Section VII
with a worst-case circuit analysis. A compilation of such parts capability
values is given in Reference 3-1. The parts capability is a number of
krad(Si), which can be compared to the expected dose to determine the
spot shielding requirements, taking into account radiation design margins.

A worst-case circuit analysis was performed for all circuits
of each subsaystem to assure that the electronic parts will function
properly in the radiation environment. These analyses provided an
efficient means for pinpointing radiation problems and establishing
areas where design modifications were required.

The circuit worst-case analysis was required for all designs

to demonstrate sufficient operating margin for all operating conditions
of the individual circuits as a combined function of the following:

3-3
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(1) Temperature design limits (typically -200C to +85°C).
(2) Piece-part tolerance.
(3) Part aging and drift.

(4) Special piece-part factor, such as shock, vibration, or
vacuum, where such conditions would contribute to variations
in e¢ircuit parameter.

(5) Voltage and frequency tolerances.
() Radiation environment.

The worst-case analysis was performed by degrading first for
temperature and life (aging) and then for radiation to obtain the final
degraded value. The analysis is a worst case, in that the value for
each of the variable parameters is set to limits that will drive the
output to maximum or minimum and also considers ac, de, and transient
component effects on the circuit. For circuits consisting entirely
of interconnected digital integrated circuits, the only consideration
required for worst-case analysis are fan-cut, fan-in, and power supply
margins, with some considerations to propagation delays and “race®
conditions. For the latter circuits, radiation analysis was not performed,
because of the inherent hardness.

The analysis was conducted by utilizing:

(1) Schematic representation of the circuit.

(2) Performance specification for all piece parts.
(3) Performance criteria for the circuit.

(4) Description of all operating conditions and environmental
factors, including radiation effects data for the electronic
piece parts.

The analysis was constantly iterated -as the design changed, to
meet the margin requirements. In some cases temperature margin over
the fuel range of +20°C to +859C was sacrificed to allow for radiation
degradation. In the remaining cases, the c¢ircuit, or the amount of
radiation experienced by the part, did not permit this tradeoff.

Circuit analysis was a valuable tool to identify critical parts
and parameters so as to assess radiation effects during radiation design
reviews. The analysis was updated after all design modifications had
been made and mass shielding had been added to the spacecraft. The
final analysis provided the basis for establishing that the design
was adequate from a radiation effects point of view.



T7T-81, Vol. I

2. Radiation Reviews

A preliminary radiation review was conducted for each engineering
and science subsystem. The purpose of this review was to identify elements
in the subsystem design that were particularly sensitive to radiation
effects and to consider design approaches for radiation hardening the
subsystems where required. The radiation reviews were attended by
the design engineers, circuit analyst, parts radiation effects personnel,
and representatives of the System Design Group and Spacecraft Systenms
Manager, who served as chairman.

The Preliminary Design Review was expanded to assure that the
radiation design margin was adequately reflected in the design approach.
The agenda included the results of exploratory radiation tests, the
proposed packaging design approach to achieve maximum inherent shielding,
circuit design rules, electronic parts sensitivity and test requirements,
preliminary shielding analysis, special parts sensitivity, and potential
effects on system design parameters.

The Critical Design Review (CDR) was modified to cover the radiation
hardening sclutions. The CDR covered the details of the design analysis,
packaging approach, and detailed shielding analysis. The CDR included
radiation problems previously identified and the expected radiation
design margin.

A final Project-level radiation review was held in May 1976 in’
order to review the radiation-hardening program for the engineering
subsystems and science instruments with respect to the best estimates
of the radiation environment for three trajectory options. The results
of the review were used to evaluate the associated mission risk and
expected science return for these trajectory options in order to select
the option for targeting.

C. RADIATION SHIELDING

1. Radiation Shielding Requirements

Radiation shielding was incorporated in the spacecraft bus so
that the interior bus electronics would not be exposed to radiation
levels exceeding those in Table 3-1.

Shielding was provided so that the radiation design margin (RDM), .
which is defined as the ratio of the capability to the shielded environment,
was 2. Consideration was given to reducing the flux RDM for functions
that do not jJjeopardize the mission subsequent to the electron exposure,
if a significant cost or mass saving is involved.

For parts that had a capablllty of less than 60 krad(Si) from
electrons or 1 x 1010 p/em? (20 MeV equivalent), spot shielding was
added unless it could be shown that the part was not exposed to the
levels in Table 3-1 and that the RDM of 2 was maintained.
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For other engineering subsystems and the imaging subsystem, radiation

shielding (either general mass shielding applied to the subsystem or
spot shielding applied to sensitive parts) was applied to provide an
RDM of 2, with the exception that the minimum flux RDM for the imaging
subsystem was 1. All other science instruments had a2 minimum RDM of 1.

2. Radiation Shield Analysis

Radiation levels were estimated for each subsystem, and if other
hardening techniques were insufficient to raise allowable levels above
these predicted levels, inherent or added shielding was employed to
reduce the radiation environment. Because of the large shielding mass
required to compensate for uncertainties in radiation environment,
parts effects, and transport analyses, the goal in shielding design

was to reduce radiation damage risk to shielded circuitry to an acceptable

level rather than to zero.

Radiation levels at sensitive component locations were calculated

using state-of-the-art radiation transport and shielding computer programs.
Radiation transport calculations for isotropic electron and proton sources

and spheriecal or slab shields included multiple scattering effects

in the forward hemisphere. Fluence and dose attenuation kernels (radiation

levels as a function of depth) and angular fluxes were generated for
electrons, protons, and bremsstrahlung. The shielding computer program
had the capability of parametrically adding shielding to specified
surfaces in order to reduce the radiation toc levels lower than those
provided by the basic spacecraft geometry.

Table 3-1. Bus-Mounted Engineering Shielding Requirements

Environment Flux Displacement Fluence Dose
Electron RDM = 2 No requirement 30 krad(Si)
Proton 5 x 109 p/em? (20 MeV eq.) No requirement
Neutron 1 x 1010 n/em? (1 MeV eq.) HNo requirement
Gamma Ho requirement No requirement
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3. Radiation Shielding Support

Maximum radiation levels within all engineering subsystems were
provided. Levels encountered by particular parts were computed only
for those parts that did not meet the requirement of satisfactory per-
formance at the appropriate safety margin (2 or 1 for engineering or
science) and then the required shielding was determined.

D, TRANSIENT IONIZATION EFFECTS (INTERFERENCE)

We define interference as transient ionization effects that persist
only while the electronics are being irradiated and whose severity
is generally proportional to the dose rate. There are four types of
interference in Voyager electronics:

(1) Primary photocurrents in low-current-sensitive input stages
to the electronics.

(2) Electron emission from cathodes of electron-multiplier-
type detectors.

(3) Ionization-induced conductivity in photosensitive materials,
such as those in the Vidicon detector surface.

(4) Tonization-induced fluorescence in optical material such
as detector windows and lenses (fluorescence efficiencies
vary strongly with the kind of material).

Interference effects are dependent primarily on the rate of ionization
energy disposition, i.e., the dose rate measured in rad(Si)/s. At the
low rates of interest to Voyager, the effects are essentially proportional
to dose rate. Interference effects at the relatively low peak dose rates
(less than 10 rad(Si)/s at internal positions) ecan be important only in
devices operating at extremely low currents. The effect of ionizing
radiation on semiconductor devices can be represented by an equivalent
current generator across reverse biased junctions (primary photocurrent)
whose magnitude is up to 100 pA for low-power semiconductor devices ex-
posed to 10 rad(Si)/s and whose magnitude is proportional to the instant-
aneous dcse rate. Devices whose normal operating point is at currents

in the pd or mA range will not be significantly affected by interferences.

Sensitive photodetectors capable of detecting single photons
are sensitive to transient ionization effects. Interference effects
in such devices must be measured in a separate test program reflecting
" actual operating conditions of the systems. A cobalt 60 source provides
a suitable radiation environment for this purpose, whereas machines
generating electrons also provide a source of rf noise that interferes
with the measurement.

Interference effects can alsc occur at the cathode of electron
multipliers because the quiescent currents are very low and the gain
between the cathode and electronic circuitry is very high. The flux
of secondary electrons emitted from a surface by passage through it
of energetic electrons is about 5 to 10% of the incident electron flux.

3-7
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Tonizing radiation will also affect optical materials. During
excitation by ionizing radiation, a small fraction of the energy deposited
may be reemitted as fluorescence. Typically, fluorescence efficiencies
are much less than 1% unless the material has been carefully prepared
to give high fluorescence efficiencies (e.g., nuclear particle scintillation
detectors). Higher-purity optical materials (e.g., ultraviolet-grade
fused silica) tend to have lower fluorescence efficiencies.

when the foregoing interferences are unacceptable, the following
corrective techniques can be used:

(1) Use semiconductor devices with minimum junction area to
minimize the primary photocurrents. Devices exhibiting
less than 10 pA at 10 rad(Si)/s are available.

(2) The use of very pure fused silica, such as the ultraviolet-
grade materials, will minimize fluorescence. In some materials
the fluorescence yield is actually less than the Cerenkov
radiation emitted by the fast electrons. An optical filter
can sometimes be interposed between the glass and the detector
to block the fluorescence wavelengths while passing the
desired optical signal.

(3) There is no effective means of suppressing secondary electron
emission from surfaces, other than shielding them from
the incident electrons.
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SECTION IV

ELECTRONIC PARTS RADIATION PROGRAM

A. PAR1S RADIATION CHARACTERIZATION

1. Early Work

The earliest characterization tests on electronie components
for Voyager grew out of the TOPS program and included low-level neutron,
proton, and gamma tests, but were not related to the real Jupiter electren
environmenf.. The Voyager Project commitiee for materials and parts,
formed in the beginning of 1974, commissioned sqme parts tests on the
LINAC at Intelcom Rad Tech, La Jolla, Calif. At the same time various
subsystems conducted interference tests on the Boeing Dynamitron.
This was followed by a parts test on the Boeing LINAC and the cobalt 60
source at Hughes, Fullerton, monitored by JPL,

A separate Radiation Group was established at JPL in September 1974,
All subsequent characterization tests were carried out in situ, using
the Dynamitron at JPL and at Boeing as radiation sources. The maximum
fluence was reduced to 1 x 1013 g/om? in order to reduce the number
of required data points. A change in the radiation model led to a
further reduction to 5 x 1012 g/em? after October 1975. The different
experimental programs are summarized in Table #-1.

2. Purpose and Scope

The parts radiation characterization program was designed to
determine the radiation sensitivity of a part type- with respect to
a given application.

In the Voyager radiation environment, surface ionization effect;
are of prime importance, whereas bulk damage is of minor importance.
For this reason, radiation tests were conducted on the following parts:

(1) Those known to be radiation-sensitive, to establish that
the parts have a failure threshold that exceeds the design
level of 60 krad(8i) for ionization damage.

(2) Those that do not satisfy the above requirement, to establish

the amount ¢f parameter degradation when exposed to radiation.

As a minimum, the parts characterization program placed the part
type in one of the following categories contained in Reference 1-1
(see Section IV-A-8}:

4-1



Table 4-1. History of Voyager Radiation Test Program

AN i}

T "To4 ‘Lg~Ld

Radiation Max. Total Energy,

Date Facility Source Type In Situ Fluence/Dose MeV Device Types

Feb. 1974 Boeing Dynamitron e Yes 2x1013e/cm? 2 Subsystem
rate tests

Feb. 197%  Intelcom Rad Tech  LINAC e No , 2x1013e/on? 3 IC's and
transistors

Feb. 1974 Intelcom Rad Tech LINAC e No 3x1012e/cm2 20 IC's and
transistors

May 1974 Intelcom Rad Tech LINAC e No 2x1013e/ cn? 3 IC's

June 1974 Boeing LINAC e No 2%1013e/cm? 3 IC's and
transistors

Aug. 1974  Hughes cob0 y No 600 krad(si)  -- JFET's

Nov. 1974 JPL Dynami tron e Yes 1x1013e/cm2 2.5 See Section V

Nov. 1974 Boeing Dynamitron e Yes 1x1013e/cm? 2.0 See Section V

Oct. 1975 JPL Dynamitron e Yes 5%1012e/cm2 2.5 See Section V

Oct. 1975 Boeing Dynamitron e Yes 5x1012¢/cm? 2.0 See Section V
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The device is insensitive to radiation, no special attention
required.

The device is insensitive to radiation except for
applications requiring small parameter changes in the

device. The application and magnitude of changes are
specified.

The device is sensitive to radiation, resulting in
significant degradation of device parameters. A radiation
screening of shielding program is required, if a reasonable
design safety margin is lacking.

The device undergoes catastrophic change and is no longer
functional.

In addition, the program provided a more detailed characterization
of radiation-sensitive parts in categories (3) and (Y4) above, along
the following lines:

(1)

(2)

(3)

1)

A complete characterization of all the important dc parameters
of integrated circuits.

Determination of the de gain of bipolar transistors as
a funetion of the collector current.

Determination of the leakage currents produced by suitable
radiation bias conditions, which are indicative of the
surface process control achieved by the production line
that is being investigated.

Special attention to the occurrence of “outliers," indicating
an out-of-contrel situation.

It was beyond the scope of the program to achieve a complete
quantitative characterization of all possible applications for the
following reasons:

(1)

(2)

(3)

The fadiation properties are process-dependent and therefore
vary with manufacturer, with producticn line, and from
lot to lot.

If the parts are not undergoing any form of radiation
screening, Youtliers" with severely degraded properties
can occur {(see Section VIII-C-5).

In the absence of lot integrity, statistical approaches
to obtain a mean and standard deviation are not meaningful,

since the heterogeneous population does not represent a
Gaussian distribution.
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(4) The radiation properties are strongly dependent on the
bias conditions during irradiation.

(5) It is not possible to carry out a large number of
different sequential measurements on irradiated devices,
since the time period of the measurement, the applied bias
during measurement, and, particularly, the large current
passing through the device during measurement cause rapid
annealing.

3. Parts Selection

Parts selection required, first, that the generic category of
device types be established. THis was accomplished by a thorough investi-
gation of existing literature and test results and expertise in the
radiation effects field. Table 4-2 ocutlines the generic category of
device types selected for the characterization program. Individual
device types within the generic categories were selected by the cognizant
engineer for each subsystem using the results of a worst-case c¢ircuit
analysis of each of the 20 major subsystems. This led to the identifica-
tion of the eritical eircuits and device types. The bias conditions
during radiation exposure and the electrical parameters measured were
selected according to the use of the devices in the spacecraft circuits.

The sensitivity of a given part type to radiation depends on
the application. In general, radiation problems occur under the following
conditions:

(1) Very low current densities.
(2} Very high voltages.

(3) Very high precision measurements.

Most of the potential problems with the Voyager electronies are
due to long~term ionizing radiation effects. In semiconductor devices
these are manifestations of charges trapped in insulating layers on
the surfaces of the semiconductor devices. These are most important
in MOS structures in which trapped charge in the gate oxide layer produces
a first-order change in the apparent gate voltage. Trapped charge in
surface passivation layers is also important in junction devices, where
it produces an inversion layer that spreads out the effective surface
area, thereby inereasing recombination-generation currents. These
currents are most important in bipolar transistors operated at low
collector currents and in n-channel JFET devices. The susceptibility
to charging depends on the quality of the oxide layer and is.not usually
congciously controlled in semiconductor device manufacturing.

In optical materials, long-term ionization effects appear primarily

as the introduction of optical absorption in otherwise transparent
spectral regions for the particular material. These are usually

h-4
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Table 4-2. Radiation-Sensitive Components

¢ Component Effect.
MOS devices Surface lonization effects only
Linear IC's Surface ionization and bulk damage
Analog switches Surface ionization and bulk damage
Bipolar transistors Surface ionization and bulk damage
JFET's Surface ionization and bulk damage
Electro-optical devices Tonization and bulk éamage
Crystal oscillators Ionization only
Zener diodes® Bulk damage cnly
Other diodes and rectifiers? Surface ionization effects

2Components sensitive to very high precision applications only.

manifestations of charge trapping at a pre-existing defect, so the
rate of coloration is a strong function of the irnitial material.

In quartz crystals used for precision oscillators or filters,
the same type of long-term ionization effects can produce significant
resonant-frequency shifts. In this case, selection of the quartz crystal
growth method can minimize the effect.

The magnitude of long-term ionization is a function primarily
of ionizing energy deposition, i.e., the dose, as measured in rads in
the material in question.

The devices of concern are:

(1)  MOS devices (threshold voltage shift, enhanced leakage
in CMOS pairs).

(2) Bipolar transistors (hpg degradation especially at low
Iz}, and junction field effects transistors (JFET's)
(enhanced source-drain leakage current),

(3) Analog microcircuits (offset voltage, offset current, and
bias-current changes, gain degradation).

4-5
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(4) Digital microcircuits (enhanced transistor leakage).
(5) Quartz resonant crystals (frequency shifts).

(6) Optical devices (coloration).

MOS devices are most likely to become nonfunctional in an ionizing
radiation environment. CMOS devices present the most severe circuit
problems in a moderate radiation environment, with linear devices a
clogse second. Difficulties were also experienced with bipolar
transistors at low current levels.

4, Parts Procurement

It is important to bear in mind that surface ionization effects
are process-dependent. Therefore, a generic device type specifying
pre-irradiation electrical characteristics may exhibit vastly different
post~irradiation characteristiecs, depending on the fabrication line.

ldeally, all parts for a characterization program should be taken
from an actual flight lot. Meaningful -statistical data interpretation
can be applied only to this case; i.e., the data are process-lot dependent.
Procurement considerations often made this approach impractical; the -
characterization data were usvally required long before the flight
parts become available.

As a minimum requirement, parts for a characterization test were
procured from the same manufacturer and bore the same part number.
There are no eguivalent parts regarding surface ionization effects.

Preference was given to recent date codes.
&

Any major process modifications will invalidate the characterization
results. The following are the most critical processing steps: oxidation,
passivation, all forms of surface treatments, metallization, and diffusion.
Subsequent heat treatments during die attachment and burn-in may modify
the surface properties. .

5. Test Specifications

All characterization tests were performed in accordance with
the JPL test specifications shown in Appendix A. A test plan consisting
of two sections was prepared by JPL. The first section, shown in
Appendix B, applied to all characterization tests., It included the
following informatiecn:

A
(1) A detailed procedure for implementing the parts radiation
tests in accordance with the radiation test specification.

4-6
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(2) A statement describing the manner in which the dosimetry
requirements of the parts radiation test specification
Will be implemented.

(3) A statement of facility requirements.

The second section represents a working document, the Parts
Radiation Characterization Test Requirements, not subject to approval,
and including the following information:

(1) A description of the parts being tested (by the part type
and number) and the lot size being tested.

(5) A statement describing the electrical operating mode of
the parts during the tests, and the electrical schematic
and description.

(6) A statement describing the functional tests, the method
for performing the tests, and the parts parameter measure-
ments to be made.

The characterization tests for a given device type were carried
out in accordance with the Parts Radiation Test Requirements, also
known as Radiation Test Requirements (RTR). A sample is shown in
Appendix A. Only one basic number was assigned to each device type.
This document defines the device parameters, radiation conditions,
bias conditions during irradiation, and the sequence of electrical
measurements to be performed.

It is important not to carry out too many sequential tests on
a given device after radiation, to prevent annealing of the radiation
damage. Moreover, leakage current tesis are incompatible with tests
requiring the passage of heavy currents. Therefore, it was often
necessary to generate two or more separate tests (RTR's) using different
test samples. These are indicated by capital letters after the RTIR
number.

The RTR's were generated from inputs provided by the cognizant
engineers of the different subsystems regarding the measurement parameters
and the bias conditions during radiation. The RTR's were then distributed
to all cognizant engineers and to the contractors responsible for carrying
out the radiation tests, to provide an opportunity for criticism and
correction of errors. This resulted in the generation of one or more
revisions to the RIR's.

The bias conditions specified in the RTR's during irradiation
represented the worst-case conditions experienced in any of the applications
of interest, i.e., the conditions leading to maximum radiation damage.

As a general rule, these conditions corresponded to the maximum reverse
bias across as many junctions as possible, and to minimum current flow.
In the case of MOS devices, the worst bias conditions correspond to
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the maximum positive voltage on the gate with respect to either source
or drain. The measurement parameters depended on the application.
Typical parameters for discrete devices and integrated circuits are
shown in Tables 4-3 and 4-4. Measurements were carried out in order
of increasing current. All high-current measurements were pulsed.

Table Y4-3., Measurement Parameters for Discrete Devices

Device Parameter

Bipolar transistors Leakage Currents: Igpg, Icros IEBO
hpg vs Ip; saturated and uhsaturatea
VCE (SAT)
JFET's Isss
b (off)
Bps (on)
Zm
Vp
Zener diodes Zener voltage
Temperature coefficient
Diodes and rectifiers Leakage current
Forward wvoltage

Forward current
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Table 4-U4. Measurement Parameters for Integrated Circuits

Device Parameters

Operational amplifiers Input offset voltage
Input offset current
Input bias current
Open-loop gain
Slew rate

Voltage comparators Input offset voltage
Input offset current
Input bias current
Dynamic switching test

Voltage regulators Line regulation
Load regulation
Output voltage
Reference voltage

A/D converters Qutput leakage current
Qutput current
Switching time
Reference voltage
Transistor parameters

Analog switches Is (off)
Ip (off)

Ip (on)

rps {(on)

Dynamic¢ switching test

b-g



77-41, Vol. I

The Radiation Test Requirements occupied a central position in
the organization of the parts characterization tests as indicated in
Figure U4-1. The RTR's reflect the inputs of the JPL subsystem cognizant
engineers and of the circuit analysis carried out by the General
Electric on-Laboratory contractors. The RTR's were then sent to the
contractor responsible for the radiation test, i.e., ‘Boeing or Hughes,
Fullerton, for their evaluation and comments. It often required several
iterations to reconcile the requirements of the subsystems and the
circuit analysis with the test capabilities at the radiation facility.
After irradiation the raw test data were processed by the Radiation
Effects Group and the finished test data supplied to the subsystem
cognizant engineer, the General Electric circuit analysis team, and
other interested parties.

6. Radiation Test Results

The raw data obtained during the radiation test were converted

to a form compatible with the Radiation Test Requirements. The latter,
which give detailed information abouf the test plan, were appended to
the radiation test results in their final form. These were then distri-
buted to the cognizant engineers of all subsystems using the part.

The data were processed according to the following guidelines:

(1) The maximum shift was indicated for parameters changing
by less than one order of magnitude after radiation.
(2) The maximum observed value was indicated for parameters

that change by more than one order of magnitude, e.g.,
leakage currents.

SUBSYSTEM
RS
ENGIMNEER

L bl

RADIATION TEST REQUIREMENTS |

: ]

I CONTRACTOR - BOEING, HUGHES I

CHARACTERIZATION TEST
L RAW TEST DATA l

z
|
]

FINISHED TEST DATA

F_________

Figure 4-1.

Radiation Test Sequence
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(3) Changes in dec gain of bipolar transistors are best expressed
as A(1/hFE) gince it is the increase in base current that
is responsible for the loss in gain. This parameter was
plotted as a function of collector current on a log-log
scale with error bars indicating the range of values.

Special attention was paid to the vendort!s lot designations of
the test samples whenever this information was known. The results
were analyzed for "outliera® or dual populations. Both of these are
indications of an out-of-control situvation on the process line or else
of an indiscriminate mixing of lots of different gualities, which make
the utilization of the device without an adequate screening program
very hazardous. It must be emphasized that the results are representative
of the sample lot only and need not be representative of any future
flight quality parts.

The analysis of the test results provided an important .check
on the validity of the experiment performed by the contractors. The
evaluation of the data answered the following questions:

(1) Was the test plan faithfully carried out?

{2) Does the data contain unexplained ancmalies?

(3) Are there any catastrophic failures and are the failure

modes understood? Have the devices subsequently recovered?

Any anomalies were subjected to further investigations, failure

analysis, and repetition of the experiment.

The final test results were utilized in the following waysa:

(1) For comparison with the predictions of the General Electric
worst-case analysis for different subsystems.

(2) As a data base in redesign.
(3) To determine the adequacy of the shielding.
(4) For extrapolation to other applications.

The most widely used devices have undergone a complete characterization
of all significant device parameters.

7. Radiation Status Reports

Monthly Radiation Status Reports were issued for all part types
in the device characterization program while the parts characterization
program was in progress. The reports listed the device type RTR number,
the test status, references to radiation test reports from other sources,
and device types subject to radiation lot screening.

4-11
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8. Radiation Design Criteria Handbook

The radiation test data for every radiation-sensitive device
type was summarized in Reference 1-1, The information was presented
in a form intended to be useful to the engineer for circuit design.
The data include values of the mean, maximum, minimum, mean *2o,
mean +3g for every test parameter as a function of operating point,
radiation bias condition, and total dose. Radiation screening requirements
and accept-reject criteria were also indicated.

The following is an example of the part parameters on which
data have been taken:

Transistors: A1, AVeg(sar)s Ico
hrE

The A(1/hpg) data are displayed versus Ip and radiation dose, and the
saturated gain is separated from the unsaturated gain.

Diodes: Av_f' 3 AIleakage .
Zener diodes: AV,.
Linear IC's: AVgg, Algras, AyoL-

CMOS: Vegr, Iss, Iptg. FPropagation delay time.

A sample sheet is shown in Figure #-2, with the major features
indicated. An-.explanation of those features is given below.

(1) An outlier is here defined as a data point which does not
fall within 3o of the mean value of that parameter at the
lowest value of the independent variable (i.e., lowest
value of Ic or fluence, where the parameter is measured

as a function of Ig or fluence respectively). Once established
as an outlier in this way, it is considered an outlier
for all other values of the independent variable.

(2) The data are calculated both with and without outliers
whenever they exist.

(3) The standard deviation (o) is approximated by the following
expression:

4-12
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Where n is the number of data points, x is the mean value of
the set of data points, and xj is a measured value of the parameter.
This gives an unbiased approximation of ¢, including cases where the
sample size (n) is small (Reference 4-1).

For transistors,

in addition to the tabulated information, graphs

are included giving A(1/hpg) as a function of collector current. In
these graphs, only those calculated excluding the outliers are plotted.
The outliers are indicated on the graphs.

— DEVICE TYPE AND MANUFACTURER

— BIAS CONDITIONS DURING RADIATION AS PER RTR
r BIAS CONDITIONS DURING MEASUREMENTS
SAMPLE SIZE
o = STANDARD DEVIATION
l; DEF{NED LIN TEXT
e -m'n 20 MO Tens AarsTarmenrs * s ol 3 * \ Sw.
tusrle han §omeas 00T T PARTS RADIATION
o~ | _Tarzmater ’2“;‘::':1_ e rgunlr::l_n! ':::‘.,m‘ aike Haza Hax Min C>d-u hp L=l CHARACTER'ZATION
A0z} | 5 2 I0V2] ye o) Ve o2y [yor o0, s Lcvar] ozl oas | mod | as (SEE TEXT)
13} paase <Ooeg Yoz Mimp | 05 | sa0 | 298| ovF] 3221, 4o
CALCULATED . ) -
WITHOUT OUTLIERS A {Vhre A5l vcg r7V, e | oait] o3| olod] o317 ook
. TR Tc=.lmA O | overd| sdowl orerl 45 | RS
A (el _sanft Ve - 2Y x| ol . ov? | on3 ] a3l 08519
QUTLIER - £2f3 Tes Il | x| - oral o3| casd ovi#| ogga
{DEFINED IN TEXT) —selfouresat PopdaTIon <2
PUTEIE R | rniC Lt INE D
A (Hneel w2 e Y 12 00 1370l 035 Y. 09, | A
22100 To= imgl 22 boadnl 34990049 1 235 | P2y
CALCULATED WITH ) TA(Therd sapyd Veg = 7V 72\ oaselsan [-oad | 07 b.raa
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Figure 4-2, Sample Sheet
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B. PARTS RADIATION SCREENING

1. Introduction

Radiation screening was applied to those device types that were
sufficiently radiation-sensitive to compromise the radiation design
margin. The screening was carried out omn flight-quality parts to assure
the necessary confidence that the parts were sufficiently radiation-
hard to survive the design environment. Radiation screening was required
under the following circumstances:

(1) If the parts characterization program had shown that the
‘part was sensitive in a particular application to the
radiation environment, and that an adequate design safety
margin was lacking.

(2) If the part could not withstand the radiation environment
without process modification, and the manufacturers had
agreed to carry out such a program. The modified part
must then be subjected to a sereening program.

(3) If the parts characterization program had shown the presence
of outliers or a dual population within the sample lot,
indicating an out-of-control condition on the process line.

The screening of sensitive parts was implemented by using one or more
of the following methods:

(1) Sample screening, wafer lot.

(2) Sample screening, diffusion-metallization lots.

(3) Sample screening, date code lots.

') 100 percent IRAN screening.

(5} Sample IRAN screening of diffusion-metallization lots.

The device categories that were subjected to these screening procedures
are shown in Table 4-5,

2. Wafer Lot and Diffusion-Metallization Lot Sample Screening

In wafer lot sample screening, a few devices located in specific
areas of each wafer are assembled, and the sealed packages are subjected
to a radiation test. If the results are satisfactory, the remaining
dice from the wafer are accepted for assembly into flight-quality devices.
This method could be applied to only a limited number of device types
due to the difficulties inherent in wafer traceability through the
device manufacturing process. The most notable example was the modified
CMOS line at RCA (see Sections VI-B, VII-F, and VIII-E). Wafer lot
sampling is the most vigorous lot sampling method but it requires wafer
identification.

Y1y
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Radiation Screening Methods

Sample Lot Type Screening
Diffusion- Date Irrédiate—
Device Category Wafer Metallization Code Anneal
Bipolar transistor Hybrid 22222 and 2N2905 Xa SDT5553
Circuits

JFET, n-channel X 2N4856,
2N5196,
2N5520
and
2N5556b

@
Operational HA2520, HA2600, LM101
Amplifier® HA2620, HA2700,
LM108 and LM124

Voltage follower LM102

Comparator® LM139 LM111

Voltage regulatorC® LM105

A/D Converter ‘I RI1080

Current switch AD550

Analog switch DGM11 DG129,
DG133,
and
pG141d

415
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Table 4-5. Radiation Screening Methods
(Continuation 1)

Sample Lot Type Screening

Diffusion- Date | Irradiate-
Device Category Wafer Metallization Code Anneal

CMOS X

RF amplifier MICT6T

RF mixers MIC236
MIC336

Quartz crystals X

8sn X in a column indicates that the test was applied to the device
indiecated.

bNo high-temperature annealing.

CThe following linear IC's were considered hard to 60 krad{Si) without
screening: LM103, LM106, LM710, and LM723.

dpiffusion-metallization lot samples only.

It proved generally easier t{o persuade the semiconductor manu-
facturer to accept diffusion-metallization lot sampling, since this
sampling procedure is widely practiced as part of the scanning electron
microscope quality control. This method was applied to device types
where cooperation with the vendor allowed device identification with
a diffusion-metallization run. This included all hardened linear devices:
LM108, LM102, LM139.

A1l screening methods involving wafer or diffusion lot sampling
and all device modification programs require the active collaboration
of the manufacturer who must agree to:

(1} Furnish samples for radiation test.

(2) Maintain strict lot control on the production line.

(3) Agree to accept/reject criteria.

(4) Assemble only lots that have passed the radiation tests.

316
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Consequently, all screening programs represent a compromise in yield,
delivery time, and acceptance criteria. The latter, which could be
established only after radiation data become available, required
occasional modification. A list of acceptance criteria is shown in
the tables in Section VIII-A-1.

The screening test was carried out using the same RTR's and test
procedures as the characterization tes{. Additional screening radiation
test requirements were sometimes needed. A sample lot of & to 10 devices
was considered adequate. The test was carried out on a top priority
basis and the lot aceceptance or rejection was communicated to the manu-~-
facturer within 48 hours after the test. However, inifislly it took
considerably longer to establish accept/reject criteria based on circuit
regquirements and yield considerations. The test data were published
in the same manner as the characterization results.

A comparison of wafer and diffusion-metallization lot sampling
in bipclar transistors was carried out by Arimura et al. (Reference
4-2). They observed a very large variability from wafer to wafer and
concluded that wafers from the same diffusion run do not necessarily
behave similarly in a total dose environment.

3. - Date Code Lot Sample Screening

There were many device types without any lot identity other than
the date code which required some kind of screening procedure. This
applied to all discrete components on the spacecraft. Extensive screening
was carried out on bipolar transistors and n-channel JFET's. Every
available date code of all bipolar transistors was subjected to a radiation
sampling ftest. The results were compared o previous data from earlier
characterization tests and published in a preliminary Radiation Handbook
{Reference 4-3), which had been made available to all cognizant engineers.
A1l lots that performed worse than the data previously published were
flagged as reject lots, so that the subsystems could either not use
the devices or take some other corrective action.

N-channel JFET's sometimes exhibit leakage currents many orders
of magnitude greater than devices of the same type manufactured under
strict controcl of the silicon surface and of the oxide passivation
layer. Such devices were subjected to a preliminary date code lot
screening which was very effective in detecting lots with radiation-
induced inversion layers. If the whole lot was shown to be defective,
special shielding had to be applied, since it was too late to replace
the defective lot. Lots that showed a varied response indicative of
a bimodal distribution were subjected to IRAN screening.

In addition, there were some lots of radiation-sensitive integrated
circuits that had been procured by subsystems before the necessity for
a radiation-hardening program had become apparent. These lots were
subjected to random sampling, so as to advise the designers if it was
safe to incorporate the devices intc the spacecraft without any special
shielding measures. In the case of some operational amplifiers, the
results indicated that the devices could not be used.
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y, Irradiate-Anneal Screening

a. Introduction. An extensive investigation of IRAN screening
of semiconductor piece parts against total dose radiation effects was
carried out as part of a program to harden the Voyager spacecraft against
the Jupiter radiation belts (Reference 4-4). The method consists of
irradiating semiconductor devices with cobalt 60 to a suitable total
dose under representative bias conditions and of separating the undesired
tail of the distribution from the bulk of the parts by means of a predetermined
acceptance limit. The acceptable devices are then restored to their
pre-irradiation condition by annealing them at an elevated temperature.

Irradiate-anneal screening is the only known 100 percent
radiation screen against outliers, i.e., devices that are significantly
more sensitive to ionizing radiation than the remaining population.

In general, IRAN should  be supplemented by a gqualification test based
on a diffusion-metallization lot,in which a few samples are irradiated
to a total dose in excess of the project requirements. Failure to
pass this test implies lot rejectiocn, resulting in an extension of the
parts delivery by many months,

Since the lot screening methed imposed intolerable time
delays, it was hoped that the IRAN technique might be employed te predict
the radiation behavior of each device in a quantitative manner, so that
even lots of marginal radiation quality might be utilized at a somewhat
lower yield., This requirement imposes far more severe constraints
on the retracking of electrical parameters measured after the first
irradiation than the elimination of outliers.

This method requires a high reliability parts handling
and testing capability so0 as not to compromise the overall reliability
of the devices and is therefore expensive to carry out on a large scale,
Also, it is important not to overstress the devices during the annealing
cyele.

b. Device Types Considered for IRAN. IRAN was considered
for device types that were determined to be more radiation~sensitive
than allowable by the c¢ircuit and shielding analyses. However, such
screening methods work only when the devices show a significantly varied
response to a radiation exposure. A list of device types that were
considered for IRAN is shown in Table 4-6. The devices consist of
analog switches, n~channel JFET's, and bipolar transistors. The primary
cause of radiation damage induced in these devices by ionizing radiation
is the formation of inversion layers due to the accumulation of positive
charges in the silicon oxide insulator near the silicon-silicon oxide
interface. This depends on the quality of the oxide, which is to a
large extent an uncontrolled process variable.

Devices that are generally extremely sensitive to ionizing
radiation, e.g., MOS devices, are poor candidates for the IRAN technique
and must be shielded. An additional reason for excluding MOS devices
is the difficulty of annealing out the radiation-induced interface
states except at high temperatures. The important LM108 operational
amplifier was excluded, because it had been possible to harden this
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Table 4-6. Device Types Considered for IRAN

Device Category Device Type

b ]
Operational amplifier HAZ2520
HA2600
HAZ2620
HA2700
LM101

Comparator LM111
Voltage regulator LM105

Analog switch DG129
DG133
DG141

JFET (n-channel) 2NU4093
2N4391
2NU392
284393
2NU856
2N5196
285520
2N5556

Bipolar transistor (hpp only) SDT5553

device against ionizing radiation (see Section VI-C-2). Because all
n-channel JFET's with a lightly doped base region are likely to develop
sizable gate leakage currents, they were therefore considered to be
candidates for IRAN. The n-channel JFET's in analog switches can cause
an increase in Ig (off), the most sensitive parameter in those devices
not containing MOS components. The latter were not subjected to IRAN
for reasons stated above.

The only bipolar transistor subjected to IRAN procedures
in the Voyager program was the SDT 5553, a device extremely sensiilve
to surface ionization effects at low current levels. It was considered
preferable to redesign circuits using other transistors to operate
with minimum de current gain.

a. Program Constraints. The original requirement imposed
on the devices was to survive a total dose of 125 krad{(Si). This was
later decreased to 60 krad(Si) as the result of a more precise definition
of the Jovian radiation belts. A ceiling of 150°C was imposed on the
annealing temperature of the devices for reliability reasons. It was
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found that this temperature is inadequate for complete annealing

of all surface effects. Burn-in temperatures up to 300°C have been
successfully employed in high-reliability programs (Reference 4-5),

but this requires device construction analysis and thermal stress analysis
for each device type before procurement. Such an investigation was

ruled out because of timing constraints. The devices were annealed

in an inert atmosphere for 96 hours. Experiments showed that longer
annealing times did not result in any additional annealing.

High-temperature annealing was considered to be unnecessary
for the JFET's. In these devices, only the leakage currents are affected
by the ionizing radiation; these currents are not significant in those
devices that pass the TRAN acceptance criteria.

d. Experimental Investigation. The experimental investi-
gation is discussed below.

1) Experiment. A4 series of experiments was conducted
on each device type under consideration for IRAN. Nonflight parts
had previously been exposed to 2.5-MeV electrons up to 1013 e/cm2.
These devices were annealed for 96 hours at 150°C approximately 2 to
3 months after the initial exposures. Most parameters annealed back
to acceptable specification levels, but others did not return to their
pre~irradiation values. Since high-energy electrons can induce a
significant amount of displacement damage, it was decided to carry
out additional experiments using a cobalt 60 source. The devices were
irradiated to a total dose of either 50 or 125 krad(Si), annealed at
150°C for 96 hours, and subsequently reirradiated with 2.5-MeV electrons,
making measurements at four radiation levels from 5 x 1017 to 5 x 107
e/em2, Details of the work are described in Reference 4-4.

2) Linear Bipolar Devices. The parametric changes produced
in each device by equal doses of the first and second irradiation were
plotted, so as to indicate the ratio of the shift produced, as well
as any anomalous data points. 1In almost all cases, reirradiation produces
substantially greater shifts than the original radiation. On annealing,
most parameters recover to within the manufacturer's specification
limits, Exceptions to this rule are open-loop gain and the input bias
current of some devices.

During the initial irradiation, most linear bipolar
devices exhibit slow parametric changes up to about 35 krad, followed
by a logarithmic response of the type

P =k logd+ C (4-1)

After annealing and reirradiation the logarithmic response starts at
about 10 krad(Si) and is of the type

P = k log(®-&y) + C (4-2)
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Besides these typical responses, many anomalous reirradiation curves
are also seen, particularly for the input offset current.

A thorough study was made of the factors causing
anomalous behavior, since the effectiveness of an IRAN program depends
on the ability to predict the response upon reirradiation. The majority
of the anomalies are predictable by deviant values after the first
irradiation and annealing, and the devices may be eliminated by suitable
acceptance criteria that are specific to each parameter of every device
type. The unpredictable results are caused by changes in zigm on re-
irradiation, by anomalous reirradiation curve shapes, and by causes
specific to a given device type and initial radiation dose level.

3) N-Channel JFET's. A number of n~channel JFET's were
irradiated to 60 krad(Si) under a gate bias of 10 to 20 V. All devices
showed a minimum increase of one order of magnitude due to an increase
in the surface recombination velocity, with greater increases produced
by inversion layers. A%t higher total doses Iggg varies with dose as

Tgss = (k@)@ (4-3)

where a varies from 2 to 5. The higher values of a indicate the presence
of an inversion layer.

. D) Analog Switches. Three types of analog switches

were irradiated at 50 to 100 krad(Si) followed by 96 hours annealing

at 150°C. On reirradiation, Ig(orf) varied with the total dose as

shown in Equation (4-3) over the dose range from 30 to 125 krad(Si).

No serious radiation-induced inversion layers were seen in these devices
resulting in a values between 1.4 -and 2.

5) Bipolar Transistors. The SDT5553 was irradiated
to a total dose of 5 krad(Si). The value of A(1/hgg) varied by more
than 3 orders of magnitude. On reirradiation there was a sharp inerease
in A(1/hgg) above 5 krad(Si) due to the onset of a response of the
type

Al1/hgg) = (kD)3 (4-1)

The value of a decreased with initial radiation damage and was lowest
for rejected devices.

e. Irradiate~-Anneal of Flight Parts. The preliminary
experiments eliminated a number of device types from the IRAN program,
because there was no correlation between the first and second irradiation,
or because the parameters would not anneal out. In other device types,
all the devices in a given lot degraded severely during the first
irradiation. Some subsystems engineers elected to increase the shielding
of their electronics and forego IRAN in order to save time.
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A program to irradiate-anneal flight parts was initiated
on a number of integrated circuits, on one bipolar transistor, and on
several JFET's. The test procedure is described in Section V-D-4, The
device types tested are listed in Table 4-7 along with the acceptance
criteria and the radiation screening levels developed in the experimental
program.

The total number of each part type. subjected to IRAN
is given in Table U4-7 along with the number of rejects. It may be
seen that about 1/3 of the devices failed the criteria shown in the
table for some part types, while others had no failures.

Az an additional safeguard, some devices for each
lot were subjected to reirradiation using a series of four exposure
levels from 12.5 up to 125 krad(S8i). This was to ensure that the re-
irradiation electrical parameter values did not exceed the limits that
had been used to set the acceptance eriteria listed in Table 4-T7, assuming
a correlation between the values on the first and second irradiation.
These limits were well within the requirements of the worst-case application
of Voyager subsystems.

For those parts which had to be annealed, an additicnal
requirement was that the electrical parameters of the flight parts
after annealing should return to a value within the manufacturer's
specification limits. However, the input bias current Ip of the LM101
did not anneal, and Ig for the LM111 deteriorated further. The following
specifiication for IRAN flight parts were adopted:

Manufacturer's Limit Post-Anneal [imit

LM101 75 na 100 nA
LM111 100 ni 1000 nA

In general, an annealing temperature of 150°C leaves some
residual radiation damage and does not guarantee the absence of annealing
and reirradiation anomalies. The success of the limited irradiate-
anneal program on Voyager flight parts was due to a combination of
the following factors:

(1) . Non-retracking problem minimized by careful selection
of device types to be subjected to IRAN.

(2) Remeasuring of devices after annealing by device
manufacturer.

(3) Reirradiation of sample flight parts to 125 krad(Si).
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Table U4~7. Flight Parts for IRAN Program

Part Number Number of Acceptance Secreening Dose,
Type Tested Rejects Criteria krad(Si)
LM1014 139 20 AVgg < 0.7 mV
{can)
Algg < 2.5 nA 125
AIp < 60 nA
LM1014 396 83
(Flatpack)
LM111 48 0 Vos < 3 mv
(can)
Ips < 20 nA 50
LM111 200 14 Ig < 1 pa
(Flatpack)
pG129a 18 0 Is (off) < 3 nA 50
DG1332 41 0 IS (off) < 3 nA 50
DG1H1a 9 0 Ig (off) < 5 nA 50
2NU85E6 . 298 65 Igss < 500 pA 60
2N5196 124 17 Igss € 100 pA 60
285520 21 0 Igss < 100 pA 60
2N5556 g6 28 Iass < 250 pA 60
SDT5553 39 4 hpg 8 5

at Ic = 0.15 mA

Lot Sample, IRAN only.
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(4) For each critical circuit, a permissible worst-case
parameter value determined by analysis. BReirradiation
data indicated that this value would not be approached
under the most unfavorable conditions defined as
mean plus 3 times standard deviation.

(5) Some significant device degradation, e.g., Ig of
LM101 and LM111, tolerated by the circuit designs.

5. Screening of Flight Parts

A special effort was made to radiation-screen and sample all
the radiation flight parts for all sensitive device types, even if
these devices had been subjected to some earlier screening activity.
The sample screening of flight parts fell into three categories:

(1) Sampling of flight parts only. This applied to all date
code lots including bipolar transistors and n-channel JFET's.
It also applied to some linear devices.

(2) Wafer or diffusion-metallization lot sample screening,
followed by final radiation sampling of flight parts.
This method was applied to all hardened linear devices.

(3) For a fraction of the devices subjeoted to IRAN, reirradiation
with electrons to 5 x 1012 e/cm2.

The irradiation of completed flight parts provides the following
safeguards:

(1) Comparison of the data with previous radiation data from
the same lot eliminates the possibility of device mix-ups
at the vendor.

(2} It indicates the existence of package effects; e.g., the
HA2700 was initially tested in a can. Subsequent tests
in a 10 lead flatpack showed catastrophic degradation
in negative open-loop gain not seen in the cans. These
effects are caused by degradation during sealing.

(3) Similar effects can also be produced in other operations
involving heating in different ambients, e.g., die and
lead bonding, temperature storage, and burn-in.

(4) Reirradiation tests on the LM111 revealed erroneous post-

annealing measurements carried out by the semiconductor
manufacturer.
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SECTION V

RADIATION TESTING AND DOSIMETRY

A, INTRODUCTICON

The radiation testing of Voyager piece parts was carried out
using several different radiation facilities, which are described in
this section, along with the procedures used. While the procedures
were similar, there was some variation from one facility to another
due to differences in the type of radiation equipment available, the
testing personnel, and the geomeiry of the test.

Section IT describes the Jupiter radiation environment to be
simulated in these tests. The initial studies of the spacecraft radiation
environments revealed a large number of different sources, including
solar wind protons, neutrons, and gammas from the RTG's as well as
the electrons and protons in the trapped belts at Jupiter. The Jupiter
electrons were determined to be the most potentially damaging to the
lightly shielded piece parts. The electron energy spectrum is discussed
in Section II. There was also concern early in the program that, while
the peak of ionization damage appeared to occur at 3 MeV, there would
also be considerable permanent damage caused by electrons above that
energy. Initial work was done with both 3-MeV and 20-MeV electrons,
using a LINAC accelerator. It was found that the damage between the
two energies had a predictable ratio. Subsequently there was concern
that the high dose rate of the LINAC pulse would not suitably simulate
the ionization effects of the steady~flux, low-dose rates at Jupiter.

If the instantaneous flux rate exceeds about 1011 e/cmz-s, the following
additional damage effects are produced that are absent in the Jupiter
steady state environment: .

(1) Transient secondary photocurrents may be generated that
may be large enough to damage Jjunctions and metallie
conductors in iransistors and integrated circuits.

(2) The instantaneous charge deposition may produce dielectric
breakdown in insulating regions like passivation layers.

Therefore, all subsequent testing was done using the Dynamitron accele-
rators, which have a steady rate, or using a cobalt 60 gamma source.

¥While proton tests were considered, it was decided that no parts
tests were required for the proton fluences expected at Jupiter for
Voyager. Also, no neutron tests were carried out because the neutron
fluence expected from the RTG's was considered below the parts damage
thresheld. The RTG gammas were adequately covered by tests with electrons
and cobalt 60 gammas.

All tests were done at ambient temperature and pressure. All
equipment used (except equipment specifically built for the testing)
was standard laboratory instrumentation, which was periodically cali-
brated.
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B. RADTATION TEST FACILITIES
1. Dynamitron

The Dynamitron accelerators at JPL and at Boeing were used
extensively during the testing program. The Dynamitron provides a
steady monoenergetic beam of electrons variable in energy up to 2.5
MeV with a range of beam currents suitable for the parts testing programs,
which required rates at the test devices of 108 to 1010 e/cm2-s, A1l
Voyager tests were performed using beam energies between 2.0 MeV and
2.5 MeV.

The parts test geometry for the two Dynamitrons is essentially
the same. The electron beam is brought out of the vacuum tube into
air through a 0.05mm (2-mil) titanium window, copper and aluminum
scattering foils, and through 0.9 m (3 ft) of air. Each of these materials
scatters the electrons slightly so that the beam has a reasonable uniformity
of less than 20 percent over the array of parts being tested. The
array is confined within a 25-cm (10-in.) diameter circle perpendicular
to the direction of the beam. At the center of the circle is the aperture
of a vacuum faraday cup which is used to control the flux and fluence
of the electron beam. The beam is centered on the faraday cup with
a gquadrupocle magnet prior to the installation of the test samples.
The output from the faraday cup is a current that is fed into a current
integrator. Both fluence and flux are measured. The integrator is
calibrated daily with a calibrated current source. The integrator
is set to shut off the electron beam automatically when the desired
fluence level is received by the faraday cup. Most of the integrated
circuits and transistors tested were irradiated with the Dynamitron.

2. Cobalt 60 Sources

Several cobalt 60 gamma radiation sources were used in the course
of Voyager parts testing. They were located at JPL, at the Hughes
Aircraft Company (HAC) and at the Naval Research Laboratory (NRL).

The gamma rays are primarily 1.17 and 1.33 MeV, with a spectrum of
lower energies due to scattering and absorption. Gamma radiation was
used to test parts that were known to be sensitive only to ionization
effects. Consequently, the type of source and the geometry of the test
are of little importance. Only the total dose of ionizing radiation
is important, and the fact that the measurements be done in situ or

as soon after exposure as possible. A list of the sources used and

the generic types of the tests is given in Table 5-1.

The gamma field uniformity was within +10 percent in the area

where parts were exposed. Dosimebry was done with thermoluminescent
dosimetry (TLD).
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Table 5-1. Cobalt 60 Test Types and Sources

Test Type Location Type of Source
CMOS Igg Screening HAC Pig with vertical drawer
CMOS Vo Test Patterns HAC Panoramic
CMOS Propagation Time HAC Panoramic
CMOS Characterization NRL Water tank
Power Transistors JPL Pig with window
3. Van de Graaff

A 6-MeV Van de Graaff electron accelerator, located at Notre
Dame University, was used for a small number of tests on zener diodes,
rectifiers, and voltage regulators. This work was performed by the
General Electric Company in order to investigate the effect of higher
energy electrons in producing bulk damage in devices where small amounts
of such damage might be important. Tests were conducted on all parts
at 3.0 MeV and on some parts at two energies, 3 and 5.5 MeV, to determine
the parts' response as a function of- energy.

C. TEST LEVELS AND DOSIMETRY
1. Program Test Requirements

The Voyager spacecraft must survive the radiation environments
described in Section II. JPL has stipulated test levels to be used
in the electron and gamma tests (see Appendix A). In fthe early part
of the program, which consisted mainly of parts characterization tests,
the values in Table 5-2 were used for electron tests.

As a result of further analysis of data from Pioneers 10 and
11, the estimates of the maximum radiation levels of Jupiter for the
Voyager mission were reduced. The test levels were changed to reflect
this new estimate, and another radiation level was added in order to
allow information on the device response at lower radiation levels
for devices that were shielded. The new levels, shown in Table 5-3,
were used throughout the rest of the testing program for both parts
characterization and screening of flight part lots,



Table 5-2. Radiation Flux and
Fluence Levels for
Early Electron Tests
(3-MeV Equivalent),
1000~s8 Electron

Exposure
Flux, Accumulated
e/cme=s Fluence Levels,
e/cm?
2.5 x 109 2.5 x 1012
2.5 x 109 5.0 x 1012
5.0 x 109 1.0 x 1013

Table 5-3. Final Radiation Test Levels Used in
Parts Testing, 1000-3 Electron

Exposure
Electron Accumulated Accumulated
Flux, Fluence Levels, Ionizing Dose,
e/eme-s e/cm? rad(Si)
5.0 x 108 5.0 x 1011 12,500
7.5 x 108 1.25 x 1012 31,300
1.25 x 109 2.5 x 1012 62,500
2.5 x 109 5.0 x 1012 125,000

Gamma tests were also performed at the accumulated dose levels given
in Table 5-3. However, the dose rates were not the same as those used
in the electron tests. Test geometry and field uniformity dictated
the dose rates, but the total dose values were maintained. Exposure
times with gamma sources varied from about 15 to 45 min.
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2. Radiation Measurements

Radiation measurements were made by two different techniques:
Electrons were measured by means of a faraday cup and gammas were measured
with TLD.

The faraday cup (see Figure 5-1) is designed to measure all electrons
passing through an aperture. The current produced by the absorbed
electrons is fed into a current integrator which is calibrated daily.

The integrator indicates the rate of current flow {(which is proportional
to flux) and integrates the amount of current up to a preset level

which has been calculated to represent the fluence level required by

the test engineer. At the preset level, the accelerator beam is shut
off automatically.

Most of the Dynamitron parts tests used the faraday cup as the
primary standard of flux and fluence. In the early tests at Boeing,
TLD calibrated with a Landsverk ion chamber was used as the standard.
Subsequently, a JPL-supplied faraday cup was incorporated as part of
the test setup.

Radiation field uniformity measurements were made by twe methods:
TLD and an ionization chamber. The TLD system was useful where high
doses and rates prevented use of the ionization chamber. Also, one
system could be used to check on the other when overlapping ranges
allowed.

030ecm _,l
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0.61 cm INSULATORS

(0.24 n.) {6 PLACES) .
124 em BIAS RING MADE FROM
(0.49 in.) / 0.lem 0.04Tn) COWRE
BIAS RING 4.44 em (1.75 in.) DIA ——\ J-— —_—

o _: h
W 9.83 em 14.0 cm
1.57 cm cmmwmm—\\/ 3.8 i) (550100
{© 62 in.) ) 1
a&g&aﬁtggr\lsmmons / 22'33‘2;? )
o= i)
Losiem 1.24 em
?llﬁ]] in.) = (0.210 in.) {0,490 tn.,) —= l-n—— I._ I A
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Fig. 5~-1. JPL Faraday Cup
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" TLD dosimetry was used to calibrate the cobalt 60 sources and
to determine field uniformity. The ILD system was calibrated with
ion chambers {Landsverk R-meters} calibrated to +2 percent accuracy.
The accuracy of the TLD is 10 percent.

The tolerance requirements for the radiation tests are given
in Appendix A, Methods used to calibrate the cobalt socurces and the
TLD systems are alsc described in Appendix A.

D. TEST SETUP AND PROCEDURES
1. General

The test setup and procedures used were guided by the specifications
developed in the early part of the parts test program (Appendix A).
Appendix B is a general test plan for the major portion of the characteri-
zation and flight lot sample work. Subsequently, a more detailed test
procedure (Appendix C) was written specifically for use in the flight
lot sample program. Some types of testing did not have a formal written
procedure, but the same general test conditions and procedures were
maintained, such as the type of test boards, biasing conditions, and
dose as well as the flux and fluence levels. However, at different
facilities there were slight variations necessary in test setup and
procedure.

2. Testing With Matrix Board

The matrix board was bulilt by Hughes personnel at the direction
of JPL to be a versatile method of carrying out electrical parameter
measurements on a variety of part types, with the paris remaining in
situ at the radiation site during measurement. The matrix board, shown
with power supplies, digital voltmeter, and ammeters in Figure 5-2,
was an integral part of the jin situ testing method shown in the block
diagram in Figure 5-3.

Figure 5-4 shows the system setup for a test including the location
of all elements in the block diagram. Figure 5-5 shows the devices
under test with the faraday cup in place and the window end of the
beam tube. - :

The purpose of the matrix board setup was to allow great versatility
in testing a wide variety of device types. The bias levels during
irradiation were controlled using this system. After each irradiation
level was completed, the matrix board was reconnected to make the 1
to 6 electrical parameter measurements required by the RIR's, as discussed
in Section IV-A-5. With this method, the Dynamitron did not have fto
be turned off. The beam was intercepted with a stopping block so that
no electrons were impinging on the devices under test. Thus the electrical
measurement could be made and the irradiation resumed with only short
intervals of interruption. This prevented excessive annealing of radiation
damage effects. Further details of the in situ testing procedure are
contained in Section 11 of Appendix C.




T7-41, Vol. I

Fig. 5-2. Matrix Board Setup for Control of Bias During
Irradiation and for Electrical Parameter
Measurements in situ
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Fig. 5-3. Block Diagram of the Test Setup for in situ
Testing With the Dynamitron

Fig. 5-4.

Matrix Board, Cable, and Test Fixture
Locations During Test




T7-41, Vol. I

For the non-in situ tests the Dynamitron was shut down, and the
test devices were removed from the site for about 15 to 20 min between
each irradiation level and the next. No bias was applied to the devices
during the periods between irradiations. For non-in situ tests, an
unirradiated control device was always used as a check on the measurement
instrumentation. Further details on non-in situ testing are given
in Section 12 of Appendix C.

The characterization and screening tests done with the matrix
board were on diodes, transistors, and integrated circuits. Further
details are given in Sections IV-A and IV-B, and the results are discussed
in Sections VII and VIII.

3 In situ Testing at Boeing Aircraft Company

A number of integrated circuits were tested for JPL by the Boeing
Radiation Effects Laboratory personnel. A complex control system with
which both biasing and electrical measurements were made remotely and
in situ was built for the work. The physical arrangement of the test
was very similar to that just described. A control or interface box
for ‘switching was located along with the measurement instrumentation
in a radiation-safe location. A set of 15-m (50-ft) cables connected
the measurement room to the radiation test cell where devices were
irradiated by the Boeing Dynamitron.

TEST BOARDS FOR
DEVICES UNDER TEST

ELECTRON
BEAM
TUBE
WINDOW

Fig. 5-5. Test Cell Setup for in situ Radiation Testing
With the Dynamitron Electron Accelerator
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In the test cell location was a test fixture which included a
box of eight modules of six relays each. Within each module the six
relays can be held either on or off during a test sequence, or they
can be controlled by a clock. Manual switching can be used between
each irradiation level and the next, to remove bias and make the required
parameter measurements, or the system switching sequence can be done
by an automatic circuit evaluator (ACE).

Individual circuit boards 11.5 cm (4-1/2 in.) x 13 em (5 in.),
with end plug, were made up for each device type, usually one for each
test series as defined by the RTR's. The circuit board under test
was plugged into a plug located on the test fixture box for irradiation.
Details of the Boeing instrumentation are contained in Appendix D.

The Boeing Dynamitron was capable of producing electrons with
a maximum energy of only 2 MeV. While this was less than the 2.5 MeV
produced by the JPL Dynamitron, it was thought to be no serious problem
since the major damage to devices was due to ionization and the ionization
cross section with energy in this region is quite flat.

As in the JPL Dynamitron testing, the test devices were exposed
at 0.9 m (3 ft) from the beam tube window with a beam-scattering foil
on the end of the beam tube. A throughput ion chamber and a faraday
cup were used to determine the flux and fluence, the ion chamber being
an independent check on the beam flux stability.

The Boeing in situ tests were done on a limited number of the
most important electrical parameters of integrated circuits. Further
details on the test and results may be found in Sections IV, VII, and
VIII.

4, IRAN Testing

The irradiation-anneal (IRAN) testing of flight parts was done
by the Hughes Aircraft Company for JPL. A special test setup was prepared
for the IRAN work, which was semi-automated so that 48 test devices
could be irradiated and measured as socon after the radiation exposure
as possible. Figure 5-6 is a block diagram of this system. Figure 5-7
shows the stepper switches and the test samples in the faraday cage.
Figures 5-8 and 5-9 show the operating instrumentation.

5=-10
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Fig. 5-6. Block Diagram of the IRAN Testing System

Electrical leakage was kept to 50 pA or less.
fixed voltage rather than variable voltage.
both before and after each series of measurements.

The functional criteria applied to the system were as follows.

The power supplies produced
A control sample was measured
A delay time of

up to 4 seconds was required before reading a measurement value, in order

to obtain reproducible readings.

reproducible to +0.1 mV.
+10 percent as measured from socket to socket with a calibrated current

input.

A detailed procedure (Appendix E) written for the IRAN work
included a step-by-step procedure for doing the IRAN testing and a
section on quality assurance requirements.

Measurements of voltage were made
Accuracy of the current values were within

were present at all times while flight parts were being handled.
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Fig. 5-8. Operating Instrumentation for the IRAN Screening Tests

The cobalt 60 source used was a 50-kilocurie panoramic irradiator,
Gammabeam, Model 650, made by Atomic Energy of Canada, Ltd. The source
field was calibrated with TLD, which was in turn calibrated with a
+2 percent Victoreen ion chamber. The variable-diameter source ring
was kept at its minimum diameter, and the devices were irradiated at
a fixed distance from the center of the source, to obtain a dose-rate
of 50 rad(Si)/s. Doses used for IRAN were 50 to 125 krad(Si). Dose
uniformity over the samples was better than +10%. Figure 5-10 shows the
source with an IRAN test in place.
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In the annealing oven (Figure 5-11), the temperature was maintained
at 150° 5 C. Parts were routinely annealed for at least 96 hours.
Nitrogen gas flow was maintained in the oven throughout the time the
parts were in the ovens.

IRAN screening was carried out on'a very limited number of integrated
circuits and one transistor. Further details may be found in Sections
IV and VIII.

5 CMOS Testing

Several types of tests were done on CMOS devices, including
Isg screening, Vr measurements on test patterns, propagation time measure-
ments, and characterization measurements. All these tests were performed
under JPL direction by Hughes Aircraft Company except for the characteriza-
tion measurements, which required sophisticated computer analysis.
These characterization tests were done at the Naval Research Laboratory.
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Fig. 5-10. IRAN Screening Test in Place for Irradiation

a. 1gs Screening. Approximately 13,000 CMOS devices were
screened by measurements of Igs. Throughput was somewhat limited (up
to 15 devices were irradiated simultaneously) by the amount of available
space in the cobalt 60 source used. Figure 5-12 shows the source used
and the instrumentation. Figure 5-13 is a closeup at the irradiation
chamber, showing device sockets with four samples in place. The
instrumentation, built specifically for this test series, is shown
in Figure 5-14. The gamma dose rate in the chamber was measured at
8510 rad(Si)/min with some small radioactivity decay over the course
of the program. Adjustment in the length of exposure was made for
the decay to maintain 150 kilorad(Si) as the total dose for each exposure.
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Fig. 5-11. Inert Gas Annealing Oven for the IRAN-Screened Parts

A radiation exposure was made by placing the CMOS devices in
the sockets shown in Figure 5-13. Then the chamber was lowered into
the radiation field for a preset time. When the chamber was raised
automatically by the clock, the Igg measurements were made.

b. Vr_and Propagation Time Measurements. These measurements
were made with different instrumentation but both used the Hughes 50-
kilocurie source shown in Figure 5-10, which required 15-m (50-ft)
long cables for the in situ measurements.

3 1A Device Characterization. The Naval Research Laboratory

did the device characterization testing of CMOS devices using a cobalt

60 source shielded with water. The devices were biased during the
radiation exposure. However, the bias was removed after the exposure,

and the devices were taken to another building for measurements. This
procedure resulted in a time delay of about 20 min which, along with the
bias removal, may have resulted in some annealing of the leakage currents.

In CMOS testing the greater portion of the work was in Iss screen-

ing. Each of the CMOS tests is further discussed in Sections IV, VII,
and VIII.
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a4

TEST CHAMBER IN
RAISED POSITION
(SEE FIG. 5-13)

CABLE
CONNECTION

PANEL —-\

Fig. 5-12. Test setup for the Igg Screening of CMOS Parts

6. Diodes and Rectifiers

The diodes and rectifiers that were required to maintain a close
tolerance in output were tested using the JPL 2.5-MeV Dynamitron.
In addition, on some diodes, higher energy electrons were used to determine
whether displacement damage at the higher energies might be important.
These higher energies were obtained by using the Van de Graaff accelerator
at Notre Dame University. Both 3-MeV and 5.5-MeV electrons were used.

The tests at Notre Dame were carried out by General Electric
Company personnel for JPL using a test setup much like the one used
at the JPL Dynamitron described in Section D-2. The parts were biased
during exposure. The electron beam was brought into the test area
with an evacuated drift tube through a thin window into a gold scattering
foil, then through 76 em (30 in.) of air to the devices under test.
A faraday cup was used to monitor flux and fluence. TLD was used to
confirm dose at each dose point. The beam uniformity was found to
be +10 percent over the test device exposure area, using an array of
copper blocks as collectors. The test devices were confined to a
7-cm (2-3/4 in.) square area.
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Fig. 5-13. Test Chamber in Raised Position With CMOS Parts
in Place for Igg Screening

Fig. 5-14. Instrumentation for the Igg Screening of CMOS Devices
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The work on diodes and rectifiers amounted to a small part of
the total program. Further details on these tests are given in Sections
IV and VII.

T Power Devices

A number of power devices have very thick cases and are stud-
mounted devices. For such devices, electrons have difficulty in pene-
trating the package. Consequently, cobalt 60 was used to irradiate
such devices. The work was done using the JPL dual 13-kilocurie sources.
The test arrangement was the same as for other transistor testing utilizing
the matrix board described earlier and the 15-m (50-ft) cable; only
the source is different. In the tests, the same total doses as used
in Dynamitron tests were obtained, but the dose rates were changed
to accommodate reasonable exposure periods of 8 to 25 min.

Figure 5-15 shows a test board with stud-mounted devices ready
for the in situ cobalt test. Figure 5-16 shows the dual 13=kilocurie
source with the test fixture between the sources.

Fig. 5-15. Stud-Mounted Power Transistors Ready for
Gamma Radiation Test
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Fig. 5-16. JPL Dual 13-kilocurie Cobalt 60 Source With Power
Transistors in Place for Test
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SECTION VI

DEVICE HARDENING

A, INTRODUCTION

In the Voyager program, as mentioned earlier, radiation was originally
not considered to be a problem. Subsequently, Pioneer Jupiter flybys
indicated the presence of strong radiation belts, which led to an intensive
program to harden the existing Mariner design. At this point, there
was not sufficient time to undertake a device-hardening program, except
in the case of the CMOS CD4000 series and of some bipolar linear devices,
where hardening resulted in improved deviees. The hardening programs
were carried out by RCA for the CDHOOO series and by Wational Semiconductor
for the linear devices. The results of the program are described in
this Section.

B. CMOS

Large quantities of CMOS devices comprising 28 different logie
functions were used in the spacecraft. Devices fabricated by the standard
commercial process could not withstand a fluence of 5 x 1012 g/cm?
under normal bias conditions, due to a shift of the n-channel gate
turn-on veltage toward 0 V, accompanied by an inecrease in the supply
current. By reducing the gate oxide annealing temperature from 1100
to 950°C, it was found possible to fabricate devices that were still
functional after irradiation to 5 x 1012 e/cmz, though with somewhat
degraded device characteristics (References 6-1 and 6-2). However,
even these devices showed significant degradation at a dose of 150
krad(Si) as shown by Reference 6-3:

(1) Increases in the quiescent supply current by factors greater
than 3000 into the microampere range, and with corresponding
increases in the leakage currents between different terminals.
Large-area devices or devices containing large-area transistors
were particularly affected, as was the leakage current
through the transmission gates of multiplexers.

Preliminary data indicate that the substitution of nitrogen
for forming gas in the gate oxide annealing step has a
beneficial effect on reducing the post-radiation quiescent
supply current and transmission gate leakage currents of

the multiplexers and on producing a more homogeneous product.

(2) Test patterns formed by n-channel MOS transistors produced
a shift in the gate turn-on veoliage from positive to negative
values in many cases (see Figure 6-~1). The true gate turn-
on voltage, Vyy, at low currents is less than 1 V before
irradiation and shifts fto -0.6 V at 150 krad(3i). At higher
current levels, Vyy stays well above zero, and does not
shift signifiecantly after irradiation. On the other hand,
Vep at 10 pA showed a bimodal distribution after irradiation.

6-1



77-41, Vol. I

(3) The devices showed an inerease in the propagation delay
time of up to 50 percent at 75 krad(Si) or "100 percent at 150
krad(Si). The average increases from 2 to 37 percent for
different device types at 75 krad(Si) and from 6 to 62
percent at 150 krad(Si). The propagation delay is governed
by a shift in the p-channel gate¢ turn-on voltage.

A CMOS static random-access memory, very susceptible to ionizing
radiation, was also used on the spacecraft. A hardening program for
this component was considered to be too expensive. It was, therefore,
decided to apply massive shielding, so that the impinging total dose
would not exceed 10 krad(Si).

Radiation effects in MOS devices are governed by slow oxide states
in the gate oxide and by fast interface states at the gate~oxide silicon
interface. The interface states are important at the highest radiation
levels. They cause the p-channel device threshold voltage to shift
to more negative values, but cause the n-channel devices to shift to
more positive values. On the other hand, the oxide states cause negative
shifts in both device types. They become effective at low radiation
levels and saturate at the highest radiation levels. This behavior
explains the maximum change in threshold voltage in n-channel devices
at intermediate radiation levels, followed by an improvement at higher
fluences. In p-channel devices, both interface and oxide states produce
negative shifts in threshold voltage, so that no saturation effect is
seen as the total dose 1s increased.

The four basic CMOS failure modes in an ionizing radiation environment
have been identified by Burghard and Gwyn (References 6-4 and 6-5)
with their associate causes as follows:

(1) Failure to Switch ~ |[Vgy|}  |vyp|

(2) Excessive Leakage - |VTN,!
(3) Speed Reduction - |V |}
(4)  Noise Immunity - egll  Jvep| |

The arrows indicate a decrease | or increase } in |Vgl.
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Figure 6-1. Gate Voltage vs Drain Current

C. LINEAR INTEGRATED CIRCUITS

1. Hardening Program

Sophisticated bipolar linear circuits with low power dissipation and
high performance specifications are very sensitive to surface ionization
damage, which can change their operating parameters by orders of magnitude
beyond their specification limits {(Reference 6-6). Hardening of bipolar
linear circuits may be accomplished either by process changes, by changes
in design, or by a combination of the two. Hardening by changes in
design is more limited to a single device family and -is also more costly.

The sensitivity to ionizing radiation may be significantly reduced
by modifying the structure and composition of the oxide layer next
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to the siliecon interface, though often at the expense of reducing. the
manufacturer's yield of devices with the most desirable pre-irradiation
electrical characteristices. The processing steps, starting with emitter
diffusion and oxidation, are critical to achieve radiation hardness,

i.e., the temperature and conditions of the different diffusion, oxidation,
and annealing steps. In particular, the radiation resistance is believed
to be deleteriously affected by subsequent dry oxidations at moderate

heat and by the use of forming gas.

In late 1974 and early 1975, Voyager funded some specially processed
runs at National Semiconductor in an attempt to obtain improved radiation
hardness in several device types. Tables 6-1 and 6-2 show that this
effort was successful in some device types, notably the LM108, but
failed in others. In particular, attempts to harden the LM101 operational
amplifier and the LM111 comparator were unsuccessful. Some success

was also achieved in hardening the LM139 comparator; see Section VIII-A-1.
k4

The LM108 was the prototype for the hardening effort at National
Semiconductor, and LM108 kit parts were irradiated to obtain diagnostic
information. The data shown in Table 6-3 indicates that the radiation
generates large collector leakage currents -in the unhardened lateral

and vertical pnp transistors; these leakage currenis are removed by the
hardening process. These currents alsc destroy the gain of the pnp transis-
tors. The gains of the standard and superbeta npn transistors are also
improved by the hardening process.

2. LM108

Improved hardness was achieved in the LM108 and LM108A operational
amplifiers, and the devices were satisfactory for Voyager applications.
The modified process did, however, produce several undesirable side effects:

(1) The pre-irradiation input specifications for the LM1084
could not consistently be met, and relaxation was required.

(2) Yield to electrical specifications was poor at ~55°C.

(3) The devices were appreciably noisier than the standard
product.

{4) The modified chip was incompatible with flatpack encapsulation,
which degraded the pre-irradiation electrical characteristics
as well as the radiation response. )

There were a few applications where flatpacks had to be used
or where the noise could not be tolerated. Heavily shielded standard
devices were used in these cases. Also, a few applications requiring
extreme stability through irradiation necessitated the shielding of
even the hardened devices.

The noise problem is inherent in the steam oxide radiation-hardening

process; it is caused by an increase in the density of fast interface
states as well as by some lattice damage during the steam oxidation
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process. There is considerable variation in the noise level of the
hardened devices. Most devices exhibit a strong 1/f noise, and some
show popeorn noise, which may be identified by a transient shift in
the offset voltage.

A number of devices were irradiated with 2.5-MeV electrons at
the JPL Dynamitron to study the radiation effects on the noise character-
istics. The samples were chosen s¢ as to exhibit varied pre-irradiation
noise characteristies.

The irradiation results are summarized in Tables 6-4 through
6~6." The 1/f noise of the quiet parts increased by a factor 2 to 3
over the total dose range from 0 to 125 krad(Si). However, most of
the increase took place at the lowest radiation level of 12.5 krad(Si)
and is associated with a radiation-induced increase in the surface
recombination veloeity. The initially noisy devices increased by a
factor of 6 at 12.5 krad(Si), but further irradiation caused a decrease
in the noise level to their pre-~irradiation value.

The quiet devices showed a steady increase in popcorn noise on
irradiation by a factor of 2 to 3 at 125 krad(Si). The devices exhibiting
strong initial popcorn noise showed an initial increase by a factor
of 2 at 12.5 krad(Si). This was followed by a decrease to their pre-
irradiation value.

Additional measurements were made at H00 Hz for all devices. The
quiet devices showed little change on irradiation. The noisy devices decreased
slightly at the 12.5 krad(3Si) level, then showed little additional change
during further irradiation.

3. LM139

The LM139 comparator produced at National Semiconductor failed at
a fluence of 1 x 1012 e/cm® when biased in the off condition during
irradiation. An attempt to harden this device was made in two stages.
In the first stage, the emitter oxidation was switched to steam oxidation
as in the other linear devices. In the second stage, some additional
oxidation steps after the emitter oxidation were omitted.

Table 6~7 shows that the initial hardening effort was unsuccessful,
whereas the final effort increased the onset of the catastrophic failure
mode when the devices were irradiated in the off condition from 1 x 1012
to 5 x 1212, The failure mode is caused by a latchup which causes the
output voltage to move toward the positive supply voltage. The final
hardened devices also showed smaller shifts in the de parameters. The
main drawback of the final hardening process was a significant worsening
of the output sink current.
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Table 6-1, Successful Linear Hardening Efforts

Mean + 3¢ Values

Device FParameter Fluence
e/cm2
Hardened Unhardened
LM108 AVpg (mV) 5 x 1012 0.50 1050
1 x 1013 0.95 900
Algs (nA) 5 x 1012 0.52 6.5
1 x 1013 0.95 14
ATIp (na) 5 x 1012 7.4 11.6
1 x 1013 14.9 43.2
Open-loop gain 5 x 1012 84 Failed
(dB) at
2-mA load 1 x 1013 4.7 Failed
LM105 ALoad Regulation 5 x 1012 3.55 26.66
Voltage Output Voltage
regulator (mV) 1x 1013 7.48 20.1
ALine Regulation 5 x 1012 3.33 27.62
(mV) at 8.5 V
1 x 1013 8.81 18.5
ALine Regulation 5 x 1012 13.3 25.97
(mV) at 40 V
1 x 1013 7.82 8.22
LM102 MVpg (mV) 5 x 1012 6.36 22.7
Voltage
follower 1 x 1013 6.26 2.5
Alg (mV) 5 x 1012 9.05 10.8
1 x 1013 18.4 41.6
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Table 6-2. Unsuccessful Linear Hardening Efforts

Mean + 3&'Va1ues

Device Parameter Fluence
. e/cm®
Hardened Unhardened
LM101 avps (m¥) 5 x 1012 22.1 8.5
operational
AVgg (mV) 1 x 1013 22.5 12.7
Algg (nd) 5 x 1012 13.96 158.0
AIgs (nd) 1 x 10713 9.3 326.0
“Alg (nA) 5 x 1012 180.7 99.0
AIg (nA) 1 x 1013 223.3 138.0
Open=loop 5 x 1012 105.4 90.9
gain (dB)
R, = ® 1x 1013 Failed
Open=1loop 5x 1012 100.1 80.6
gain (dB)
R, = 2.5 kQ 1 x 1013 Failed
AQpen-loop 5 x 1012 10.0 41.3
gain (dB)
RL = o 1x 1013 Failed
AQpen-loop 5 x 1012 12.4 17.9
gain (dB)
Rj, = 2.5 kQ 1 x 1013 Failed
LM124 AVgg (mV) 5 x 1012 4.04 11.99
operational
amplifier Alpg (mV) 1 x 1013 9.4 10.11
Algs (nd) 5 x 1012 15.494 15.5
Algg (na) 1 x 1013 27.17 217.2
Alg (na) 5 x 1012 159.4 31.08
Alg (na) 1x 1013 270.9 55.6
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Table 6-2. Unsueccessful Linear Hardening Efforts
(Continuation 1)

Mean + 3 o Values

Device Paraméter Fluence
) e/cme
Hardened Unhardengd
LM124 Alutput 5 x 1012 0.0126 0:0121
operational sink current ’ 1 x 1013 0.0212 0.0198
amplifier {mA)
(continued)
AQutput source 5 x 1012 0.002 0.0126
current (ma) 1 x 1013 0.0027 0.0147
Open-loop 2.5 x 1012 96.53 101.12
gain (dB)
2-mA load 5 x 1012 87.41 94,03
AOpen=-loop 2.5 x 1012 5.99 6.45
gain (dB) at
2=mA load
5 x 1012 15.13 13.12
LM111 AVps(ore) (mV) 5 x 1012 6.05 2.35
Comparator - 1 x 1013 11.45 5.05
AVoa(on) (mV) = 5 x 1012 1.74 0.851
05 1x 1013 10.2 0.851
Algs(orr) (mV) 5 x 1012 167.0 30.7
1 x 1013 187.7 T4, 1
AIps(on) (mV) 5 x 1012 18.0 118.0
1 x 1013 56.46 101.0
AIg(orr) (R4) . 5 x 1012 1.3 1.91
1 x 1013 1.3 1.61
Alp(on) (1A) 5x 1012 .21 2.26
1x 1013 2.0 1.9
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Table 6-3. LM108 Kit Parts

2

Parameter Fluence, e/cm Unhardened Hardened
A(VWhgg) Vog = 5V, 2.5 x 10]2 Vertical pnp Failed? 5,7 x 1073
Io = 50 pA 5 x 1012 Failed® 7.4 x 1073
1x 1013 Failed? 1.41 x 102
Vg = 5 V, 2.5 x 1012 Lateral pap 4,03 x 1072 2.33 x 10=2
Ig = 50 pA 5 x 1012 Failed? 441 x 1072
1x 103 Failed? 8 x 10~
0 7.19 x 10~ na 1.38 x 10~ na
Ieno 2.5 x 1013 Vertical pnp 11.9 pa 2.93 x 10:1 nA
5x 10 2h0 pa 5.82 x 107, nA
1x 1013, 135 pA 9.41 x 10°7 na
0 1.26 x 10~ na 1.25 x 10~} nA
2.5 x 1013 Lateral pnp 697 nA 1.76 x 10'1'1 ni
5 x 10} 1.82 pA 3.2 x 107] nt
1x 1013 1.87 pa 4.4 x 1071 na
0 56.3 nA 5.18 nA
Iego 2.5 x 1012 Vertical pnp 5.22 pA 2.53 nA
5 x 104 35.3 nA 3.19 nA
1x 1013 78.6 nA 3.0 nA

I "ToA “Ly=Ll
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Table 6-3.

LM108 Kit Parts

(Continuation 1)

4

Parameter Fluence, e/cm? Unhardened Hardened
0 1.23 nA 3.68 x 1071 na
Icgo 2.5 x 1012 Lateral pnp 317 pA 3.8 x 1077 na
5 x 1012 906 A 6.19 x 10" nA
1 x 1013 1270 pA 1.12 nA
A(1/hgg) Vgg = 0V, 2.5 x 1012 Super npn beta 1.3 x 1073 7.5 x 10“2
Ig = 10 pd 5 x 10! 2.7 x 1073 1.04 x 10”
1x 1013 4.0 x 1073 1.56 x 1073
Vg =57V, 2.5 x 10" Standard npn 9.6 x 1073 7.7 x 1074
12 beta 3
Io = 100 pA 5 x 10 9.4 x 1073 .81 x 107
1x 1013 8.9 x 1073 3 x 1073
2Excessive collector leakage

current.
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6-4. 1/f Noise (Average).at 1 Hz (1-Hz Bandwidth)

Total Dose Noise, pV, for Indicated Device
e/cm? krad (Si)
SN SN SN SN SN SN
1036 1037 1047 1049 1050 3119
0 0 0.5 0.7 0.% 0.4 0.5 0.9
5 x 1011 12.5 4.0 3.0 3.0 2.5 3.0 0.5
1.25 x 1012 30 0.5 0.5 0.5 0.5 1.5 0.6
2.5 x 1012 62.5 0.5 0.l 0.5 0.5 1.0 0.5
5 x 1012 125 0.4 0.5 0.4 0.8 1.3 0.8
SN SN SN SN SN
3107 3133 3145 3177 3183
0 0 0.5 - 0.12 0.15 0.14  0.17
5 x 1011 i2.5 0.4 0.4 0.30 0.4 0.4
1.25 x 1012 30 0.5 0.4 0.35 0.3 0.3
2.5 x 1012 62.5 0.4 0.4 0.4 0.1 0.5
5 x 1012 125 0.6 0.5 0.5 0.5 0.60

611
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Table 6-5. Popcorn Noise (Peak) at 1 Hz (1-Hz Bandwidth)
Total Dose Noise, uV, for Indicated Device
e/cm® krad (8i)
SN SN SN SN SN SN
1036 1037 1047 1049 1050 3119
0 0 1.3 5.6 4.3 5.6 5.1 2.3
5 x 101 12.5 4.5 7.5 7.0 8.0 6.5 1.7
1.25 x 1012 30 1.3 4.9 k.0 5.7 5.0 1.1
2.5 x 1012 62.5 1.1 4.1 4.1 5.1 5.7 1.2
5 x 1012 126 1.4 3.8 3.7 5.7 5.7 1.2
SN SN SN SN SN
3107 3133 3145 3177 3183
0 0 1.7 .56 .56 .36 .51
5 x 1011 12.5 1.3 0.5 0.7 0.65 0.8
1.25 x 1012 30 1.3 0.8 0.8 0.5 0.8
2.5 x 1012 62.5 1.4 .75 .8 .85 1.0
5 x 1012 125 1.5 1.2 1.3 1.2 1.4
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Table 6-6. Y400-Hz White Noise (100-Hz Bandwidth)

Total Dose Noise, pV, for Indicated Device

e/cm? krad (Si)

SN SK SN SN SN SN
1036 1037 1047 1049 1050 3119

0 0 1.0 .8 .8

R 1.3 1.1
5 x 1011 12.5 A 45 4 A 5 4
1.25 x 1012 30 ! Rt N 4 5.2 bl
2.5 x 1012 62.5 ! 4 O 5 .35
5 x 1012 125 37 .37 .38 .36 5 16
SN SN SN SN SN
3107 3133 3145 3177 3183
0 0 26 26 .34 I5 5.1
5 x 1011 12.5 .33 .42 .37 .37 4.5
1.25 x 1012 30 .32 .31 .32 .32 4.h
2.5 x 1012 62.5 .33 .31 .33 .32 4.4
5 x 1012 125 .39 .32 .38 .35 4.5
4, Inherently Hard Devices

The LM105 voltage regulator was improved somewhat by hardening
(see Table 6-1), but the radiation resistance of the unhardened devices
was found to be adequaie for all Voyager applications. The following
device types were found to be sufficiently hard, so as not to require
any device modification:

Comparators: LM106, LMT710
Voltage Regulators: LM103, LM104, LM723

6-13
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Table 6~7. LM139 Hardening

Mean + 3¢
Null Initial Final
Device Parameter Voltage, V Fluence, e/cm2 Hardening Hardening Unhardened
LM139 AVpg (mV) +0.7 5 x 101; On during 0.975 0.307 0.48
1x 10! irradiation 1.60 —_— 0.45
1.25 x 1012 —— 0.4 1.58
2.5 x 101 5.18 1.8 3.33
5 x 1012 Failed 1.8 6.28
+1.4 x 1012 On during 4.7 _— 63.5
1 x 1013 irradiation 13.33 —— Failed
+0.7 5x 10]]  Off during 5.68 2.18 12.24
1 x 1012 irradiation 25.9 — Pailed
1.25 x 10’2 —— 1.59 Failed
2.5 x 10! Failed 37.9 Failed
5 x 1012 Failed Failed Failed
+1.0 5 x 1012 Failed — 2.25
1x 1013 Failed — Failed

T "1oA ‘ii~il
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Table 6-T7. LM139 Hardening
{Continuation 1)

Mean + 3o
Null Initial Final
Device Parameter Voltage, V Fluence, e/gm2 Hardening  Hardening Unhardened
LM139  AIpg (nd)  +0.7 5x 10! On during 28.31 2.4 7.01
1 x 10,}2 irradiation 37.96 —- 12.5
1.25 x 1012 —- 16.98 29.0
2.5 x 10}2 65.37 43.7 65.3
5x 1012 Failed 71.3 97.2
+1.4 5 x 10}2 On during 38.45 — 310.0
1x 1013 irpadiation Failed — Failed
+0.7 5 x 10}1 Off during 106.99 43,4 7.78
1 x 1012 irradiation 235.73 — Failed
1.25 x 10}3 — 20.2 Failed
2.5 x 1012 Failed 93.7 Failed
5 x 101° Failed Failed Failed
+1.4 5 x 1012 Failed — 55.5
1 x 1013 Failed —— Failed

I "TIOA ‘iy=L.
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Table 6-7.

LM139 Hardening
{Continuation 2)

Mean + 3¢

Null Initial Final
Device Parameter Voltage, V Fluence, e/cm? Hardening  Hardening Unhardened
LM139 A/B (nA) +0.7 5% 101] On during 106.99 149.6 96.7
1x 1012 irradiation 235.73 —_— 188.9
1.25 x 1012 — 317.9 193.8
2.5 x 1012 482,48 433.0 608.3
5 x 1012 Failed  482.%4 1860.0
+1.4 5 x 1012 On during 209.38 — 500. 1
1x 1013 irradiation 385.36 — Failed
+0.7 5 x 1071 Off during 152.1 150.5 104.6
1 x 1012 ipradiation 289.85 — Failed
1.25 x 1012 -— 331.9 Failed
2.5 x 1012 Failed  455.8 Failed
5 x 1012 Failed Failed Failed
+1.4 5 x 1012 Failed _— 512.3
1x 1013 Failed —— Failed
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Table 6-7.

L.M139 Hardening
(Continuation 3)

Mean - 3¢
Null Initial Final
Device Parameter Voltage, V Fluence, e/em? Hardening  Hardening Unhardened
LM139 Qutput sink 1.5 5 x 101; On during 6.02 5.46 Negative
current (mA) 1% 10] irradiation 5.1Y4 S 1.02
1.25 x 1012 _— 3.12 —
2.5 % 1012 3.96 2.1 0.04
5x 107 Failed 1.73 Negative
5% 10 Off during 6.45 5.35 Negative
1x 1012 irradiation 5.17 - Failed
1.25 x 1012 —_— 3.00 —
2.5 x 1012 Failed 2.03 Failed
5 x 1012 Failed Failed Failed
0.7 5 x 1011 On during 6.99 9.98
1.25 x 1012 irradiation 5,19 9.74
5x 101 Off during 7.60 10.05
1.25 x 1012 irradiation 3.46 Failed
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Table 6-7.

LM139 Hardening
(Continuation 4)

Mean - 3¢
Null Initial Final
Device Parameter Voltage, V Fiuence, e/em2 Hardening Hardening Unhardened
LM139 A Output 1.5 5 x 1011 on during -3.54 ~5.50 -6.17
sink current 1x 1012 irradiation -6.73 — _—
(mA) 1.25 x 1012 — 8.13 -12.20
2.5 x 1012 _7.43 -9.35 -19.01
5 x 1012 Failed .  ~9.84 -24.5
5 x 101; Off during -3.72 ~5.62 -6.32
1x 10! irradiation -5.66 — Failed
1.25 x 1012 —- -8.23 —
2.5 x 1012 Failed 9.146 Failed
5 x 1012 Failed Failed Failed
0.7 5x 101} On during ~b_ 12 -1.93
1.25 x 10:? jirradiation -6.39 -5.30
5 x 1012 Off during ~4,32 -1.99
1.26 * 10 irradiation -6.29 Failed

I *ToA “Ly=L)
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SECTION VIl

CHARACTERIZATION TEST KE3ULTS

The results of characterization tests conducted in the radiation
program are summarized in this section under generic device type.
Detailed test results are contained in Reference 1-1.

A. TEST DATA BROM OTHER SOURCES

£ comprehensive analysis of existing test data was undertaken
at the start of the characterization program but was eventually terminated
by the Voyager Project Office due to the small benefits being derived.
The eritical analysis included reviewing the following:

(1)

(4)
(5)

The manufacturer, device type, date, and lot codes.

Bias conditions during irradiation and measurements (see
Section V).

Type of radiation facility, such as LINAC (potentially
destructive because of high flux pulses)} and cobalt 60
(no bulk damage)} (see Section V).

In sity testing to minimize annealing (see Section V).

Annealing due to test methods (see Section V).

Analysis of these data from sources other than JPL generally
revealed the following:

ap

(2)

(3}
(4)

(5)

Ob=solete data.
Bias conditions during irradiation not knowuwn.
Measurements not in situ.

LINAC, cobalt 60, and neutron test results not appliecable
for electron effects.

Information on date codes and lot codes missing.

The bulk of the data was from

(1)

(2)

Massachusetts Institute of Technology, Lincoln Laboratory
--data valid but old.

The Boeing literature search (Contract 952565, May 1970)
and the Hughes literature search (Contract 953957).
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(3) harry Diamond Laboratories; Total Dose Data File, dated
3/4/76, and "Radiation Effects on Semiconductor Device,
Summary of Data," June 1974.

(1) General Electric; "Electronie Parts Characterization for
Jupiter Radiation Environments," April 1974.

(") Jet Propulsion Laboratory; preliminary data on proton,
neutron, electron and gamma ray tests.

B. BiPCGLAR TRANSISTOKS

Bipelar transistors degrade in an ionizing radiation environment
because of an increase in the base current. There is a strong increase
in the degradation at low current levels. Some transistors degrade
far more than others, due to the formation of inversion layers near
the surface of doped p-regions, thus causing enhanced p-n junction
leakage.

In transistors, this inversion appears mostly as a decrease in
hpg, primarily at low collector currents, Ip. Figure 7-1 shows the
effect of 5 x 10712 ¢/em?@ on various transistors. The mean value of
A(1/hgg) is plotted as a function of the collector current. Table 7-1
shows values for all bipolar transistors tested. The value ofJA(1/hFE)
varies approximately as 10'1/2. It has, therefore, been proposed by
V. A. J. Van Lint to reject devices that fall above a line Af1/hpp) =
0.01 Ic=1/2, where Ic is in mA, and to establish a design tolerance
of Al1/hpg) = 0.03 1p (see Figure 7-1).

It may be noted that the radiation resistance strongly depends
on the processing line; e.g., the 282222 made by Vendor A is one of
the better devices, whereas the same device fabricated by Vendor E
is among the worst. Some device types show a slight dependence on
operation in the saturated or unsaturated condition (Figure 7-2).
Several device types show a bimodal distribution (Figure 7-3).
Irradiate-anneal techniques have been employed in one instance to
remove the inferior devices (see Section IV-B-4).
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Table 7-1. Bipolar Transistor Types in Order of Increasing Sensitivity

Bimodal A(1/hpg) at Indicated Ip in mA, at 5 x 1012 e/em?
Device Manu- Sat.(8)/ Dist(B)/ )
Type facturer? Unsat.(U) Outliers(0)
0.01 0.1 1.0 10 100 1000
2N2907 MOT U 5.9x10=%  2.9x10-%  2.2x10-H
2N3251 MOT U 3.5x10°%  2.7x10°%
2N248Y TIX U 8.1x10°%  5,4xi0-Y
2N2907 TIX U 1.1x10~3  8.4x10-%  3.6x10-H
2N34140 RCA i 5.5x10~"
2N3805 FAS i 2.3x10~3  1.15x10~3 7.2x10~"
2N3637 MOT U 1.3x10-3  7.4x10-%  1x10-b
2N2907 MOT S 6.5x10~4
MQ2905 MOT U,s 0 1x10-3 Tx 104
2N2907 TIX S 8x10-*
2N2605 TIX U 3x10-3 1.9x10-3  1.4x10-3
2N3637 MOT S 2.3x10-3  1.4x10-3
2N2222 fIx sb 2.5x10"3  1.3x10-3

2N2605 CTI U 4.9x10-3  2.8x10"3  1.6x10-3

I "ToA ‘“Lfg=LL
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Table T-1.

Bipelar Transistor Types in Order of Inereasing Sensitivity
(Continuation 1)

' Bimodal A(1/hpg) at Indicated Ig in mh, at 5 x 1072 e/em?
Device Manu~ Sat.(S)/ Dist(B)/ :
Type facturer2® Unsat.(U) Outliers(0)
0.01 0.1 1.0 10 100 1000
2N3350 TIX s 0 5.7x1073  3.x1073  1.8x1073
2N2920 TIX s 6.2x10-3 3.3x10-3
2N248Y4 CTI i h.8x16-3 2.5%10~3
2N2975 FAS i 1.4%x10~2  6.7x10=3  3.1x10-3
2N2975 FAS S 1,65%x10~2  7.3x10-3  3.5x10-3
2N930 TIX i B 2x10-2 8.4x10-3  3x10-3
2N2222 TIX e 0 9%10-3 3.4x10"3  1.4x10-3
S83137 MOT S 1.45x10-3
2N918 MOT U 2.4x10"2  9x10~3 4x10-3
2N2920 TIX i B 9.5x10-3. 4.2x10 -3
2N5044 CTI U 6.4x10~%
MQ3L67 MOT s 0 4.2x10-3  1.3x10~3  8.7x10~%
2N2857 MOT U 4,7x10"3  2.2x10-3 |
2N2222 TIX ub 1.6x10-2  5.4x10~3  1.8x10-3

I ‘ToA ‘Ly~LL
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Table T-1.

Bipolar Transistor Types in Order of Increasing Sensitivity

{Continuation 2)

Bimodal al1/hpg) at Indicated Ig in mh, at 5 x 1012 e/om?

Device Manu- Sat.(8)/ Dist(B)/

Type facturer?® Unsat.(U) Outliers(0)

0.01 0.1 1.0 10 100 1000

SDT3303 SOD U 4%10~3 3.2x10-3  2.4x10-3  1.8x10-3
SDT3304 SOD U 5.5x10=3  3.4x10-3  2.5x10-3  1.8x10°3
PATHU3 RAY S Q 8.6x10-3  2.5x10"3  3x10-3
KD6001 KMC U 1.2x10~2
MQ2219 MOT U 0 2.3x10™3
2N2222 TIX s 0 1.7x10"2  1.3x10-2  2,5x1073
2N2060 TIX U 1x10~" 3.5x1?"2 1.5%10~2
2N3501 MOT U 3x10-2 9%10-3 5x10~3
2N2222 TIX sd lx10-2 9x10~3 4x10=3
2N2222 TIX yd 2x10~1 5x10~2 1.3x10"2  3.4x10-3
SDT3303 S0P 4,2x10=-3  3.2x10~3  2.5x10-3
SA2267 RAY S 0 .1.95%10"2  5,5x103"
2N2222 MOT U 1.1x10-1  2.2x10"2  4,3x%10-3
2N3057 RAY S 2.2x10=1  1.1x10~%  3.8x10-3  3.5x10~3

I "ToA fip=Ll
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Table 7-1. Bipolar Transistor Types in Order of Increasing Sensitivity
(Continuation 3)

Bimodal A(1/hpg) at Indicated Ip in whA, at 5 x 1012 e/cm?
- Device Manu-~ Sat.(3)/ Dist(B)/
Type facturer?® Unsat.(U) Outliers(0)
0.01 0.1 1.0 10 100 1000
2N2222 MOT S 3x10~2 6.4x10-3
3029-202-1 RAY s 7.8x10-3  1.2x1073
SQ1079 MOT S 8,4x10-3  7.6x10"3
MQ3725 MOT s B,0 2x10-2 9x10-3 3.5x10~3
3029-201~1 RAY s 1.2x10"2  2.7x10-3
2N2880 SOD U 7.5x10-2  1.3x10~2  2.7x10-3  9.5x10-3
2N2658 SOD i 7.6x102  1.7x10"2  3.4x10-3
MG2219 MOT S 0 4x10-2 5%10~3
SDT5553 SOD U 0 1.2x100  2,7x10"1  4.6x10-2
SDT4905 SOD ) 3.7x10-1  3.9x10"2
SDT5553 SOD S 0 2.1x100  5.4%10=1  6x10-2 3.7x1073

8See Appendix A for vendor identification codes.
big7h, 1975.

©1973.

dig71, 1972.

T “ToA ‘Li=LL
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Table 7-1 may be used to estimate degradation at 5 x 1012 e/cm2 at

the collector currents (IC) listed. This is calculated using the following
formula:

i

(post-irradiation) 1 + A( ] )

hpg ,

———— ————

hpE hp,

(pre-irradiation)
where the degradation value is taken from Table T7-1.

For example, the TI 2N2605 has a A(1/hpp) degradation value of
0.003 (from Table 7-1) at an Ig of 0.01 mA. 1f, for example, the
pre-irradiation hgzg were 100, then

1
hFE . = = 76.9
(post-irradiation) 1+ .003
100

(pre-irradiation)

For most values of hpg, Table 7-2 may be used by locating A(1/hpg)
on the left side of Table 7~2 and the pre-irradiation hpp across

the top. The post-irradiation hpg is found where the row and column
intersect.

C. JEET's

The JFET's listed in Table 7-3 were all characterized by JPL
in a radiation environment. From these results and consultations with
Siliconix, only the lightly doped n-channel devices were screened.
The p-channel and more heavily doped n-channel devices are not as prone
to an inversion layer formaticon, which resulfs in a large increase in
the gate-source (Iggs) leakage current after irradiation. In addition,
the lightly doped n-channel devices are subject to enhanced leakage
through the substrate. This is particularly important in JFET switches
and can also contribute extra noise in sensitive input stages. Table 7-4
indicates the Iggg degradation during screening tests. The leakage
current is a strong function of the bias applied to the gate junction
during radiation, which was chosen to conform to applications require-
ments. All devices showed a minimum increase of one order of magnitude
due to an increase in the surface recombination velocity, with greater
increases produced by inversion layers. At higher total doses, Igss
varies the dose & as

Igss = (k)2

where a varies from 2 to 5. The higher values of a indicate the presence
of an inversion layer.

7-9



Table 7-2. Final Values of beta (based on A1/8 = 1/p = 1/By)

fio
Al

10112 |15 |20 | 25 | 30 [ 35 (40| 45 [50( 66 |60 )65 70| 75 |60 85 | 90 | 95 { 100| 110 120 | 130| 140| 150 | 170 ] 200§ 250 300 | 350 | 400

0005 9.95(11.9 14,9 19.8}24.7| 29.6| 34.4| 39.2| 44.1( 48.8p53 . 3| 58.1] 62.9 | 67.6[ 72.5} 76.9] 81.3| 86.2 90.9 95.2| 104 | 114 [ 122 1132 1139 [ 156 {102 [222 | 263 [294 | 333
L0007 9,93 [11,9 [14.9]19.7}24,6] 29.4] 34,1} 38.9| 43,7 48.3152. 9{ 57.5| 61,7 66.7( 71,4 75.8] 80.0{ 84.8| 89.3| 93.5] 102 [ 111 {110 (128 | 135 [162 |175 212 | 250 (278 {313
001 | 8.90{11.8114.8]19.6}24.4| 29.2] 33,8 38.5] 43.1{ 47,6] 52.1] 56.6{ 61,0| 65.4] 69.9| 74.1{ 78,1 82.6| 87.0{ 80.9| 69,0{ 107 {115 |124 | 130 | 145 {167 | 200 | 233 }256 | 286
J0015) 9.85]11.8 14,7 18.4124.1) 28.7| 33.2) 37.7| 42.2| 48.5] 51.8| 55.0| 58.2163.4| 67.6( 7T1.4| 75.2|79.4] 83.3| 87.0) 94.3| 102 1109 | 116 ; 122 (135 (151 [102 [ 208 [227 [ 250

.002 1 9,80 |11,7 |14,6 | 19.2 | 23.8] 28.31 32.7] 37.0] 41.3 | 45.5] 40,5 5.6 67.5 [ 61.4| 65.4] 60.0| 72.5| 76.3] 80.0 83.3| 50.1| 96.8| 103 [ 110 {115 |t27 |143 [167 | 180 [204 |222
20025 9,76 [11,7 [14.5]10,0]23,5( 27.9| 32.2| 36.4| 40.5| 44.4| 48.3| 52.2| 55.9 | 59.6| 63.3 | 66.7{ 69.9| 73.5( 76.9| 80,0} 66,2| 92.3{96.0| 104 | 109 | 110 |133 |154 | 172 185 | 200
003 | 9.71(11.6 |14.3/18.8 23,3 27.5} 31,7 35.7{ 39,7} 43.5] 47.2| 50,8 54.4 | 67.0| 61,4| 64.5] 67.6| 70,9 74.1[ 76.9( 82.6| 88,2 |93.5|99.0( 103 | 112 [125 | 143 | 159 |170 | 162
.0025] 9,66 11,5 [14,3]18.7[23.0| 27.2( 31,2 | 35.1| 38.9 } 42.6] 46.1| 49.5| 62.9| 56.2| 59.5| 62.5| 65.4 | 68.5] 71.4| 74.1| 79.4| 84.8|89,3|94.3( 98.0{ 106 |118 | 133 | 147 {156 | 167

.004 | 9.62 (11.5 |14.1 |18.5{22,7}26.8{30.7|34.5|38.2 |41,7] 46.1| 48,4 | 51.6 |54.7| 57.8 | 50.6 | 63.3 | 66.2| 69.0 | 71,4 76.3 | 81.1 |8%,590.1 [ 63.8 [101 J111 |126 | 13T [145 |154
006 | 9.52 |11.3 [13.9{18.2 |22.2|26.1] 29,9 33.3| 36,8 [40,0{43,1|46.2 |40.0 51.9 | 54,6 | 57.1 | 59.5 | 62,1 64.5 | 66,7 [ 70.9 | 75.0 [78.782.6 | 85.7 {91.7 |100 |111 1121 |127 {133
Q006" 9.43 111.2 113.8117.9 |21,7]25.4| 28.9 | 32,3 36.5 | 38.5 | 41.3 | 44,1 46,7 [45.3 ] 51.8 | 54.1| 96.2 [ 58.5 60.6 | 62,5] 66.2 | 68.8 1 73.0|76.3 [ 70,0 {84.0 }90.9 | 100 {108 [112 {1i8
007 | 9.35 11,1 J13.6 [17.521,3]24.8] 28,1 }31.3| 34,3 | 37.0| 39.7{ 42.3 | 44,6 | 47.0| 49,3 (51,3 [ 63,2 | 55,2 [ 67,11 58,8] 62,1 65.2 [ 68,0 70.9) 73.2 {77,5 163.3 (90.5 157.1 [101 [105

oL=L

008 | 9,26 [11,0 [13.4 (27.2120.8[24.2] 27.4130.3}33.1[35.7| 38.2 40,5 [ 42,7 |44.0|47.0]48.8| 50.5 | 52.4 | 54.1 | 55.6] 58.5 | 61.2 [63.7 (66.2| 68.2 |'71.9 {76.6 (83.3 | 88,5 {01.7 [95.2
.009 ] 9.17]10.8 |13.2 | 16.9 | 20.4 | 23.6| 26.6 | 20.4| 32.1 [ 34.5| 36.8| 39.0( 41.0]42.9(44.8|46.5| 48.1 {49.8] 51.3 | 52.6| 55.3 [ 57.7 (60.0 [62.1}63.8 [67.1 [71.4 [ 76.9 1 81.7 |84.0(87.0
010 | 9,09 [10.7 [13.0|16.7 |20.0) 23.1| 26.0]28.6| 31,1 33,3 35.537.5{ 39,4 ]41.2(42.9 | 44.4| 45.9 |47.4]| 48.8 [ 50.0 52,4 | 54.5 {56.5 [58.5) 60.0 [62.0 {G6.7{71.475.2 |77.5 | 80.0
011 1 9.01 [10.6 |12.916.4 |19.6]22.6| 25.3 [ 27.7| 30.1 {32.3 | 34.3 [ 36.1| 37.4 [39.5{41.1|42.6|43.4 } 45.3| 46.5 {47.6[49.7|51.2 | 53.5{55.3| 56.5 (59.2 |62.5 | 66.7{68.9 [71.6 [ 74.1

012 | 8.93 (10,5 {12.7|16,1{16,2122,1| 24,7270} 29.2 [ 31,3} 33,1 34,0 36,5 | 38.1 | 30,5 | 40.8 42,0 | 43.3| 44.4 1 45,5] 47.4 {49.2 [50.8 | 52.4 | 53,6 | 55.0 |58.0 | 62,5 | 65.4 |47.1 | 69.0
.013 | 8.857{10.4 {12.6 [ 15.9|18.9|21.6] 24.1|26,3 | 28.4 |30.3 | 32.1 | 33.71356.2 {36.6 ] 38.0 | 39.2[ 40.3 [42.5| 42.6 [43.5] 45,3 | 47.0 [48.3 |49.8] 50.8 | 52.9 | 56.6 ] 68.8 | 61.4 | 62,9 64.5
014 | 8.77110.3 12,4 | 15.6 |18.5{21.1]| 23.5}25,6{27.6129,4{31.1|32.6| 34,0 35,1} 36.6|37.7( 38,08 | 39,81 40.8 [ 41,7} 43.3 | 44.6 | 46,1 | 47.4| 48.3 | 50.3 (52.6 | 56.0 | 57.8 | 50.2 (60.6
015 | 8,70 10,1 12,2 }15.4 | 18,2 20,7 23.0( 25.0| 26.9)28.6} 30.1[ 31.6 | 32.9 1 34.1 35.3 | 36.4{ 37.3 | 38,3| 30.2 [ 40.0 [ 41,5 | 42.9 [ 44.1 {45.3] 46.2 [47.0 {560.0{52.0 [ 54.6 55.9 | 57.1

017 | 8.62 |10.0 [12.0(14.9 17,51 19.9) 21,0 23,8 25,5 [ 27,0 26.4| 29,7 30.9 | 32.0{ 33.0 [ 33.5| 34,7} 35.6} 36.4 | 37.0{ 38.3 | 39.5 | 40,5 |11.5] 42,2 | 43.7 |45.5 [47.6 [40.3 |50.3 | 51.3
(020 | 8,33 19.67 (11,5 [14.3116.7 18.8] 20.6{ 22.21 22.7(25.0[ 26.2 27.3 | 28.3 [29.2| 30.0|30.8| 31.5 (32,2 32.8133.3| 34,4135.3 [36,1]36.9] 37.5[30.6 [40.0[41.7[42.0 |43.7{44 4
025 | 8,0019,23 110,58 [13.3 (15.4(17.2( 18.7;20.0[21. 2{22.2]23. 24.0|24.7 25.5]29.6| 26.7[ 27.227.7| 28.2 | 26.6| 29.3 [ 30.0130.0 | 31.2] 31.0 | 32,4 |33.3 | 34.5] 35.3 |35.8 | 36.4
030 | 7.69 [8.82 |10.3 12,5 14,3 15.8] 17.1]18.219. 2} 20.0{ 20,8} 21.4 | 22.0] 22.6( 23.1 | 23.5( 23.9 (24,3 24.7 | 25.0| 25.6 } 20.1 | 20.5 | 27.0} 27.3 | 27.0 {28.6 | 20.4 [ 20.D ] 30.4 {30.8

.035 | 7.41}6.48 |9.83 |11.8 [13.3] 14.6| 15.8 [ 16.77. 5] 18.2 18,7 19.3]19.6120.3(22.821,0| 21,4 | 21.7] 22.0(22.2] 22,7]23.0 23,4 {23.8| 24,0 | 24,5 | 25.0125.6 | 26,1 [20.4 | 26.7
040 { 7.14 18,11 19,38 | 11,1 (12,5(13.68/ 14,6 15.4[16. 1] 16,77 17.2| 17.6| 18.0 | 18,4 | 18.8 | 19.0{ 19,3 15.6[ 19.8[ 20.0] 20.420.7 |21.0(21.2] 21.4 | 21.4 ] 22.2 | 23,71 23.1 |23.3 ] 23.5
[050 | 6,67 |7.50 (8.57|10.015,1]12.0] 12.7113.3|13. 9| 14.3| 14.7] 15.0( 15,3 {15.6 15.8( 16,0} 16.2 | 16,4 | 16,5 16.7| 16,6 17.2{17,3 | 17.8| 17.6 { 17.6 |18.2 | 18.5]| 18.8 [18.0|19.1
060 | 6,25 16,98 |7.89|9.0910,0{10.7) 11.3]11.8|12. 2¢12,5{ 12.6} 13.0] 13,3 |13.5} 13.6 | 13,8 13.9 [ 14,1 14.2 | 14.3| 14.5| 14,6 } 14.9 [ 14.0[ 15,0 | 15.2 [ 15.4 | 15.6 | 15.8 [15.8 | 16.0

.070 | 5,88 |6.52 |71.32 | 0.33 |9.09{0.71] 10.1 | 10.5]t0. 8} 11.1] 10.3| 1.5 117 | 11.8| 12.0{ 12,1] 12.2} 12,3] 12.4] 12.5{ 12,6 12.8 | 12,0 | 13.0| 13.0 [13,2 [13.3|13.5 [ 13.0 [13.7|13.8
.080 { 5,56 [6.12 |6.82 | 7.60 [ 8.33{ 8,85/ 9.211 9.52| 9. 8 10.6{ 10.2| 10.3} 10,5 10.6| 16.7| 10,8 10,0 [ 11,0] 11.1j11,1| 12,2 11,3 {11,4 ) 11.5{ 11.5|11.6{11.811.8]12,0 {12.1 [ 12.1}
090 | 5.26 5,77 (8.38 | 7,14 { 7.60| 8,13 8.42|8.70] 8. 91 0.09]9.25| 6.30; 0.49 |9.50 | 9.68 5.76| 9.66  0.80( 0.85] 10.0] 10,11 10,2 | 10.2/10.3| 10.3 | 10,4 | 10.5] 10.6) 10.7 [ 10.8| 10:8
.100 |} 5,0015.45 16,00|6.87|7.14| 7.52| 7.81|8.004 8, 2| 8.33 | 8.46| 6.57] 8,67 |8.75| 8,83 8,89 8,85 0,00{ 9.05( 9,00{ 9,17} 9.23 |9.29|0,34| 0,28] 0.44 | 9.52 | $.62| 0,68 | 8.72 9.73]
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Table. 7=3. JFET Characterization Devices

Device Type Channel Type
2N2608 P
2N30663 n
2N3331 P
2N3382 P
2N3824a n
2N368628 n
2Nl0g3a n
2N43918 n
2N43922a n
2N4393a n
2N4416 n
2N4556a n
2851962 nb
2N543Y n
2N55202 n
2N55564 n
2N5906a nc¢
VCR3P %

3Lightly doped n-channel devices considered
to have a potential inversion layer problem.

bMatéhed.

Chual.
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Table 7-4. Behavior of I;gg of n-channel JFET's
Current, A
Gate Bias After
During 60 krad(Si)

Device Type Irradiation, V Pre-irradiation Irradiation ad

2n3093 -20 10-10 10-9 5

214391 -20 10-10 3 x 10-10 >

2nl3g1a -20 10~-10 9 x 10-10 2,

2NU392 -20 10-10 10-9 2.

284393 -20 10-10 5 x 10-9 4

2N4556 -20 10=10 4 x 10=10 3,

2N5196 -10 5 x 10-11 7x 10-11 2,

2N5520 -10 5 x 10-11 7 x 10-11 2.

2N5556 -15 1010 3 x 10%10 2,

apefined above

bUnscreened.

(Section VII-C) in discussion of JFET's,

7=12
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D. Linear Integrated Circuits
1. Operational Amplifiers

Low-power operational amplifiers of the type generally employed
in space applications are extremely sensitive to ionizing radiation
(Reference 6-4). Even at comparatively low fluences, there is a signif-
icant change in the dc parameters, causing them to exceed the specifica-
tion limits. Also, some device types may exhibit failure modes at
these radiation levels that render the devices "inoperative.

The open-loop gain and other ac parameters degrade with ionizing
radiation. The decrease in open-loop gain is strongly dependent cn
the output load. Under a load current of 2 mA, the decrease in open-
loop gain at a fluence of 5 x 1012 e/cm? varies from 20 to 60 percent,
depending on the device type. In defective devices with catastrophie
failure modes, the decrease in open-loop gain is much greater than
this. The slew rate tested under conditions defined in the manufac-
turer's specifications decreased slightly at 5 x 1012 e/ecnmZ, except
in. LM101 devices, where the slew rate decreased up to 50 percent.

The tables of worst-case .parameter values, which are presented
according to device type, list the manufacturer's specification limits
{initial value) and the mean + 3¢ value of the devices tested, for each
stated fluence/dose; i.e., the parameters should not exceed the values
listed under each mean + 3o:confidenoe level.

a. National LM101. This device exhibited large parameter
changes with radiation exposure (seé Table 7-5 for worst-case values).
An inversion layer causes a large increase in the differential stage
output current which makes the device unstable (Reference 6-6)}. Device-
‘hardening efforts were unsuccessful, and it was necessary to subject
the flight devices to IRAN screening (see Section VIII-A-2).

b. National LM108. The LM108 also had an inversion layer
problem which caused a large increase in the differential stage output
current, thereby making the device unstable (Reference 6-6). This
is shown in Figure 7-4, together with the circuit used. This device
type was successfully hardened by the manufacturer (see Section VI-C-1),

and the flight devices were diffusion-metallization lot-screened (see
Section VIII-A-1).

Table 7-6 lists the worst-case values. The contrast between
the hardened and unhardened devices is very significant. Although
the values for Alg were not very different, there was an enormous dif-

ference in AVpg and Algpg, with the unhardened device catastrophically
failing in AAgy,.

7-13
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Fig. 7-4. 1Inversion Layer Effect in LM108 Operational
Amplifiers
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Table T=5. OCperational-Amplifier Worst-Case Parameter Values, National LM101
Post-irradiation Value® at Indicated Dose and Fluence
12.5 kr-ad'ss:t) 30 krad(Sj) 60 krad(S§) 125 krag(si)
Device Initial 5 x 10" 1.25 x 1012 2.5 % 191@ 5 x 10)
Type Mfg. Parameter Value e/cm2 e/cm e/om e/cm2
LM1018F  NSC  Vog (mv) 2 3 4 5 12
LM1G1AH
AVqhg (mV) 1 2 3 10
Iz (nk) 75 135 168 212 300
Alp (nh) 35 68 112 200
LM1014F  NSC Vog (m¥) 2 2.8° 10.6
LM101AH b
AVog (mV) 0.8 8.6
Iog (nA) 10 18.8° 168
Algg (nA) 8.8° 158
Iz (nd) 75 125P 151
AIg (nA) 50 76

4Post-irradiation values indicate anticipated post-Jupiter mean +3¢.

bDose =

50 krad(3i).

T "T0A ‘Ly=LL
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Table 7-6.

Operational~Amplifier Worst-Case Parameter Values, National LM108

Post-irradiation Value® at Indicdated Dose and Fluence

12.5 kra gSi) 30 kr'ad(Sq'[% 60 krad( 125 kr-ag}éSi)
Device Initial 5x 10 1.25 x 10 2.5 x 10 5 x 102
Type Mfg. Parameter Value e/ em2 ' e/cm e/cm e/cm
LM108 NSC Vos {mV) 2.0 2.3 2.5 59 1052
(Unhard) :
Ing (nik) 0.2 0.6 1.6 6.6 6.7
AIOS (l’lA) 0.4 1.4 6.4 6.5
Ip (n4) 2.0 3.7 6.5 13.3 13.6
AIB (nd) 1.7 4.5 11.3 1.6
Ay, (dB) - - - Failed
Z,OEA
LM108AH  NSC Vog (mV) 0.9 1.0 1.1 1.35 1.65
(Hard) )
Ins {nh) 0.5 0.6 0.65 0.8 1.1
AIOS (nd) 0.1 0.15 0.3 0.6
Iy (nh) k.0 6 6 8.5 13
AIB (nA) 2 2 4.5 9

4post-irradiation values indicate anticipated post-Jupiter mean +30.
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Table 7-6. Operational-Amplifier Worst-Case Parameter Values, National LM108

(Continuation 1)

+
Post~irradiation Value? at Indicated Dose and Fluence

AOL! (dB)
2mh

12.5 krad 30 krad(Si) 60 krad(§1) 125 krad(si)
Device Initial 1.25 x 101 2.5 x 1912 5 x 105
Type Mfg. Parameter Value e/cm e/cm " e/cm
LM108AH-  NSC Ay, (dB) - 92 84
" (Hard) 2 mh
Vog (m¥) 2 2.2 2.145 2.7%
AVyg (mV) 0.2 0.15 0.75
Igg (nA) 0.5 0.65 0.8 1.1
AIyg (nA) 0.15 0.3 0.6
IB (nA) y 6 8-5 13
- 92 84

@post-irradiation values indieate anticipated post-Jupiter mean +3c.

T ~ToA ‘Ly~Ll
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c. National LM124. The LM124 is a quad device (four circuits
on one die) and was the only operational amplifier tested for sink
current. 1In addition, the device was biased V# = +15 V, V- = 0 V and

V¥ = +15 V, V= = -15 ¥ during testing.

The ¥V = 15 V and V- = 0 V conditions are listed in Table T7-7
and show the Aparameters increasing from 5 to 10 times. There was
no significant change in the Tgink or Igource current. The vt = +15 ¥
and V= = -15 V bias conditions resulted in much more severe parameter
degradation than the V+ = +15 V and V- = 0 V conditions. Device-
hardening efforts for this device were unsuccessful. The flight devices
were sample-lot screened (see Section VIII-A-1).

d. Happis HAPG520, HA2600, and HA2620. Table 7-8 lists the

worst-case parameter values for all three devices. The HAZ2520 was
measured using no load and a 500-ohm lcad. The different load conditions
did not cause a significant difference in the degradation. The changes
for the three devices at 5 x 1012 e/cm? were as follows:

Device AVpg,mV Alpg,nA AIg,nA Alg, ,dB
HA2520 8.5 50 300 -
HA2600 3.0 65 65 75
HA2620 6.0 4o 85 85

The value of Ag;, for the HA2600 degraded approximately three
times as much as the HAZ2620, in terms of V/mV. The large signal band-
width for the HA2620 degraded much more severely than the small-signal
bandwidth, as shown in Table 7-8.

e, Harpis, HAZ2700. Both the can and the flatpack versions
of this device are discussed below.

1) HA2-2700 (Can). Although the AVOS’ AIOS! and AIB parameters
degraded moderately, as shown in Table 7-9, the reduction in open-loop
gain under load was severe, degrading from over 300,000 at 12.5 krad(Si)
to 10,000 at 125 krad(Si).

2) HA9-2700 (Flatpack). The difference in the parameter
degradation of the HA2-2700 and the HA9-2700 is of particular importance.
The open-loop gain of the HA9-2700 (flatpack) degraded much more severely
than the HA2-2700 can-type package (see Table 7-9 for worst-case values).
In addition, five sample-lot secreened irradiated Harris HA9-2700 (T0-91,
10-pin flatpack) operational amplifiers were tested for open-loop gain
(Apr,) on the GR 1730 and on a special HA2700 Agp text fixture. Four
of the five parts were nonoperational because the negative output level
would not swing the minimum requirement of -12.0 V, though all parts
functioned normally in the positive direction. Input levels and offset
adjustments were norimal, but outputs would not swing per negative spec-
ification {see Table 7-10). This behavior is attributed to the method
of sealing the HA9-2700 flatpack devices.

7-18
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Table 7-7. Operational-Amplifier Worst-Case Parameter Values, National LM124

Post~irradiation Value® at Indicated Dose and Fluence

12.5 krad(si) 30 krad(Si) 60 krad(Si) 125 krad(Si)

Device Initial 5 x 1011 1.25 x 1012 2.5 x 1012 5 x 1012
Type Mfg. Parameter Value e/cm? e/cn® e/cn® e/cn?
LM124F NSC Vog (m)P 3 6 8 10 15
(Quad) .
AVpg (mV) 1 3 5 10
IOS (na) 30 i 60 110 150
Algg (nd) 15 30 80 120
Ig (nd) 150 210 270 350 450
AIp (nA) 60 120 200 300
Lgink® No change
Isourece® Ne change

APost-irradiation values indicate anticipated post-~Jupiter mean +3¢.

by+ = 15 v, v= = OV.

C5_kilohm lcad.
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Table 7-8. Operational-Amplifier Worst-Case Parameter Values, Harris HA2520, HA2600, and HA2620

Post~irradiation Value® at Indicated Dose and Fluence

12.5 kr'adSSi) 30 krad(Si% 60 krad(Si) 125 kradési)

Device Tnitial 5 x 10 1.25 x 1012 2.5 x 10" 5% 10
Type Mfg. Parameter Value e/cm2 e/em e/cn e/cm2
No Cutput Load
HA9-2520  HAR Vog (mV) 8 9 9.5 10.6 16.5
HA2-~2520
AVyg (u¥) 1 1.5 2.6 8.5
Ios (nd) 25 33.7 41 66 7>
AIOS (nh) 8.7 16 41 50
Ip {nA) 200 315 460 650 1100
AIg (nf) 115 260 450 900
500 Ohm Qutput Load
Vos (mV) 8 9.6 11.2 13.1 16.5
AVng (mV) 1.6 3.2 5.1 8.5
IOS (na) 25 I5 45 66 75

4post~irradiation values indicate anticipated post-Jupiter mean +3 .
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Table 7-8. Operational-Amplifier Worst-Case Parameter Values, Harris HA2520, HA2600, and HA2620
{Continuation 1)

Post-irradiation Value® at Indicated Dose and Fluence

12.5 kradSSi) 30 krad(Si 60 krad(3si) 125 kradéSi)

Device Initial 5 x 19 1.25 x 10" 2.5 x 191 5% 10]
Type Mfg. Parameter Value e/cm e/em e/cm e/cm
500 Ohm Output Load
Ig (nd) 200 360 520 800 1100
Alp (nA) 160 320 600 900
Ao, (dB) - - 70 65
2mA
No Output Load
HA9-2600 HAR  Vog (nV) 4 4.05 b.5 7.0
AVgg (V) 0.05 0.5 3.0
Ipg (nd) 10 18 35 75
Algg (nd) 8 25 65
Ig (nh) 10 12 24 75
Alp (nh) 2 14 65
Ao, (dB) 90 .75

2 mA

2post-irradiation values indicate anticipated post-Jupiter mean +3o.
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Table 7~8. Operational-Amplifier Worst-Case Parameter Values, Harris HA2520, HA2600, and HA2620
(Continuation 2)

Post-irradiation Value? at Indicated Dose and Fluence

12.5 kradSSi) 30 krad(Si% 60 krad(3i) 125 kra?éSi)
Device Initial 5 % 1 1.25 x 1018 2,5 x 101¢ 5 x 10,
Type Mfg. Parameter Value e/ocm e/cm e/em e/cm

No Output Load

HA9-2620  HAR Vog (mV) 4 y,2° 10
HA2-2620
AVgg (mV) 0.2P 6
Iog (nd) 15 7P 55
Alyg (nh) 12P 4o
I (nA) 15 23P 100
AIg (nA) 8P 85
Apgp,s (dB) 85 85
2 mA
Large signal 550 4§50
Bandwidth
{kHz)
Small Signal 18 18

Bandwidth (MHz)

I “ToA ‘Ly—=LL

Apost-irradiation’ values indicate anticipated post-Jupiter mean +3o.

Phose = 50 krad(Si).




"Table T~9. Operational-Amplifier Worst-Case Parameter Values, Harris HAZ700

Post-irradiation Value® at Indicated Dose and Fluence

12.5 kra?SSi) 30 krad(S%% 60 krad(?%) 125 kraq£Si)

te-L

Device ' Initial 5 x 10 1.25 x 10 2.5 x 10 5 x 10
Type Mfg. Parameter Value e/em a/em e/cm e/em
HA2-2700 Harris Vgog (mV) 3 3.4 y 5 8
(Can) .
AVOS {(mV) 0.4 1 2 5
IOS (n4) 10 11 14 16 18
Algg (na) 1 h 6 8
IB (n4) 20 24 30 40 45
AIB {na) y 10 20 25
g, (dB) 110 100 90 80
2 mh
HA9-2700 Harris Vg (mV) 3 4 6 12 28
(Flatpack)
AVgg (mV) 1 3 9.0 25
Igg (nA) 10 18 19.5 13 20
Algg (nd) 8 9.5 13 20

8post-irradiation values indicate anticipated post-Jupiter mean +3o.
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Table 7-9. Operational-Amplifier Worst-Case Parameter Values, Harris HAZ2T00
(Continuation 1)

Post-irradiation Value® at Indicated Dose and Fluence

12.5 krangi) 30 krad(Si 60 krad(Si) 125 krad(Si)

Device Initial 5 x 1 1.25 x %01 2.5 x 1012 5 x 102
Type Mfg. Parameter Value e/om e/cm e/om e/em
Iz (nA) 20 32 40 45 60
Alg (nh) 12 20 25 40
Ao, (dB) 100 90 b b
2 mA

8post~irradiation values indiecate anticipated post-Jupiter mean +3c.

bCatastrophic reduction in output voltage swing in negative directionm.
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Tlable T-10. Results for HA9-2700 (Flatpack) After Exposure to
5 x 1012 e/cm?

Open-Loop Gain, dB

Output Voltage
S/N  Maximum Swing, Signal on +IN {(Pin U4) Signal on -IN (Pin 3)

V

Output at Qutput at Qutput at Output at
0 to +10V 1 to ~-10V 0 to +10V 0 to -10V

1 +.03 95 0 95 0

2 -.35 97 66 97 67

3 +.26 100 0 9% 0

4 Normal 97 98 98 98

5 -3.63 96 86 96 8%

f. Intersil, ICLB8007AM. This device uses JFET inputs and
consequently has very low initial inpuf currents. These input currents
are below normal measurement capabilities (<50 ph) and the data at
5 x 1011 and 1.25 x 1012 e/em2 (Table 7~11) represent the upper boundary.
The degradation at 2.5 x 1012 e/em? is within the equipment measurement
capabilities and shows severe degradation compared to the initial manu-
facturer's specification values of Ipg = 0.2 pA and Iy = 0.5 pA maximum,
At 5 x 1012 e/ecm?2, these devices were catastrophic failures. It was
necessary to shield these devices heavily, in addition to diffusion-
metallization sample-lot screening.

2. Comparators

Comparators are sensitive to ionizing radiation, and they also
proved rather difficult to measure. However the LM106 and LM710 are
considered hard (see Section VI-C-4) but are included here for the
sake of completness (see Table 7-12). The devices of prime inferest,
the LM111 and LM139, operate at extremely low current levels and are
subject to frequency oscillations. The oscillations were suppressed
by capacitative decoupling of all circuit elements. Hhigh-precision
resistors were used to obtain accurate measurements of the input offset
current. The LM111 experienced considerable increases in the dec param-
eters (see Table 7-13.)
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Table 7-11. Operational-Amplifier Worst-Case Parameter Values, Intersil ICLB0O0TAM

9e-.

Post-irradiation Value® at Indicated Dose and Fluence

12.5 kradSSi) 30 krad(S%% 60 krad(?%) 125 kra%éSi)

Device Initial 5 x 19! 1.25 x 1012 2.5 x 1Q 5% 10
Type | Mfg. Parameter VYalue e/cm e/cm e/cm? e/cm2
ICLBOOTAM Intersil  Vyg(mV) 20 21.3 21.4 35 Failed
AVag(mV) 1.3 1.4 15 Failed
Iog(pA) 0.2 42 42 150 Failed
I5(ph) 0.5 36 39 71 Failed

4post-irradiation values indicate anticipated post-Jupiter mean +3c.
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Table 7-12. Comparator Worst-Case Parameter Values, LM106 and LMT710
Post-irradiation Value? at Indicated Dose and Fluence
. N 12.5 kra 531) 30 krad(S%% 60 krad(§%) 125 kragéSi)

Device Initial 5x 10 1.25 x_10 2.5 x 10 5% 1
Type Mfg. Parameter Value e/cm e/cm e/cm2 e/cem
LM106 NSC Vg (m¥) 3 3.1
AVyg(mV) 0.1
Iog(pd) 3 4.7
ATyg(pa) 1.7

Ig(uA) 20 22

AIB(MA) 2
LM710 NSGC Vos(mv) 2.0 2.1 2.6
AVyg(mV) 0.1 0.6
Ipg(HA) 3.0 3.9 10.5
ATng{ph) 0.9 7.5
IB(pA) 20.0 22.0 29.9
ATIp(pA) 2.0 9.9

8post-irradiation values indicate anticipated post-~Jupiter mean +3c.
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Table 7-13. Comparator Worst-Case Parameter Values, LM111

Post-irradiation Value® at Indicated Dose and Fluence

12.5 krad%Si) 30 krad(Si% 60 krad(%%) 126 krad&Si)

Device Initial 5 x 10 1.25 x_10'¢ 2.5 x 30 5 x 1g1
Type Mfg. Parameter Value e/em a/cm e/om e/cm
LM111F  NSC Vog(mV) 3 4.5 6 8 9
LM111H
| avgs| (mv) 1.5 3 5 6
Iog(nd) 10 75 145 225 335
|AIOS (nh) 50 120 200 310
Ig(nA) 100 700 1100 1250 1300
AIg(nh) 300 700 850 900
LM111 NSC Vog(mv) 3 5.5 8
AVOS(mV) 2.5 Y
Igg(nd) 10 45 190
ATyg(nA) 35 180
Ig( &) 0.1 1.1 2.1
AIg( 4) 1 2

T *“Ton ‘ii-LL

Qpost~irradiation values indicate anticipated post-Jupiter mean +3¢.
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The LM139 was the subject of a major hardening effort, described in
Section VI-C. Both hardened and unhardened devices were used on the spacecraft,
since the hardened devices were obtained too late in time and in insufficient
numbers. The devices are extremely dependent on the bias conditions during
irradiation and were therefore subjected to many different bias conditions,
as shown in Table T7-14. The devices fail catastrophically at low fluences
when biased in the off condition during irradiation. However, this happens
only if the supply voltage is set at 15 V. If the supply voltage is reduced
to +5 V, the deviees fail only at 1 x 1013 g/em2. The null voltage was originally
set at 1.4 V, whereas all the applications require 0.7 V. Table 7-15 shows
typical worst-case values for both hardened and unhardened devices.

If the devices are cycled on and off in the radiation environment,
the radiation resistance depends on the duty cyele. A 50 percent duty
eycle is equivalent to the on state. A short on pulse with a long
repetition frequency is equivalent to the off state. Devieces irradiated
passively degrade slightly more than when they are biased in the gn
state,

The output sink current was measured throughout most of the charac-
terization tests with the output at 1.5 V (see Table 7-~15). On repeat-
ing the measurements with the output at 0.7 V, there was a substantial
improvement in the radiation resistance, as shown in Table 7-16. More-
over, the initial pre-irradiation value of the sink current was the
same for both hardened and unhardened devices. This was not true of
the earlier measurements at 1.5 V. All Voyager applications require
0.7 V output.

3. Voltage Regulators

Voltage regulators are relatively unaffected by ionizing
radiation (Section VI-C-U4)., The line and load regulations of LM723
changed by less than 0.03 percent at 5 x 1012 e/cm2. The stability
of the LM105 was even better {<0.015 percent) and was improved by
another factor of 2 by process changes. The LM103 regulator diode
is known to be hard to 1 x 1015 e/em®. Table 7-17 gives the worst-
case values.

L, Voltage Followers

Six National hardened semiconductor LM10ZF voltage followers
were tested {see Section VI~C-1 for hardening details). After exposure
to 5 x 1072 e/em2, the mean value of AVpg = 2.48 mV and AIg = 6.01 nA
(see Table .7-18). These devices were samples from the only LM102 diffusion-
metallization lot screened for Voyager, and the lot was accepted.

7-29
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Table 7-14. LM139 Quad Comparator Radiation Test Suummary

Failures at fluence levels®
Bias Condition

During Irradiation

Teat Manu- Date  Supply Nuli Input Outputs HNo. of 2.'5:1:1011 sx1071 1x1012 1.25x1012 2.5%10]2 5::1012 1x1013
Date facturer Process Code voltage, voltage, ———————wr—— Devices e/cn’ e/cm e/cm e/cm’ e/cn e/en e/cm
code v v No. Condition
12/20/74 NSC Standard 406 +5 +1.4 1= 450 mV on 6 - - - - - 0 1
1+ Gnd
2-  ~130 m¥ Off & - - - - - 0 1
2+ Gnd
3/20/75  NSC Standard 402 +15 +1.0 1a 450 oV on 3 0 0 0 - - - -
and 1+ Gnd
502 2- -130 m¥  Off 3 0 1] 2 - - - -
2+ Gnd
4/16/75 NsC (LM339) 403 +15 +0.7 1= 450 mV On 6 - 0 0 - 1] 1 -
Standard 1+ Gnd
2- Gnd off 6 - 0 3 - 6 6 -
2+ +50 MV
11/1/75  NSC Standard Y06 +15 +0.7 1= 450 mV On 3 - 0 - 0 0 0 -
1+ Gnd
2- 0Ond off 3 - [¢] - 0 3 3 -
2+ +50 My
11/6/75 NSC Standard 406 +15 +0.7 1= 50% duty 3 - Q - 0 0 0 -
1+ 0 ~pulse
2- 56 us 3 - 0 - 0 3 3 -
2 P pulse
11/6/75  NSC Standard 306 +15 +0.7 1=
(during 1+ Open Passive® 3 - 0 - 0 0 0 -
meas) 1=
1+ Open Passive® 3 - ] - 0 0 0 -
11/25/75 NSC Hardened Lot +15 +0.7T 1= 450 mV On 3 - 0 - 0 0 0 -
E2035 1+ Gnd
2= Ond orf 3 - 0 - 0 0 3 -
2+ +50 mV

T 'TOA ‘Lh=LL
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Table T-14.

LM139 Quad Comparator Radiation Test Summary

(Continuation 1)

Bias Condition
During Irradiation

Failures at fluence levels®

Test Manue Date Supply Null Input Outputs No. of 2.5%1011 5x107! 1x1072 1.25¢1012 2.5¢1012 5x10'2 1x10'3
Date facturer Process Code wvoltage, voltage, Devices e/em efcm e/cm efom e/om efem?  e/em
code v v No. Conditien
1/23/76 NS¢ Unhard Lot +15 +0.7 1= +50 mV On 6 - 0 - Q 0 0 -
Flight' 090794 1+ Gnd
Parts 10145
6/3/T6 NSC Unhard Lot +15 +0.7T 1= +50 oV On - 9 - 0 0 0 - - -
Flight 090794 1+ Gnd
Parts 10145 2-  (Ond off 9 - 1} 2 6 - - -
2+ +50 m¥
6/3/76 NSC Hard Lot +15 +0.T 1- 450 mV Cn 3 - 0 - 0 0 0 -
Flight R10213-4 1+ Gnd
Parts 7610 2= Gnd ofrf 3 - 0 - 0 0 3 -
24 +50 mV

aNull amplifier saturated during do measurements for one or

Praput (1=} = 0 to 100 my, 50% dubty cyecle.
Input (2-) = 0 to 100 m¥, 56
Input (2+) = 50 mV de.

8 pulse every 3 s.

®No supply voltage applied during irradiation.

Input (1+) = 50

mora parameters,

V de.
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Table 7-15. Comparator Worst-~Case Parameter Values, LM139

Post-irradiation Value® at Indicated Dose and Fluence

12.5 krangi) 30 krad(Si% 60 krad(Si) 126 kradéSi)

Device Initial 5 x 10 1.25 x_10'¢ 2.5 x 101@ 5x 1014
Type Mfg. Parameter Value e/cm e/cm e/cn e/cn
LM139 NSC Vg (mV) 5 5.5 7.0 9.0 12.0
{(Unhard) (on) b
AVpg(on) (OV) 0.5 2.0 k.0 7.0
VOS(off)(mv) 5 7.5 Failed Failed Failed
AVOS(off)(mv) 12.5 Failed Failed Failed
IOS(O[’]) {nh) 25 35 55 95 375
Algg(on)(nd) 10 30 70 350
Tos(ors)(nh) 25 35 Failed Failed Failed
AIOS(off)(nA) 10 Fajled Failed Failed
g g; IBy(on)(nA) 100 210 400 750 2100
rgu = ATp(on)(nh) 110 300 650 2000
< ? In(orp) (nA) 100 210 Failed Failed Failed
S o0
E é Alp(opp)(ni) 110 Failed Failed Failed
C
< B AT nic(on) (mA) -7.0 -4 ~22 -28

T "ToA ‘“Lui=LiL



Table 7-15. Comparator Worst-Case Parameter Values, LM139
(Continuation 1)

Post-irradiation Value® at Indicated Dose and Fluence

€E-L

12.5 kra 30 krad(s% 60 kr‘ad(%) 125 kra%Si)
Device Initial 5 x ;0 1.25 x_10 2.5 x 10 5x 10
Type Mfg. Parameter Value e/cm e/am e/em e/em2
LM139  NSC  Algy,;50%
(Unhard) duty cyecle -6.0 =14 =22 -28
(ma)©
AISink(of‘f‘) ~7.0 Failed Failed Failed
(mA)©
LM139 Vo {mV) 5 5.5 5.5 7 7
(Hard) S(on) .
Ios(on)(nA) 25 27.5 I5 75 100
AIOS(On)(nA) 2.5 20 50 75
Los(orr)(nA) 25 70 70 125 Failed
: IB(on)(nA) 100 250 hi20 550 600
AIp(on)(nk) 150 320 450 500
Ip(opp)(nA) 100 2500 - 450 600 Failed

ZILFTVND H00d 40
SI EDVd TVNIDIUO
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Table 7-

15. Comparator Worst-Case Parameter Values, LM139
{Continuation 2)

Post-irradiation Value? at Indicated Dose and Fluence

12.5 krad%Si) 30 krad(Si% 60 krad(Si) 125 kradéSi)

Deyice Initial 5 x 501 1.25 x 102 2.5 x %012 5 x 181
Type Mfg. Parameter Value e/cm e/cm2 e/cm e/cm
LM139 Alg(orr) (nR) 150 350 500 Failed
(Bard)

(ma)©

(ma)°

(ma)©

Algink(ofr) -5.7 8.3 -9.5 Failed
(ma)®

Apost-irradiation values indicate anticipated post-Jupiter mean +3a.

PNull voltage =

¢ =
Vout = 1.5 V.

0.7V,.
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Table 7-16. Maximum Change in Sink Current for LM139

Sink Current Change, mé, for Indicated Fluence

Device Output 5 x 197 1x 1912 1.25 x 1012 2.5 x 1012
Condition Voltage, V e/on® e/em g/cm e/cm
'Unhardened 1.5 -5.0 -10.8

0.7 -1.6 -4
Hardened 1.5 -1.9 ~7.3 -8.4

0-7 -3-6 -5-6 -‘6-7
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Table 7~17. Voltage Regulator Worst-Case Parameter Values, LM103, LM105, and LM723

Post-irradiation Value? at Indicated Dose and Fluence

12.5 krangi) 30 krad(Si 60 krad(Si) 125 kradéSi)
Device Initial 5% 10 1.25 x 1012 2.5 x 102 5 x 10
Type Mfg. Parameter Value e/em e/cm e/cm e/em
LM103 NSC AVy, .0Tma(mV) 6.1
AV, 0. 1mA(mV) 7.5
AVy, 1.0mA(mV) 27
LM105 NSC JALoadReg(mV) 7 25.5 28 140
ALineReg(mV) 11 26 32 112
LM723  NSC AV (u¥) 31
AMRef(mV) 1.1
Alinepg, (%) 0.09
ALoadReg(%) 0.04
8post~irradiation values indicate anticipated post-Jupiter mean +3¢.

T "ToA ‘Li=LL



Le=L

Table 7-18. Voltage Follower Worst-Case Parameter Values, LM102

Post-Irradiation Value?® at Indicated Dose and Fluence

12.5 kraqSSi) 30 krad(S%% 60 krad(%i) 125 krad&Si)
Device Initial 5 x 10 1.25 x_10 2.5 x 10 5 x 101
Type Mfg. Parameter Value e/em? e/cm e/cm® e/cn®
LM102F NSC Vao(mi) y 12
0s
(Hard)
AV g (mV) 8
IB(nA) 3 12
é&IB(nA) 9

8post-irradiation values indicate anticipated post-Jupiter mean +3o.
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5. Current Switches and D/A Converters

The allowable error in the current switches is usually expressed
in terms of fractions of the least significant bit (LSE), with normal
allowable errors being of the order of 1/2 L3B.

The ICL 8018 reached a 1/2-LSB error at 2.2 x 1012 e/em2 for a 10-
bit D/4 converter, The corresponding fluence for the AD550 was 0.5
x 1011 e/em2. The LSE error is due to a decrease in the LSE output
current. A radiation-induced leakage path produces a loss in collector
current which causes the device to be completely inoperative at 1 x
1013 e/cm? as the LSB current drops to zero. No problems were observed
in current gain, logic threshold, cutput leakage current, or response
time. Table 7-19 lists device linearity deltas; i.e., the effects
of LSB current changes are subtracted out of the data. For total
error for any given bit, the AL.R must be multiplied by the bit weighting
and added to the value shown in the data. Parameter AVpp was not stable,
because of servo loop biasing and collector-base leakage current problems.
Parameter AVpgp and A(1/hpg) are for the test device reference transistor.

The AD550 current switches were tested in a similar manner to
the ICL8018 and gave similar results (see Table 7-19). A linear model
for the degradation of the ocutput current with increasing fluence indicates
that a 10-bit converter with an ADS50U reference current of 0.125 mA
may exhibit a 1/2-LSB error at a fluefice of 6.5 x 1017 e/em?.

The current gains of the ADS50U transistors begin at high values
and remain high up to 5 x 1012 ¢/em? and thus pose no problem in the
application of these devices. The observed changes in the logic thresholds
of the ADS50U with radiation are within the accuracy of the measurements
and thus these changes are insignificant. The radiation-induced changes
in the output leakage of the ADSS50U are not severe enough to seriously
affect the use of this device. The response time data of the AD5S50U
shows no discernible degradation of the response time up to 5 x 1012 e/cm?.
An additional radiation test on three flight parts confirmed the values
shown in Table 7-19G.

The DAC-01, a 6-bit monolithic D/A converter, showed significant
changes in bipolar zero-scale offset and in full-scale voltage on irradia-
tion (see Table 7-19). The HI-1080 8~bit D/A converter, which is a
bipolar device, was found to be relatively stable on irradiation under
operating conditions. The maximum change in output voltage at 60 krad(Si)
was -22 mV. The HI-1080 function is not considered impaired by a 60-
krad(Si) dose.

6. Sense Amplifier

Information obtained from Motorola on their MC 1544 sense amplifier
indicated that this device was hard in a weapon's radiation environment.
However, there was some concern about the effect on the spontaneous
switching time, which had not previously been measured. Some flight
devices were irradiated to 2.5 x 1072 and 5 x 1012 e/em? under representa-
Eive bias conditions, and the following parameters were measured:
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Table T-19. Current Switch and D/A Converter Worst-Case Parameter Values

Post-irradiation Value? at Indicated Dose and Fluence

‘ N 12.5 kraq 30 krad(S% 60 krad(?%) 125 kragéSi)
Device Initial 5x 10 1.25 x,_10 2.5 x 10 5x 10
Type Mfg. Parameter Value e/em e/cm &/om e/om

AD550  ADI AT gpP(uA) .0025 .0055 0.3 0.6
ALpre (uh) .56 LTH 0.5 0.7
Algpp (pb) .20 .27 0.55 0.4
Alpre (BA) .11 .058 0.25 0.15
AL (nA)} | 4 10
AVpp(mV) 1.1 1.8 5 5
A1/hgg) 3 x 107" 3.7 x 107 1.2x 1073 1.8 x 1073
DAC-01 PMT Bipolar Zero
Scale Offset
AV g o ge+(mV) ~110 ~180 ~400 -530
AVgg10gp(mV) 110 240 370 330
Full-Scale
‘Voltage
AVFS+(mV) =120 -180 =400 -530
ANFS-(mV) 100 170 360 510
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Table 7-19, Current Switch and D/A Converter Worst-Case Parameter Values
{Continuation 1)

Post-irradiation Value® at Indicated Dose and Fluence

12.5 kraq%Si) 30 krad(S%% 60 krad(?%) 125 kradéSi)

Device Initial 5 x 10 1.25 x_10 2.5 x 10 5 x 10

Type Mfg. Pzarameter Value e/cm e/cm e/cm a/cm

ICL8018 Intersil I (ua) 0.12 1.3

ICL8019 LSB3

ICL8020 Alpyp” (pa) 0.06 0.11
Algrr2(pa) 0.17 0.37
Algpe ' (ua) 0.38 0.71
ALy (nh) 2.3 294
AVpp (mV) 6 8
A(1/hgg) 2 x 1073 2.5 x 1073

qpost-irradiation values indicate anticipated post-Jupiter mean +3o.
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spontaneous switching time, threshold voltage, propagation delay time,
input bias currents, and power supply currents. Radiation produced

a decrease in the spontaneous switching time, except for those devices
that were initially cut of specification. These showed little change.

The propagation delay increased slightly at 2.5 x 1012 e/cm2, but reverted
close to its pre-irradiation level at 5 x 1012 e/cme. There was no
significant change in any other parameter.

7. Phase-~Locked Loop

The Exar Integrated Systems phase-locked~loop type XR215 was
tested by the BYBIC subsystems group on the Boeing LINAC up to
2 x 1013 e/cw2. The device showed only insignificant changes in capture
range, lock range, and free-running freguency up to the highest fluence
measured.

The HYBIC subsystem group also tested the Harris Type HAZ800
locked loop, but the performance of this device type degraded significantly
at fluence levels that exceeded 7.5 x 1011 e/cn®. The device was deleted
from Voyager usage, as the manufacturer discontinued production.

8. Voltage-Controlled QOscillator

Six devices of the Intersil Type ICL8038 voltage-controlled oscil-
lator were irradiated 5 x 1012 efem?. The mean of the output frequency
decreased by 0.021 kHz with a worst-case (mean + 3¢) shift of 0.2 kHz.
There was no measurable change in the output voltage.

9. RF Amplifiers

Six Motorola Type MIC 76T rf amplifiers were characterized prior
to irradiation and after fluences of 5 x 1012 and 1 x 1013 e/enm2.
A test fixture was modified so that a variable control voltage was
applied to the fixture instead of the two fixed voltages prior to
modification. This modification allowed a complete gain curve to be
monitored, covering a gain of +27 dB to -25 dB at a frequency of 20 MHz.

The radiation tests indicated no measurable gain change at positive
gains and only a moderate gain change when the devices were operated
at negative gains. The worst-case gain change amounted to +1.0 dB
at a fluence of 1 x 1013 a/em? at negative gains, which is the condition
of strong rf signals at the radio input. Subsequent Dynamitron tests
on flight lots with the devices biased under operating conditions during
radiation gave similar results.

10. ‘RF Mixers
Eight Motorola MIC236 and MIC336 rf mixers were irradiated at

5 x 1012 and 1 x 1013 e/em® by 3-MeV electrons from the Boeing LINAC.
Four each of the devices were d¢ biased and four were not biased during
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radiation exposure. No significant difference was observed after
irradiation. There were no catastrophie failures, and only slight
parameter changes were noted. Similar results were obtained on subsequent
tests at the JPL Dynamitron.

E. ANALOG SWITCHES
1. Analog Switches Without MOS Devices

Increased leakage in Ig (orf) is caused by an increase in gate
leakage of JFET's under 30-V gate bias. Leakage currents up to 25 ni
were observed in devices DG129 and DG133, and leakage currents up to
50 nd in DG141. The worst-case bias condition during radiation was
with the inputs in the off condition. Worst-case (mean + 3¢) values
are shown in Table 7-20.

The JFET's used in these hybrid devices were sample-tested
separately, and the worst devices tested showed gate leakage currents
up to 5 pA at 5 x 1072 e/cm? when 30 V was applied to the gate junction
during irradiation. Such devices usually exhibit bimodal distributions.
The leakage currents of the better devices were less than 10 ni,

2. Analog Switches Containing MOS Devices

Analog switches containing MOS devices are very sensitive to
radiation, but the effects vary strongly with the bias condition during
radiation and under test, and also with the manufacturer.

A dynamic test indicated that the DG181 device can latch up at

about 5 x 1012 e/em2, producing Ig (off) and Ip (off) currents up to
1 mA. The DGM111 and the DG125 showed increases up to 5.5 k&2 in

rDS (on) @t 5 x 1012 e/cm?, but this parameter is very dependent on
bias conditions, as indicated in Table 7-20.
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Table 7-20.

Analog Switch Worst-Case Parameter Values

Post-irradiation Value® at Indicated Dose and Fluence

12.5 kra %Si) 30 krad(S%% 60 krad( 125 kra?&Si)
Device Initial 5 x 10 1.25 x_10 2.5 x 10 5 x 10
Type Mfg. Parameter Value e/cm e/cm e/cm e/em®
Devices without MOS
DG129  SIL  Igoppy(nd) 1 2 6 7.5 15P
DG133 SIL  Ig(ope)(nd) 1 2 6 7.5 15
DG141  SIL  Igeoppy(nd) 3 5 15 30 60
8post-irradiation values indicate anticipated post-Jupiter mean +3o.

b25 nA for nonscreened parts.
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Table 7-20. Analog Switch Worst-Case Parameter Values
(Continuation 1)

Post-irradiation Value® at Indicated Dose and Fluence

12.5 krad%Si) 30 krad(Si% 60 krad(;é) 125 kradéSi)

Device Initial 5 x 501 1.25 x 10 2.5 x 10 5 x 181
Type Mfg. Parameter Value e/em e/cm e/cm e/ch
Devices with MOS3

DG181 SIL Ig(opr)(nA) i 1 1 7.5 Failed
ID(off)(nA) 1 1 1 2.0 Failed

DGM111 SIL Ig(opr)(nA) - - - 30
Ip(opr) (nA)© - - - 260
Ip(orr) (n)¢ 0.05 0.06 0.8 5
rDS(on)(ohms)c - - - 100
rDs(on) (ohms)? 120 250 250 1000

8post-irradiation values indicate anticipated post-~Jupiter mean +3o.

c3

D=-10V,

dg

GND, D = 10 V.
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F. CMOS DEVICES
1. Propagation Time

A complete electrical characterization of CMOS devices was carried
out for JPL at the Naval Research Laboratory using an ERE600 series
computer-controlled test system at a total dose of 7.5 % 104 and
1.5 x 10° rad(S8i). The parameters tested and some typical results
are shown- in Tables 7-21 and 7-22. It may be noted that radiation
causes a significant increase in the propagation time.

4dditional propagaticon time measurements were made zt the Hughes
Fullerton Facility (see the CDU000 series in Table 7-22). The propa-
gation time after irradiation appears to be within the JPL specificaticon
limits, but the data show large increases in propagation time. These
are primarily influenced by outliers whose change may be up to one
order of magnitude worse than the mean.

2. Comparison of lgg and tp

Some special tests were run at Hughes to compare the effects
of 150 krad(Si) on the quiescent supply current (Igg) and propagation
time (tp) of some of the RCA CMOS circuit types being used in the Voyager
project. The circuit types tested were CD U4019AD, CD 3025AD, CD 4027AD,
CD 4029AD, CD 4051AD, CD #0524D, and CD 4053AD. A summary of the results
of these tests follows.

The effects of the radiation on Igg and on ty do not correlate.
Instead, these two parameters respond independently to the radiation.
In the CD 4027 data there is one device with an Igg of 130 pA after
radiation. Its t, data was essentially the same as that of the other
CD 4027 devices with Igg measurements of 15-20 nd after radiation,
Similar conditions exist in the CD 4052 and CD 4053 data. In the CD
4029 data there is an example of the opposite condition. One device
has a much larger %, shift than the other devices, but its Igg readings
are the same as the others. Therefore, Algg can be high or low when
the Aip is constant, or vice versa.

All the test devices for each circuit type were from one wafer.
TheJAtp data for the devices from the same wafer are not always con-
sistent; i.e., At, varies across the wafer. From this it is concluded
that there is no &ffective way to wafer-sample screen for tp.

3. Dose Rate and Annealing Effects

Srour (Reference 7~1) recently reviewed experimental observations
on dose~rate dependence of the shift in Vp in MOS devices. The dependence
is a function of the dose rate, the bias conditions during radiation,
and the nature of the gate oxide. Srour irradiated n- and -p-channel
transistors on a commercial CMOS inverter using a Cobalt 60 source
at rates of 0.23 and 23 rad{Si)/s. he observed a marked rate effect.
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Table 7-21. (CMOS Radiation Characterization Data at 150 krad(Si)

Tests
(At Vpp = 10 V) 4011 5029 - 4035 4050
1. Functional (go/no go) All passed

V0< 5V= 'IIO"
V0> 5 V.__ Il‘]ll

2. DC margin (go/nc go) All passed
vo < 1 V - llol!
VO > 9 Vo= tgn
3. At prg (%) Average 26.92 13.8D ug.8¢ 10.64
30 pF load Maximum 30 37 55 18
3a. At ppn (%) Average 26©
30 pF lcad Maximum 37
b, At py, (%) Average 6.28 28.2b 32.8¢ 35.69
30 pF load Maximum 8.8 31 37 50
da. At pgr (%) Average 19¢
30 pF load Maximum 33
5. AV drop in output trans- N-CH<O0.1 V<0.1 <0.1 £0.1
istors at minimum source/ P-CH<0.1 V<0.1 0.1 <0.1
sink current specified in
RCA manual
6. Range of maximum quie~ from: 56% 250% 23% 25X

scent supply current A  to: 4700  9800X  3300X% 3400X

3propagation time measurement from pin 2 to pin 3 (in to out).
bPropagation time measurement from pin 15 to pin 6 (Cp. to Qq).
CPropagation time measurement from pin 6 to pin 1 (Cp. to Q).
dPropagation time measurement from pin 3 to pin 2 (in to out).

Cpropagation time measurement from pin 15 to pin 7 (Cp,. to carry
out).
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Table 7-22. Propagation Time Test Results for CMOS Devices at 150-krad(Si) Radiation
Propagation Time, nanoseconds
Mean Maximum

Device Load Specification A A
Type  Parameter Capaci~ Limit Initial 150 krad(Si) Initial 150 krad(S8i) Max Max
tance %

CDUD19 Tpru 32 46.1 54,3 70 91 +27 43
51 125 56.9 62.2 78 102 +27 39

TpuL 32 6l .7 86.1 76 102 +28 45

51 125 | 73.4 96.6 86 116 +30 44

CD4025 Ty 31 48.9 64.7 52 70 +18 36
53 65 70.3 94 Th 102 +30 43

Tyt 31 39.2 4y 48 54 +21 68

53 55 51 58.6 62 72 +30 42

cb4o27 Ty 30 81.5 85.6 116 94~ +16 26
50 120 92.9 99 134 108 +30 47

TPHL 30 66.5 76.5 88 g0 +16 26

50 160 79.2 106 91.8 106 +19 26

CDh4029 ToLg 3 236 249 280 400 +120 43
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Table 7-22. Propagation Time Test Results for CMOS Devices at 150-krad(Si) Radiation
(Continuation 1)

Propagation Time, nanoseconds

Mean Maximum

Device Load Specification A
Type  Parameter Capaci- Limit Initial 150 krad(Si) Initial 150 krad(Si) Max Man
tance %
51 260 260 273 330 440 +140 47
TpyL, 31 221 241 280 470 +190 68
51 260 242 262 320 520 +220 T3
CD4Q51 Tpru 30 72.0 73.4 90 90 +12 29
51 400 4.6 75 80 92 +10 28
TPHL 30 205 207 218 245 +45 23
51 1000 208 209 222 248 5 23
CDho52 Tpry 31 193 224 330 375 +70 23
52 400 198 229 335 380 +70 23
Tpur, 3 395 395 570 520 +55 23
52 1000 467 Uy 720 650 +40 17

SI 9Vd TVYNIDIg0

ALITVAD ¥00d 0
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Annealing the devices at room femperature for 140 hours (the time it takes
to perform an irradiation to 125 krad(Si) at a rate of 0.23 rad(Si)/s)
following a higher ionization-rate irradiation brought the high and

low dose-rate resulis into agreement.

Yamakawa (Reference 7-2) measured rate effects in Igg of CMOS
devices with a 950°C gate-oxide annealing temperature at 113 and 7.6
rad(8i)/s at a total dose of 150 krad(Si). The bias conditions were
as described for the wafer screening. The two dose rates represent
the screening conditions and the effect after radiation, but no rate
effect could be detected. Additional experiments on the propagation
time showed no annealing for several days, in agreement with the hypo-
thesis that the propagation time is governed by interface states.

y, Conclusions

The radiation resistance of CMOS devices with a gate~oxide annealing
temperature of 950°C appearstc be adequate for the Voyager project,
because the devices will be exposed to a total dose of less than 125
krad(Si) and because no severe constraints have been imposed on the
quiescent supply current.

Any future programs with a radiation environment in excess of
that encountered by Voyager or with more stringent design requirements
must use the radiation-hard dry gate~oxide process developed at RCA,
Somerville, with Defense Nuclear Agency support, or the equivalent,
since the 950 C annealed process cannot survive a total dose much greater
than 150 krad(Si).

G. DIODES AND RECTIFIERS
1. Zener and Reference Diodes

The radiation analysis carried out by General Electric, largely
from neutron data, indicated potential shifts in zener voltage sufficient
to cause problems in some applications. Electron irradiation at 2.2 MeV
caused relatlvelg minor shifts in the zener voltage at fluences up
to 1 x 10! e/emc, Additional measurements were, therefore, carried
out with 3- and 5.5-MeV electrons uging the high-veoltage Van de Graaff
generator at Notre Dame University.

The zener voltage was determined both before and after radiation
at a fixed current level by means of in situ measurements. This made
it possible to determine the radiation-induced change in the zener
voltage to an accuracy of +1 mV by relatively simple means. The experi-
ment lasted less than 1/2 hour, and the radiation-induced thermal heating
is not significant, s¢ that thermal changes during the time of the
experiment may be ignored. The absolute value of the zener voltage,
which is a strong function of the zener current, has been determined
to an accuracy of about +10 mV.
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Table 7-23. Summary of Radiation Effects on Voltage in Zener Diodes

Conditions
During Irradiation

Maximum AV, Electron

Device Man- mV, After Energy
Type ufac- 5 x 1012 Range,
turer Vg, V Iy, mA e/cm? MeV

Devices with zener wvoltage change
within measurement accuracy of +1mV.

TNGU5 TCc2® zener MOT 11.7 7.5 -1 2.2 - 5.5

1N4569 TC Reference DIK 6.4 0.5 -2 2.2, 5.5
Diode

1NUsT2 TC Reference DIK 6.4 1.0 -1.9 2.2 - 5.5
Diode

1NUBTT TC Reference MOT 6.4 2.0 0 2.2
Diode

1N48954 TC zener DIK 6.35 7.5 -1 2.2, 5.5
{ultrastable}

MZ827 TC zener MOT 6.2 7.5 -1 2.2 - 5.5

UMY TAZ1 Noncompensated MOT k.7 5 +2 2.2 - 5.5
zener

JUM5.147Z1 MNoncompensated MOT 5.1 5 1 2.2 - 5.5
zener

Devices with zener voltage change
within measurement accuracy of +1mV,
but with outliers showing greater
energy-independent change

1N829 TC zener MOT 6.2 5.5 -2 2.2 - 5.5
‘ =12

Devices with linear zener voltage
change with energy
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7-23. Summary of Radiation Effects on Voltage in Zener Diodes
(Continuation 1)

Conditions
During Irradiation

Maximum AV, Electron

Device Man- mV, After Energy
Type ufac- 5 x 1012 Range,
turer Vg, V Iy, md e/cm? MeV
1N935 TC Reference MOT 9.0 1.0,7.5 (see 2.2 - 5.5
Diode Fig.
7-5)
1N490T TC Reference MOT 12.8 2 (see 2.2 - 5.5
Diode Fig.
7-5)
FCT1121 TC Reference FAS 6.8 0.1 (see 2.2 - 5.5
Diode Fig.
7-5)

Devices with significant zener vol-
tage change measured only at 2.2 MeV

TNU581 TC Reference DIK 6.6 4.0 -4 2.2
Diode

1N4891 TC Heference DIK 6.4 2.0 =12 2.2
Diode
(ultrastable) 7.5 -8

High-surge noncompensated zeners

UzZ8770 UTR 70 0.05 +14 2.2

UZ8775 UTR 75 0.1  +220 2.2 - 5.5

aTemperature compensated.
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The results of the measurements are summarized in Table T7-23.
It may be noted that the majority of the devices tested do not change
by more than the experimental error at a fluence of 5 X 1012 o/cm?
for all energies up to 5.5 MeV. Three device types showed a significant
linear change in zener voltage with electron energy (see Figure 7-5).
One of the device types indicated a positive voltage shif't, whereas
the other two indicated a negative voltage shift. These changes are
attributed to bulk radiation damage.

Some devices of the IN829 showed changes as great as 12 mV, whereas
the remainder stayed within +1mV. The anomalously large changes were
not energy-dependent and are therefore considered to be due to a surface
ionization effect.

Very few of the Unitrode U28770 and U28775 high-voltage zener
diodes were available for testing, and these showed shifts from -14
to =120 mV. The 14-mV value is within experimental error. In cases
where very few devices were available, devices were first irradiated
to a fluence of 1 x 1073 e/em? at 2.2 MeV and then reirradiated at
a later date with 3.0 or 5.5 MeV electrons. No conclusions could be
drawn from the data obtained from the second irradiation, primarily
because most of the zener voltage shifts were within experimental error.

2 T T ]
O FCT 1121, I, = 0.1 mA

1317 x 1907, 1, =2.0 mA
ol & 1N93sB, 1 =1.0mA |

0O IN9358, I, =7.5mA

z
T /o_
c .

X\\x
r \
151 X
0l : i
D\D

=35 1 ] !
2,2 3.0 5.5

ENERGY, MeV

Figure 7-5. Effects of Electron Radiation
Energy on Zener Voltage

7-52



77-41, Vol. I

An attempt was made to measure changes in the temperature coefficient
of the temperature-compensated zener diodes produced by a fluence of
1 x 1013 ¢/cm? at energies of 2.2, 3.0, and 5.5 MeV. These measurements
could not be carried out in situ and were, therefore, subject tc many
systematic errors. The main conclusion is that the pre-irradiation
temperature coefficient of different devices of one type varies within
one order of maghitude, whereas the radiation-induced changes are less
than 50 percent of the initial value. The temperature coefficient
from =50 to +25°C to 75°C increases with radiation. No correlation
with electron energy could be detected.

2. Constant-Current Diodes

These devices are considered insensitive to radiation damage
at the Voyager levels. The MOT 1N5288 and 1N5290 devices had no measur-
able changes at 1 x 1013 e/em?. The MOT 1N5297 and 1N5300 devices
showed changes of less than 7 pd.

3. Diodes and Rectifiers

The following diodes and rectifiers were characterized: 11N4148,
185711, BC997-1, FJT 1100, MV 1404 and UTR 4320. The leakage current
for these devices btypically had shifts of less than 1 nA after
1 x 1013 e/en®. The forward voltage typically changed a few mV.
Consequently, these are considered hard devices.

L, Silicon-Controlled Rectifiers

The Unitrode 2N1878 was the only device type tested. The mean
for three samples of the gate voltage decreased by 0.426 V, and the
gate current increased by 0.557 mA after 1 x 1013 eg/cm?.

H. PASSIVE COMPONENTS
1. Capacitors

Six each of the Component Research 0.02~ and 0.05-pF, B11B Teflon
capacitors were tested. The mean of the capacitance decreased 5 pF
for the 0,02-wF devices and 12 pF for the 0.05-uF devices after radiation
of 5 x 1012 g/om2,

2. Resistors
The Dale Electronics Types CDP16, CDP18, LDP16, and SDP16 metal
film resistors were irradiated to 1 x 1013 e/cm?. There was no change

in the resistance within the experimental error of the eguipment
(+0.01 percent).
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I. OPTICAL DEVICES .
1. Light Sources and Light Detectors

The Texas Instruments type TIL23 and TIL24 light sources and
type TIL601 and LS600 light detectors were evaluated in the JPL Dynamitron
using a 2.5-MeV electron beam. Two of the tests used a 0.32-cm (1/8~in.)
spacing between the source and detector in order to evaluate the space-
craft usage conditions. Three tests used a spacing of 20 ecm (8 in.)
in order to allow shielding and consequent evaluation of the source
or detector separately. In addition, various angles were used during
irradiation in order to reduce the amounit of shielding caused by the
lens material. All of the devices were measured in situ, within a
pericd of 5 min, with the beam off.

a. Tests Using 0.32-cm (1/8-in.) Spacing. Test results using
a 0.32-cm (1/8-in.) spacing between the light source and detector with
both device types irradiated at the same time unshielded are given
below.

(1 Test No. 1. Four TIL23 light sources and four LS600 light
detectors were tested. The test circuit is shown in Figure T7-6.

Because of the close spacing between the TIL23 source and LS600
detector and the presence of the glass window, there was an undetermined
amount of shielding of the device from the electron beam. Consequently,
exposures at a number of incidence angles for the electron beam were
used (i.e., 45, 90, and 135°), as shown in Figure 7-7, during the test.

+12V +2V
400 2, 1%
L5600 DETECTOR
MEASUREMENT
TiL23
SOURCE POINT
2k0, 1%

Figure 7-6. Test Circuit, Test No. 1,
Light Sources and Light
Detectors, 0.32-cm Spacing
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45° BEAM

0.2 em (1/8 in.) | =—— 90° BEAM

@\ 135" BEAM

Figure 7-7. Electron Beam Incidence Angles,
Test No. 1, 0.32-cm Spacing

Table 7-24. Results of Test No. 1 With 0.32-cm Spacing

Current Measured at Point(:), LA
(¢ = Fluence, e/em?; &= Flux, e/cm2/s)

Device =0 &= 1 x 1012A ,% &= 2.5 x 1012A,% 3= 5 x 1012A,% AﬁZTQ,
S/N  $=0 ¢= 1 x 109 $= 1.5 x 109 b= 2.5 x 109 deg
12 350 213 -39 120 -66 55 -84 15
1 470 390 =17 320 -32 234 -50 135
2 282 205 -27 134 -53 75 -73 45
3 60 213 -28 . 0.368 g 19 -68 90

@ata invalid; the device accidentally pulled out of position during
irradiation.

{2) Test .No. 2. Four LSH00 light detectors and four TIL2Y light
sources were exposed To the electron beam at a 60° angle (see Figure 7-8).
The fluepce was 5 x 1012 and 1 x 1013 e/cm® with a flux rate of 2.5 x
109 e/em?/s. There was no significant change in the output level as
measured at point for any of the devices tested. Although the test
devices were undoubtedly severely degraded (as indicated from previous
test experience), there was still sufficient pulsed output after radiation
exposure to trigger the 2N2222A transistor on, therefore maintaining a
constant output at point. The test circuit is shown in Figure 7-9.
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TIL24  (UNSHIELDED)

w}\ APPROXIMATELY 0.32 cm (1/8 in.}
-
AY

ELECTRON BEAM

L5600 {UNSHIELDED)

Figure 7-8. Flux Angle, Test No. 2, Light Sources
and Light Detectors, 0.32-cm Spacing

The test devices in Test No. 2 were irradiated with the axis
of the electron beam at 60° to the axis of the device in order to avoid
the glass lid. No other components of the experiment were changed.
A cosine variation in fluence with incident angle was used. The faraday
cup readings of fluence were thus twice the fluence required (i.e.,
1013 and 2 x 1013 e/em?). The effective value of the fluence on the
device was obtained as of these values (i.e., 5 x 1012 and 1013 e/em?).
This was done by using a time exposure that was twice as long, rather
than by doubling the flux rate. Thus the effective flux rate at the
device was one-half that in the test requirements.
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5V 2 1% 115V
O

LS600
LIGHT
DETECTOR

7
Zn290 2MN2222A

7 TIL24 LIGHT

1N4447 SOURCE

CIRCUIT 1 = CIRCUIT 2

Figure 7-9. Test Circuit, Test No. 2, Light Sources
and Light Detectors, 0.32-cm Spacing

b. Tests Using 20-cm (8-in.) Spacing. Test results using
a 20~cm (8-in.) spacing between the light source and detector, with
one of the device types shielded-during irradiation, were as followuws:

{1} Test No. 1. Four TIL23 light sources were exposed to
the electron beam at an angle of 45°, as shown in Figure 7-10, with
the detector shielded. The test circuit is shown in Figure T7-11.
Results are given in Table T-25.
(2) Test No. 2. Four TIL601 light detectors were exposed to
the electron beam at a 45° angle as shown in Figure 7-10, with the light
source shielded. The test circuit is shown in Figure T-12.

Results are given in Table T7-26.
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Table 7-25. Results of Test No. 1 With 20-em Spacing

TIL23 Qutput Voltage Measured at
Point , nV (@= Fluence, e/cm2;
$ = Flux, e/cm2/s)

Device ®=0 ®=5x 1012 A 3 o=1x 1013 A%
S/N  ¢=0 ¢= 3.6 x 109 b= 3.6 x 1019
5 0.240 0.014 -gL.2 0.004 ~38.3
6 0.360 0.022 -94.0 0.006 -98.3
T 0.140 0.014 -90.0 0.005 -96.4
8 1.500 0.116 -94.0 0.038 -98.0
Q SOURCE OR DETECTOR
> AS APPLICABLE (UNSHIELDED)
ELECTRON BEAM 45‘,\“ ;

/
!
/

SOURCE OR DETECTOR
AS APPLICABLE (SHIELDED}

Figure 7-10. Flux Angle, Test No. 1, Light
Sources .and Light Detectors,
20-cm Spacing

(? H2V +2V
SHIELDED PHOTQ
. TRANSISTOR
{
1§6OO 1% <
izs ¥ MEASUREMENT
2kQ, 1%
P .

Figure 7-11. Test Circuit, Test No. 1,
Light Sources and Light
Detectors, 20-cm Spacing
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Table 7-26. Results of Test No. 2 With 20-cm Spacing

TIL23 Output Voltage Measured at
Point@, ni {®&= Fluence, e/cm<;
¢ = Flux, e/cm?/s)

Device ®=0 &= 5 x 1012 A , 9 o= 1x 1013 A%
S/N  ¢=0 $= 3.6 x 109 4= 3.6x 1019
1 250.0 129.0 -48 .4 38.0 ~-85.0
2 96.0 19.2 -80.0 8.0 -91.7
3 160.0 65.0 -59.4 19.0 -88.1
y 112.0 78.0 -30.4 53.0 ~52.7
A2y s2v
%mo 2, 1%
TiLso1
TUELDED MEASUREMENT POINT
SOURCE

l 2k&, 1%

Figure 7-12. Test Circuit, Test No. 2,
Light Sources and Light
Detectors, 20-cm Spacing
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(3) Test No. 3. Four TIL24 light sources were exposed to the
electron beam at an angle of 45° as shown in Figure 7-10, with the
detector shielded. The test circuit is shown in Figure 7-13. Results
are given in Table 2-27.

Table 7-27. Results of Test No. 3 With 20-cm Spacing

TIL23 Output Voltage Measured at
Pointc:), mV (@ = Fluence, e/cm?;
$ = Flux, e/cm?/s)

Device ®=0 ¢=5x 1012 A,9 &=1x 1013 A 3
S/ $=0 ¢= 3.6 x 109 $=3.6x 1019
1 0.318 0.047 -85.2 0.015 ~95.3
2 0.218 0.010 -95.4 0.003 -98.6
9 0.384 0.030 -92.2 0.009 -97.7
10 3.000 0.208 -93.1 0.016 -99.5
?+12V H2V
T SHIELDED PHOTO
| TRANSISTOR
2600 0, 1% Ki
TIZ4 %E?&?REMENT
2k, 1%

Figure 7«13, Test Circuit, Test No. 3,
Light Sources and Light
Detectors, 20-cm Spacing
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(4) Flux Angle and Fluence. The devices tested were irradiated

with the axis of the electron beam at 45° to the axis of the device

as shown in the diagram in order to avoid the glass lid. A cosine
variation in fluence with incident angle was used. The faraday cup
readings of fluence were thus 1.4 times the fluence required (i.e.,
0.707.x 10%2 and 1.41 x 1013 e/em@). The effective value of the fluence
on the device was obtained as 0.707 of these values (i.e., 5 x 1012

and 1013 e/cm?). This was done by using a time exposure 1.4 times

as long, rather than increasing the flux rate. Thus the effective

flux rate at the devices is 0.707 times that in the test requirements.

c. Conelusions. The following conclusions can be drawn:

(1) These types of optical devices are very sensitive to radia-
tion-induced damage.

(2) The light sources are more sensitive to radiation damage
than the detectors.

(3) There is increased light scatter, due to the degraded source lens.

(4) There is more apparent degradation with 20-cm (8-in.)
spacing between the source and detector than with 0.32-
cm (1/8-in.} spacing because the light from the source
decreases as the square of the distance from the detector,
and any increase in light scatter will exhibit more effect
as the distance is inecreased.

2. Reticon Solid State Image Sensor

A Reticon solid state image sensor was used on the Ultra-Violet
Spectrometer (UVS) system. This consisted of a linear photodiode array
with an associated capacitance and an MOS multiplex switch, with-an
MOS shift register for scanning. During operation,-the gate of the
MOS devices swings from 0 to -10 V for p-MOS devieces that were used
flight parts. Preliminary radiation experiments on the LINAC at the
La dolla facility of Intelcom Radiation Technology indicated that these
devices failed at 100 krad(Si), whereas interference effects necessitated
shielding the devices down to 3.4 krad(Si). Some recent improvements
were made in the device structure in order to eliminate oxide surface
charging effects. These should reduce the total dose susceptibility
of the device still further,

J. QUARTZ RESONANT CRYSTALS

Jonization produces frequency shifts in quartz oscillator and
filter crystals. The magnitudes of such shifts depend upon the source
of the guartz, as shown in Figure 7-14. For all appliecations in which
a frequency shift up to 1 part in 107 can be tolerated for Voyager,
the use of swept synthetic quariz will ensure that the specifications
are met. The use of natural quartz is not recommended unless changes
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as large as 10 parts/million can be tolerated. For applications in
which the radiation-induced changes must be less than 1 part in 107,
a further ‘screening process should be applied to carefully selected
swept synthetic materials.

Three swept z-growth synthetic quartz rescnators were tested
to a total fluence of 1 x 1013 e/cm? on May 14, 1975. The test results
are given in Table T7-28.

& total of fourteen resocnators were tested to a total fluence
of 2.5 x 1012 ¢/em? and a nominal frequency of 24.5 MHz. The total
change in frequency after irradiation ranged from 2.7 to 11.5 cycles.
This change was considered insignificant.

Six resonators were tested to a total fluence of 2.5 x 1012 e/cm?.
The nominal frequeney was 24.5 MHz. The frequency shift caused by
the radiation environment ranged from # to 11 cycles. This change
was not considered significant.

The changes after irradiation were considered insignificant.

K. DIGITAL MICROCIRCUITS

Past testing by JPL and other investigators has indicated that
the Texas Instruments 54L series of integrated eircuits should not
be significantly degraded by the Voyager mission radiation environments.
In order to verify that this still applied to current production, ten
high-reliability Texas Instruments V5L30, 8-Input Positive NAND Gates
(seal date 1-19-T4) were irradiated at 1013 e/em? and the results were
evaluated.

In general, there were only minor shifts in the measurements
after irradiation, and all devices remained well within the specification
limits before and after.

The results of this test confirm that the relative radiation
hardness of this type of device has not changed signifiecantly, and
the devices should not present a design problem for the Voyager program.
Consequently, no additional testing of the SUL series was conducted.
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Table 7-28. Irradiation Effects on Synthetic Quartz Resonators

S/N fs, Hz Rg, ohms
Before After Before After

1 24,500,060 24,500, 111 19.5 19.4
3 24,499,836 24,499,826 24,2 24,3
8 24,500, 129 24,500, 111 23.7 23.6

4 i T T

4

-
EPT Z-GROWTH
SYNTHETIC

3
=y

64'-‘-
s‘.ﬂ
SO'\

DOSE, rad (5i)

Figure 7-14. Composite Steady State Frequency Shift Data vs Dose
for Quartz Crystal Resonators
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SECTION VIII

SCREENING TEST RESULTS

a. LINEAR INTEGRATED CIRCUITS
1. Diffusion-Metallization Lot Screening

a. Operatignal Amplifiers. Typically, six devices from each
diffusion-metallization lot were tested to a total dose of 125 krad(Si)
(see Section V-A) for Vgg, Ips, and Ig. Three devices were tested
for open-loop gain at a 2 mA load. Table 8-1 lists the device types,
acceptance limits, and number of accepted/rejected lots.

The HA2520, HA2000, and HA2620 exhibited some degradation
in the dc parameters and open-loop gain. The HA2600 was not included
in lable 8-1, as it was a single lot sample screened to specific cireuit
applications. The HA2700 (cans) showed no significant degradation
at irradiation to 60 krad(Si). The poor showing of the HA2700 (flatpacks)
{see Table 8-1 and Table 7-9) was attributed to the flatpack sealing
methods. Similarly, the LM108 flatpacks could not be hardened, because
of device degradation after sealing (see Seection VI-C). LM108 Lot
C12334 was an exception to the acceptance criteria shown in Table 8-1.
This lot was accepted with a mean plus 3o of AVgg > 0.66 mV, Algg
> 0.89 nA, and AIp > 12.70 nA, since the Infrared Interferometer Spec-
trometer (IRIS) and the Attitude and Articulation Control Subsystems (AACS)
circuit applications could tolerate less stringent rejection criteria.
The LM124 had. acceptable degradation in dec parameters, provided the
devices were biased at V+ = 15 V and V- = 0 V. Six HA2-2520-2 devices
were tested up to a fluence of 1 x 1013 e/cm? in order to measure
degradation in output drive capability under MDS load conditions.
The test results indicated that the MDS would not require IRAN testing
of the BA2-2520-2 or spot shielding.

b. Comparators. The only comparator subjected to lot screening
was the LM139, in both the hardened and unhardened versions. The un~
hardened device was procured in a single diffusion-metallization lot
whose radiation sensitivity was significantly greater than that of
some other lots tested earlier (see Table 8~2). The properties of
the hardened lot are shown in Table 7-15, Sectlon VII-D.

5

A special determination was made of the total dose level
at which the unhardened LM139 device latched-up when biased in the
off condition during irradiation. At 12.5 krad{(Si), all nine devices
tested showed only slight changes in de¢ parameters. At 18.75 krad(Si),
two of the devices produced offset voltage changes up to 20 mV. At
25 krad(Si), these two devices failed and another four devices showed
offset voltagze changes up to 40 mV. At 32.5 krad(Si), six out of nine
devices failed catastrophically. These results establish 12.5 krad(Si)
as the parts capability of the unhardened devices when they are biased
in the off condition.
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Table §-1. Diffusion-Metallization Sample Lot Sereening of
Operational Amplifiers

Device Acceptance Number of Lots

Type Mfg. Parameter Criteria
Accepted Rejected Total

hAZ2520 ‘BAK Alpg <40 na
AVOS <20 mV
2 1 3
Alp <1 A
Agp, 2 mA 2000
HA2620 HAR Vos <5 mV
Ips <150 nA 1 0 1
Ip <100 nA
HA2T00 HAR Vos <10 mV
(can)
AVps £5 mV
108 <30 nA 4 0 4
Algs <10 nA
AIB <lIO na
HA2700  HAR  AVgs <15 my
(Flatpack)
Aos <10 nA 1 9 10
AIB <40 na
LM108 NSC AVps 0.5 mV
(Bardened)’ 21 3
Alps <0.%4 nA
Alg <6 nA
Aldpr >H5000 1848 68 24

3AC parameters
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Table 8-1. Diffusion-Metallization Sample Lot Sereening of
Operational Amplifiers
(Continuation 1)

Device Acceptance Number of Lots
Type Mfg. Parameter Criteria

Accepted Rejected Total

LM124 NSC  AVgs <25 mv
Algg <100 ni
Alg <1 pA T
Isinks >0.84 mA y 0 h
5=kilohm
load
Isource, 250 pA
B-kilohm
load

c. Yoltage Resulator. The only voltage regulator subjected to
diffusion-metallization lot screening was the LM105. Three lots, consisting
of both hardened and unhardened devices, were tested. They all passed
the acceptance criteria of less than 25 mV shift in load and line
degradation at a fluence of 5 x 1012 e/cme.

d. Voltage Follower. Only one lot of hardened NSC LM102 devices
was screened, and this lot was aecepted The criteria were as follows:
AVOS > 5 mV and AIB > 10 na.

-~

e. RF Amplifers and Mixers. The flight lots of the MIC 76T
RF amplifier and the MIC 236 and MIC 336 RF mixers were screened.
All lots were found to be acceptable.

2. Irradiate-Anneal

The only two device types subjected to irradiate-~annealing were
the LM101 operational amplifier and the LM111 comparator. As shown
in Section IV-B-4-2, there were a considerable number of rejects for
the LM101, but far fewer LM111 rejects. A number of devices were shielded
rather than wait for the return of the devices from the manufacturer
after the IRAN cycle of operations.
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Table 8-2, Diffusion-Metallizétion Lot Screening of the Unhardened LM139 Comparator

Post-irradiation Value® at Indicated Dose and Fluence

12.5 krad 30 krad(Si% 60 krad(Si) 125 kradéSi)
Device Initial 5 x 10 1.25 x 1012 2.5 x 1012 5 % 102
Type Mfg. Parameter Value e/em e/cm e/om e/cm
LM139 NSC f (mV) 5 5.3 5.5 5.6 6.0
{Unhard) 03(on)
Flight . Ambs(on)(mV) .3 0.5 0.6 1.0
Lot
10145 Vos(orr) @) 5 5.5 Failed Failed Failed
AVps(orr) (mY) 0.5 Failed Failed Failed
’AIOS( on) (n4) 3 9 22 80
IOS(Off)(nA) 25 29 Failed Failed Failed
Algg(ore) (nd) 4 Failed Failed Failed
Ip(on)(nd) 100 190 230 315 525
AIBcon)(nA) 90 130 215 h25
Ig(orf)(nA) 100 160 Failed Failed Failed
‘Alg(ope) (nA) 60 Failed Failed Failed
Alsink(on) (ma) -~ =7 -9 =11
Algsnploff) (mA) -4 Failed Failed Failed

8post-irradiation values indicate anticipated post-Jupiter mean +3g.
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The reirradiation properties simulating the Jupiter environment
are shown in Table 8-3. After annealing, there is a slight degradation
of the input bias current of the LMi101 and a large degradation in both
input bias current and input offset current in the LMi11. However,
the subsystems were able to tolerate this degradation.

1t was observed that there was a total lack of agreement between
the de parameter values of the LM111 measured at National Semiconductor
after annealing and the same parameters measured on the JPL test boards
after the parts were returned. 4 visit to National Semiconductor established
that their test eircuit saturates when testing IRAN devices, so that
all the published data included in their data package is invalid.

On the basis of data from 16 flight parts in flatpacks, the properties
of the IRAN parts are as follows: The input offset voltage is within
the vendor's specifications, the input offset current may be as high
as 25 nA, and the input bias current lies between 400 nA and 1 pA.
The LM111 post-IRAN values in Table 8-3 are given as mean +3¢ worste
case values, since the devices were not correctly remeasured after
annealing.

The detailed radiation behavior of the LM111 devices subject
to I1RAN is as follows:

(1) The first irradiation at 50 krad(8i) produces a positive
shift in Vpg of less than 2 mV, a negative shift in IQs
of less than 20 ni, and a large increase in the input bias
current, which increases to 300 to 500 nA.

{2) The 150°C annealing causes VOS to anneal back to its starting
value. Ipg is shifted positively by up to 30 nA, thus
overshooting its starting value. The absolute post-annealing
value may be as high as 25 nA. There is substantial deteriora-
tion in the input bias current during annealing, with final
values in the range from 400 nd to 1 pi.

(3) Common mode rejection was measured for all dec parameters
for unirradiated and.for annealed devices. The supply
voltage was %15 V and the common mode voltage was varied
from +10 to -10 V. Over this range the behavior was linear
and was the same for unirradiated and annealed devices.

No abnormalities were observed.

1) The following shifts in dc parameters have been observed
on reirradiation: Vgg shifts in the positive direction,
but the shift is less than 4 mV at 60 krad(Si). Ipg shifts
in the negative direction. The shift may be as much as
30 nA at 12.5 krad{Si), 65 nA at 30 krad(Si) and 120 ni
at 60 krad(Si). The bias current initially decreases with
radiation by up to 200 nA at 12.5 krad(Si). At about 30
krad(Si), the bias current returns to its original post-
annealing value. At 60 krad(Si), some devices show an
increase in bias current up to 150 nA.

8~5



Table 8~3. Simulated Jupiter Environment for LM101 and LM111

Post-irradiation Value® at Indicated Dose and Fluence

12.5 kradSSi) 30 krad(S%g A0 krad(§i) 125 kraq£Si)
Device Initial Post 5 x 10 2

1.25 x 10 2.5 x 10 5x 10
Type Mfg. Parameter Value IRAN e/cm e/cm® e/cm? e/cm®
LM1014F, NSC Vog(mV) 2 2 3 i 5 12
LM101AH
AVqg (mV) 1 2 3 10
Ipg(na) 10 10 13 14 16 25
AXyg(nh) 3 3 6 15
o Ig(nh) 75 100 135 168 212 300
[a)]
AIg(nd) 35 68 112 200
LM111F, NSC Vg (mV) 3 30 5 7 9 12
LM111H
Igg(nA) 10 600 60 100 180 300
IATqg| (nh) 60 120 200 320
Ip(na) 100 1800° 1600 2000 2300 2400
ATg(nA) 330 700 900 900

@post-irradiation values indicate anticipated post-Jupiter mean +3 g

bMean +30.

no
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The following device types were found not suitable for IRAN,
for reascns given:

(1) » HA2520, HA2600, HA2620; no correlation was found between
IRAN and reirradiation behavior. The first irradiation
caused significant permanent degradation in open~loop gain.

(2) HAG-2700 {(flatpacks); severe degradation occurred in negative
open-loop gain during the first irradiation, from which
the devices did not recover on annealing.

Other devices which were investigated for IRAN but not included in
the flight device IRAN program were as follows:

(1) HA2-2700 (cans); lot sample testing was found satisfactory
for these.

(2) LM105 (voltage regulator); radiation damage for all devices
was found to be acceptable up to 60 krad(Si).

B. BNALOG SWITCHES
1. Diffusidn—Meﬁallization Lot Screening

The DGM111 was the only analog switch for which sample lot screening
was used. This device was screened for specific circuit applications.
The DGM111 contains MOS transistors and is normally very sensitive
to radiation. Fortunately, the subsystem was able to use the devices,
since the ecircuit bias conditions were such that these conditions
minimized the radiation degradation; i.e., drain at +10 V, source at
ground, and logic supply veoltage at +5 V.

2. Irradiate-Anneal

Only samples of each diffusion-metallization lot of the three
analog switches, DG129, DG133 and DG141, were subjected to irradiate-
annealing, and there were no rejects. On reirradiation corresponding
to the post-Jupiter environment, the increase in the leakage current

Is(orr) increased somewhat, as shown in the mean +3¢ values tabulated
in Table 8-4.

C. BIPOLAR TRANSISTORS

The bulk of the transistors were screened using date code lot
sampling (see Section IV-B-3 for details). In addition, several lots
of TIX 2822224 and 2N2907A devices manufactured on a military line
were screened by diffusion-metallization lot. A detailed discussion
of the outlier problem is given in Section VIII-C-5. The SDT 5553
was subjected to irradiate-annealing procedures (Section VIII-C-6).
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Table 8-4, IRAN Diffusion-Metallization Lot Sample Screening

Post-irradiation Value? at Indicated Dose and Fluence

12.5 krangi) 30 krad(Si% 60 krad(Si) 125 kraq£Si)

Device Tnitial Post 5 x 107 1.25 x 1012 2.5 x 1072 5 x 10
Type Mfg. Parameter Value IRAN e/ e/cm e/cm2 e/cm
DG129 SIL IS(off)(nA) 1 1 2 ) 7.5 15
DG4 SI1  Igropp)(nd) 3 3 5 15 30 , 60

AIrIvad 9004 J0

AT GOV TVNIDIO
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1. Date Code Lot Sampling

Extensive sampling on many device types provides a radiation
history of line operation and instills confidence that outliers are
absent over a prolonged period of time. Table 8-5 lists the device
types screened and the pass/fail results for hpg and Igpg. The date
code sample screening results were compared to the values listed in
the Preliminary Radiation Handbook (Reference 4-3). The devices were
rejected if the values exceeded those in the handbook. The New Data
column in Table 8-5 indicates that there was no previous data for pass/fail
ecriteria. Table 8-6 lists those device types that had a 100% screening
failure indicated in Table 8-5, along with the subsystem usage and
device disposition. Table 8-7 is a summary of the date code lot sampling
results.

2. Special Low-Saturation Reguirements

Special circuit applications required an hpg measurement of 2N2222
devices at 0.11 V during the radiation screening test. This created
a problem because the performance of this type of device at VCE = 0.1V
is very unpredictable. The test results are questionable because the
test instrumentation did not use separate voltage and current probes.
Any small change in Vgg will cause a very large change in the gain
at this operating point.

The performance appeared to be normal and predictable at the higher
saturation voltages of 0.25 and 0.4 V. Since this part is well
behaved at the higher saturation voltage and the saturation at 0.12 V
is not required (except for one subsystem, which was handled separately),
these parts were considered acceptable for Voyager applications,

3. TIX 2N2222A and 2N2907A Diffusion-Metallization Lot Sampling

Two lots of each device type (date codes 75334 and 76054 for
the 2N2222A8; 7507A and 76054 for the 2N290T7A) were procured from the
Texas Instruments high reliability special produets group production
line. These devices were then lot sample screened for radiation effects.
The results are shown in Table 8-8. The rejection criteria are based
on the previously published data in Reference 1-1.

4, Wafer Lot Sampling

The PWS subsystem used five different transistor types in a hybrid
arrangement fabricated by Cirecuit Technology, Inc. Four dice from
each wafer used in the hybrid circuits were mounted and sealed in a
large transistor can and subjected to wafer lot screening. The data
shown in Table 8-9 indicate a fairly small standard deviation (o) in
A(1/hpg), even at low current levels where surface effects predominate.
Much better control of the radiation effects can be achieved by resorting
to wafer lot screening. Additional flight lots were sampled at a later
stage with similar results.
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Table 8-5. Pass-Fail Date Code Lot Sampling Results
for Bipolar Transistors
hpg | Iceo
Device New New
Type Mfg., Pass Fail % Pass Data Pass Fail % Pass Data
2hN2219 TIX 3 0 100 - - - -
2N2222 TiX 6 2 75 5 0 100 -
2n2484 TIX - - - 3 - - - 3
282605 TIX 2 0 100 - - - -
2N2658 SOL 1 1 50 1 0 100 -
2N2857 MOT 1 0 100 - - - -
2N2880 SOL 3 1 75 - - - -
2N2905 TIX 0 2a 0 - - - -
2N2907 TIX 2 1 67 3 0 100 -
2N2920 TIX 2 2 50 - - - -
ZN2946 TIX - - - 1 v - - 1
2N3501 MOT 0] 18 0 - - - -
2N3637 MO& 0 28 0 - - - -
MQ2905 MOT - - - 1 - - - -
MQ2219 MOT - - - 1 - - - -
=SDT3303 50D 1 1 50 - - - -
SDT3304 S0D 0 12 0 - - - -
SDT3323 S0D 1 0 100 - - - -
14BB101  SOD 0 18 0 - - - -

43ee Table 8-6 for further details.
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Table 8-6. Device Disposition for Bipolar Transistors
With 100% Failure for hpg

Device Date
Type Mfg. Code Worst-Case Gain Requirements
2N2905 TI1X 7418, + Test yield is 40, which is accep-
7441 table for circuit application.
2h3501 MOT T4UQ Acceptable, as there is no cir-
cuit usage below 2 mA.
2N3637 MOT 7516 Gain required is 11.1 to 13.8;
predicted gain is 37 to Uu7.
7520 Acceptable at 60 krad(Si).
SDI3304 S0D 7518 Acceptable at 62 krad(Si).
14EB101 30D 7529 Gain required is 15; predicted
gain is 22.
7529 Seleet for high hpg.
5. Outlier Problem

There is a significant problem asscciated with the applications
of bipolar transistors on Voyager, wherein the radiation environment
can cause degradations of low collector current gain hprp and leakage
currents Igpg, which seem to occur randomly and with low incidence.
These cases of severe degradation are called outliers. 1In fact, it
is generally believed that the outliers are wafer-lot dependent and
if one has diffusion lots, then radiation test sampling, with a small
sample size, is sufficient to identify bad lots for rejection. The
definition of an outlier, for the purposes of this report, is a device
> mean + 3¢. Table 8-10 lists the device type, manufacturer, number
of devices tested,.and number of outliers observed. The greatest in=~
cidence of outliers (or bimodal distribution) was found on devices
manufactured by Motorola and Raytheon and in 2N2222, manufactured by
Texas Instruments before 1973.
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Summary of Date Code Lot Sampling Results
for Bipolar Transistors

Device Type Mfg. Remarks

2N2219 TIX

2N2222 TIX

2n2484 TIX

2N2605 1TX Date code lots acceptable.

2N2658 S0D ’

2N2857 MOT

2N2880 S0D

2Nz905 TiX hpg yield of 40 acceptable for ISS.

282907 TIx

2N2G20 TIX Date code lots aceceptable.

2N29U6 TIX

2N3501 MOT hpg yield for Ic > 2 mh acceptable for ISS,
UVS and PUR.

23637 MOT hpg yield of 37 to 47 acceptable for ISS;
PWR acceptable at 60 krad(Si).

MQ2905 MOT

MG2219 MOT Date code lots acceptable.

SDT3303 30D

SDT3304 S0D hpg acceptable at 62 krad(Si) for ISS.

SDT3323 S0D Date code lots acceptable.

14BB101 S0D hpp vield acceptable for ISS;

DRIRD selected high-gain devices.
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Table 8-8. Diffusion-Metallization Sampling Results for 2N2222A
and 2N290T7A
hpg IgBo/IcBO
Device Date .
Type Code Pass Fail Pass Fail Remarks
2N22224 75334 X - - Rejected
76054 X . Accepted
2N2G0T7A 75074 X X Rejected

T605A X X Rejected

Table 8-G. Results of Wafer Lot Sampling

Device Type

A(1/hpg) at 521072 e/em®
In Veg, Sample Size

Mean o

2N2369 150 poA 5 ° 8 0.0032 0.0004
2N2U8H 50 uA 6 6 0.0082 -0.002

1mh 6 6 0.0026 0.0007
2N2605 104 6 8 0.0049 " 0.003

Tmh 6 -8 0.0016 ' 0.0006
N4OLY 50 pA 6 8 0.00084 0.0003
2N5087 50 w6 8 0.0021 0.0012
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Table 8-~10. Occurrence of Outliers in Bipolar Transistors
Device No. No. of Device No. No. of
Type Mfg. Tested OQOutliers Type Mfg. Tested QOutliers
25918 MOT 12 0 2N3497 MOT 4 0
2N930 TI 6 0 2N3499 MOT 6 0
282060 TI 12 0 2N3501 MOT 11 0
2N2222 MOT 17 2 2N3637 MOT 19 0
2N2222 TI 119 6 2N3742 MOT 10 0
282222  N3C 3 0 2N3805  FAS 12 0
2N2369 MOT 15 0 KD6001 EMC 6 0
2N24 84 TI 29 0 MQ2219 MOT 20 3
2N2605 TI 14 0 MQ2905 MOT 16 1
2N2658 SOL 31 0 MQ346T MOT 108 14
2N2857 MOT 11 0 ‘| MQ3725 MOT 124 1
22880 SOL 24 0 PATHY3Z RAY 193 6
2N2907 MOT 10 1 SA2267 RAY 187 11
282907 TI 61 0 SDT3303 SOL 16 o
2N2905 TI 48 0 SDT3304 SOL 11 0
2N2920 1T 24 0 SDT3323 SOL 13 0
2N2920 NSC 16 0 SDT3403 SOL 5 0
282946 T1 8 0 SDTU4905 SOL 5 0
2N2975 FAS 26 0 SDT5553 SOL 70 0
2N3057 RAY 12 0 SDT8805 SOL Y 0
2N3251 MOT 5 0 SE7056 NSC 10 0
2N3350 TI 12 2 S53137  MOT 6 0
2N3440 RCA g 0 SQ1079 MOT 24 0
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Table 8-10. Occurrence of Qutliers in Bipolar Transistors
(Continuation 1)

Device No. No. of Device No. No. of
Type Mfg. Tested Outliers Type Mfg. Tested Qutliers

3029- RAY 36 0 96SVi31 SOD 3 0

201-1
14BB101 SOD i 0
3029~ RAY 36 0
202-1
6. Irradiate-Anneal

The only bipolar transistor subjected to IRAN procedures was
the SDT 5553, a device extremely sensitive to surface ionization effects
at low current levels. This device was used only in a shielded environment
(less than 5 x 1017 e/cm? fluence) at a collector current of 150 upi
and a collector/emitter voltage of 124 V. The devices were irradiated
to a total dose of 5 krad(Si), and all devices with a de gain of less
than 8 were rejected.

Four devices from the flight lots were reirradiated to a maximum

fluence of 1 x 1012 e/cm2. The results are shown in Table 8-11, which
indicates mean + 3¢ values.

D. JFET's
1. Date Code Screening

N-channel JFET date code lots responded to the radiation
environment either by showing uniformly low leakage currents, in which
case no additional testing was required; or by having uniformly high
leakage currents, thereby requiring heavy shielding; or exhibiting
mixed results, in which case screening was applicable (see Section
IV-B-3 and Section VIII-D-2 for additional details). Table 8-12 lists
the device types subjected to date code or radiation screening as well
as the disposition of the lot.
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Table 8-11. Post-reirradiation Values for SDT 5553

Fluence, e/cm?

Parameter Conditions 1x 1010 2.5 x 1011 5 x 1011 1 x 1012

A(1/hpg) Ic = 0.15 ma, 0.0091 0.0415 0.1220 0.335
VCE = 124 ¥

Al1/hpg) Ic = 1 ma, 0.0033 0.0148 0.0340 0.09
Veg = 18 ¥

2. Irradiate-Anneal

& number of n-channel JFET's were irradiated to 60 krad(Si) using
a cobalt 60 source. The device types selected were prone to inversion
layer formation due to a lightly doped base region, resulting in large
increases in the gate-source leakage current Iggg after irradiation,
The irradiated devices were not subjected to annealing. A& few devices
were reirradiated by electrons to a fluence of 5§ x 1012 e/cmg, resulting
in a total accumulated dose of 185 krad(Si), in order to characterize
the worst-case behavior of the devices at Jupiter.

The only JFET's subjected to IRAN were the 2NU856, 2N5196, 2N5520,
and 2N5556. The flight lots of these devices showed a very varied
response, 30 that IRAN was a necessity. A significant number of rejects
was obtained, as shown in Section IV-B~4-a. The increase in leakage
current on reirradiation, corresponding to the post-Jupiter environment,
is indicated by the mean + 3¢ values in Table 8-13.

The 2N4093, 2N4393, and 2N5906 flight lots were found to be extremely
radiation sensitive, requiring shielding; i.e., no screening is possible
if all the devices are bad. Lot-sample testing was found %o be satis-
factory for the 2N4391 and 2N4393; the sample contained no reject devices.

E. CMOS SCREENING

1. Quiescent Supply Current 1sg

In the wafer screening program, RCA supplied ten sample devices
from each wafer. Initially, ten devices were irradiated, buit this
proved too time-consuming and was later reduced to five devices.
Radiation was provided by a cobalt 60 source.
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Table 8-12. Results of JFET Date Code and Radiation Screening

Number of
Device Lot Date Devices
Type Trace No. Code Tested Disposition
2N3066 - - 14 Ho need for screening.
236864 - - 8 No need for screening.
214093 EQ600 Th21 11 Subsystem must shield to
w0738 <25 krad(Si).
2N40G3 w0738 Th21 11
2N4391 E0601 TL20 11 Subsystem must shield to
WoT739 <25 krad(S8i).
2N4391 w0739 T420 11
2N4392 Wiz27ha 7505 11 Ko need for screening.
2N4363 E2337B 7510 11 Subsystem must shield to
w1843 <25 krad(Si).
2NU416 - 7525 11 No need for screening.
2nL856 E3290 7524 100% screening at 60
2NU856 E3699 7509 krad(Si) required.P
2N5196 EQ0787 T436 11 100% screening at 60
w1020 7430 krad(S8i) required.P
2N5520 W36672 7526 11 100% screening at 60
krad(Si) required.P
2N5556 None 7536 12 100% screening at 60
None 7512 krad(Si) required.P
2N5520 E3036 7518 - Lot rejected.
W3667
2N5906 - - Subsystem must shield to

<10 krad(Si).

Yinscreened . .
bDevices subject to IRAN without annealing (see Section VIII-D-2).
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Table 8-13. Results of JFET Reirradiation

Value No. of Devices®

After Indicated Dose, krad(Si)

BL-g

After
Device Parameter Ini- First Ir-

Type Mfg. Controlled tial radiations 12.5 30 60 125 A B
2NA856 SIL IGSS(nA) 0.25 0.5 1.21 2.3 k.6 16.7 298 65
2N5196 SIL IGSS(nA) 0.025 0.1 0.1 0.{5 0.25 0.8 124 17
2N5520 SIL IGSS(nA) 0.025 0.1 0.19 0.26 0.45 1.1 21 0
2N5556 SIL IGSS(nA) 0.1 0.25 0.4 0.7 1.5 3.8 96 28

83  Screened.
B Rejected.
C Reirradiated.
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The quiescent supply current Igg was measured with all input
terminals to ground and with all input terminals connected to 10 V.
The wafer was rejected if any samples exceeded 100 times the 25°C military
or JPL pre-irradiation specification 1imit (see Table 8-14). The rejection
rate at 150 krad(Si) was less than 10% for some simple circuits (gates
and flip-flops) and greater for complex and large area circuits {(counters,
shift registers, multiplexers, and buffers).

The test dice were not specially screened for Igg before irradiation.
As indicated in Figure 8-1, 75 percent of the devices (Group 1) had
leakage currents below 1 nA, another 20 percent (Group 2) possessed
greater leakage currents, but sufficiently low to pass the JPL specifi-
cations, whereas the remaining 5 percent (Group 3) would have been
rejected in pre-irradiation screening. The post-irradiation data for
Group 1 (Figure §-2) shows a reasonable Gaussian distribution, but
with the rejection limit set so as to cause a 12% rejection rate.
The more than 10,000-fold increase in Igg appears to be the best that
can be achieved on this type with the modified annealing process, and
is attributed to the shift in Vpy toward 0 V (see Section VI-B for
a discussion of CMOS hardening).

Group 2, with marginal pre-~irradiation properties, produced a
post-irradiation yield of only 66 percent (see Figure 8-3a and b).

A preliminary study on the variation of Igg over a given wafer
after irradiation indicates a tight distribution in some wafers, while
other wafers exhibit a great deal of variability. This is in agreement
with the general loft variability of the product observed during radiation
sereening.

The distribution of Igg has been analyzed for a number of different
device types and for both forming gas and nitrogen annealing., The results
for the CDU4052 and CDU0U9 are shown in Figures 8-% through 8-11. The data
indicate that a number of bimodal distributions are caused by lack of
process control, but that nitrogen annealing offers a substantially better
product. The data that have been analyzed in this manner are summarized
in Table 8-15. It is evident that the rejection limits do remove lots with
lack of surface control. The rejection limits were chosen to screen out
wvafers with catastrophic devices or with Igg higher than acceptable to the
project systems designers. The yield figures of the wafer screening program
are summarized in Table 8-16.
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Figure 8-3b. Post-irradiation Current for RCA CDU0Q06, Group 3
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Table 8-14. Eleetrical Specifications and Rejection Criteria for ISS Wafer Screening

£2-g

Electrical Specification Electrical Specification

Maximum Limit at 25°C Maximum Limit at 25°C
Device Pre-irradiation Post-irradiation Device Pre-irradiation Post-irradiation
Type ni A Type ni LA
CD4001 25 2.5 cpuo27 250 7.5
CDh4002 25 2.5 Ch4028 500 7.5
Cb4006 25 30 CD4029 500 .50
CDU4011 25 2.5 CD4030 50 5.0
tpio12 25 2.5' CD4031 2000 100
CD4013 250 7.5 CD4035 500 50
CDU4014 500 50 HETEN 1000 50
CD4015 500 50 CDhLo42 2000 25
CD4016 75 7.5 CD4043 2000 25
CD4017 500 50 CD4OUg 75 7.5
CD4019 75 7.5 CD4050 75 7.5
CD4021 500 50 CD4051 500 50
CD4023 25 2.5 CD4052 500 50

CD#025 25 2.5 CD4053 500 50

I "TOoA “Ly=Ll
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Table 8~15. Analysis of Igg data

————— ————— . g o S T ok 4 g S S e e i AP ey e S S S Y . e R S S 0 T e skl Ak ) S 0o P e S L S s S T A A S S S e

Rejec-
Peak of Other tion
Device Annealing  Distri- Prime Peaks, Limit,
Type Function Gas bution Devices LA LA
CD4006 18-stage Forming Gaussian 10 A 30
shift register gas
col019 Quad AND-OR Forming Gaussian 5 nid 7.5
gate gas
Nitrogen  Gaussian 20 nA 7.5
cD4027 Dual flip- Forming Gaussian 20 ni 7.5
flop gas
chug29 Up/down Forming Bimodal 50 ni 20 50
counter gas
Nitrogen Bimodal 5 nA 2 50
50 nA
CD4049 Hex-buffer Forming Bimodal 50 nA 2 7.5
gas
Nitrogen Quasi- 20 nA 2 7.5
Gaussian -
CD4052 Multiplexer Forming Rimodal 3 nA 2 50
gas 30
Nitrogen Gaussian 500 nA 50
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Figure 8-4. Pre-irradiation Current for RCA CD40524 Multiplexers
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Figure 8-5., Post-irradiation Current for RCA CD#05248 Multiplexers
With 950°C Gate Oxide Anneal in Forming Gas
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The wafer screening of Igg is expensive but necessary in view of
the lack of safety margin shown in the distribution, the presence of
outliers, and the bimodal distributions. For future programs, radiation
screening of n-channel and p-channel test transistors associated with
each wafer should be considered, since the absolute values of post-
irradiation Vr, and V¢, are more fundamental parameters directly related
to oxide and interface states. At present Vg, is not screened, and
this produces a barely tolerable variation in the propagation time. 1In
future programs, other process controls involving capacitor measurements
should be considered in direct collaboration with the manufacturer. Such
controls have been described in a paper by Gregory (Reference 8-1).

2. Transmission Gate Leakage I,

The multiplexers CD4051, CD4052, and CDH053 were subjected to
an additional screening. The off leakage current through all transmission
gates in parallel was required to be less than 100 nA, measured with
all switch inputs at 10 V and the outputs at ground (IL2), and less

than 100 mA for the CD 4052 and CD #053, with all switch outputs at
10 V and the inputs at ground (IL2). This resulted in a yield of about

50% for these device types. The leakage current limit for the CDX051
was originally set at 3 pA, but improvements after switching to nitrogen
annealing enabled the limit to be reduced to 100 na,

Figures 8-12 and 8-13 show the distribution of the IL2 leakage

current before and after irradiation respectively, for devices annealed
in forming gas. It may be seen that prime pre-irradiation devices

show a bimodal distribution after irradiation, resulting in a high
yield loss. This problem was solved by switching to nitrogen annealing.
The pre-irradiation distribution (Figure 8-14) was the same as before,
but the post-irradiation data (Figure 8-~15) showed a more Gaussian
distribution, though with a few outliers beyond 1 puA. The Igg data

for the same devices, shown in Figures 8-4 through 8-7, exhibit a very
similar behavior.
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RCA CD4052A Multiplexers with 950°C Gate
Oxide Anneal irn Forming Gas
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Table 8-16. Screening Data at 150 krad(Si)

AT

T *ToA ‘Ly-LL

Forming Gas Anneal Nitrogen Anneal
No. of Wafers No. of Wafers

Device ) Total

Type Tested Passed ¢ Passed Tested Passed ¢ Passed Devices Tested

CDY001 24 20 83 79 20 25 528

Chuooz 11 9 g2 - - - 68

CD1006 123 66 54 99 96 97 1155

CDUO11 L 37 90 - - - 217

cD4012 10 9 90 35 33 94 237

CD4013 12 12 100 16 16 100 147

CDHO14 16 14 87.5 22 22 100 208

CD4015 22 21 95 16 16 100 206

CDUO16 16 15 o4 15 14 93 165

CDh017 - - - ) b 100 30

CD4019 22 22 100 59 u7 80 419

CDL021 85 77 91 66 54 82 785

Cbh4023 7 6 86 21 21 100 149

CDUozs 14 12 86 - - - 87 éf

&

Ccolo27 113 101 89 29 28 97 T4l i?é?
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Table 8-16. Screening Data at 150 krad(Si)
{Continuation 1)

Forming Gas Anneal Nitrogen Anneal

g1 B9

No. of Wafers No. of Wafers
Device Total
Type Tested Passed % Passed Tested Passed ¢ Passed Devices Tested
gcbho28 24 24 100 16 16 100 215
Cb4029 147 125 85 175 133 76 1646
Cb4030 12 0 0 16 16 100 147
CD4031 146 115 79 - - - 773
CDU4035 63 57 90 29 14 48 489
CO4040 28 19 68 116 101 87 435
Chaol2 - - - 25 18 72 129
ChUO43 - - - 18 16 89 100
CD4ouT - - - 34 32 91 180
28
CD4049 133 88 66 158 96 61 1519 tifﬁ
2,
CDL050 66 51 7 - - - 356 2
2%
CDL05 1 120 62 52 T4 72 97 1011 g
pid
Cbhos2 in 10 23 159 129 81 1035 %é
CD4053 60 iz T0 88 52 59 760
TOTAL 1359 1014 75% 1369 1066 1% 13,940

T "TOA ‘Ly=LL
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Figure 8-13. Post~irradiation Switch Leakage Current for
RCA CD40524 Multiplexers With 950°C Gate
Oxide Anneal in Forming Gas
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3. Gate Turn-On Voltage Vgg

Three to five test pattern dice were selected at random from each
metallization lot. The test pattern dice contain individual n- and p-
channel transistors and MOS capacitors. Measurement of Ipg vs Vgg
of the two transistors was made before and after a dose of 1.15 x 109
rad(Si). Figures 8-16 and 8-17 show an example of the distribution
of Vyy before and after irradiation. Figure 8-18 and 8-19 show Vgpp.
The distribution of the relative shift in the gate turn-on voltages
is shown in Figure 8-20. The figures show the 10-uA values only.

The shifts were much greater at lower currents.
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Figure 8-20. Distribution on AVgg at Ipg After 1/5 x 1015 rad(Si)

4, Lots Screened at Less Than 150 krad(Si)

For several lots, the acceptance criterion used was a total dose
of less than 150 krad(Si). Table 8-17 lists the device types, lots,
conditions, and subsystems involved. Due to severe delivery problems
with these device types, the subsystem cognizant engineers chose to
accept the marginal devices where their requirements permitted. Run
3722 was not used, as other devieces screened to 150 krad(Si) became

available prior to delivery of run 3722. Dispositién of runs 3225
and 3193 were as indicated in Table 8-17. Figures 8-21 and 8-22 show
the behavior of lot 3193 compared to a typlcal accepted lot. Both
the gquiescent supply current and the transmission gate leakage current
were substantially worse for lot 3193.
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F. CRYSTAL OSCILLATORS

Crystal screening typically consisted of the manufacturer's fabrica-
ting three to six samples from a crystal bar and sending them to the
JPL subsystem user. The sample crystals were then irradiated, and
the ecrystal bar was accepted or rejected. Crystals for flight use
were fabricated only from accepted bars, with no additional radiation
testing. In general the crystals did not degrade significantly from
the radiation environment and posed no special problenms.
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Table 8-17. Diffusion Lots With Acceptance Criteria for a Total Dose of Less Than 150 krad(Si}

No. of Wafers
Device Diffusion Dose,
Type Run krad(Si) Tested Passed Potential Subsystem Users®
CDY4001 3722 60 19 19 No devices delivered or used.
Cbho29 3225 60 18 14 MAG < 60 krad(Si)
IRIS, UVS, and CR3, 2 each,
Spares only.
FDS -- replaced 60-krad(Si)
devices with 150-krad(Si)
devices through special RCA
buyout
MIRIS < 35 krad(S3i)

CDU053 3193 30 10 10 ISS(ADC)} < 15 krad(Si)

IRIS < 30 krad(Si)

aSubsystem abbreviations are

identified in the Definition of Identification Codes.

T “TOA ‘Lig~Ll
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SECTION IX

CONCLUSIORS AND RECOMMENDATIONS

A. ORGANIZATION OF HARDENING EFFORT

In the Voyager program, radiation was originally not considered
to be a problem. Subsequently, Pioneer Jupiter flybys indicated the
presence of strong radiation belts, which led to an intensive progran
to harden the existing Mariner design. At this point, there was not
sufficient time £o undertake a device-hardening program except in the
case of the LM108 and LM102 operationsl amplifiers and the CMOS CDAY00O
series, where hardening resulted in improved devices.

4 radiation characterization of all sensitive device types was
carried out, accompanied by a worst-case circuit analysis which led
to redesign where required. However, in most cases the subsystems,
because of schedule and resource constraints, were locked into the
existing design and previously selected device types, so that spot
shielding had to be used. In some instances the shielding level had
to be as low as 10 krad(3i).. In addition, some inherently very soft
devices were used, e€.g., the LM139 comparator, the DG181 analog switeh,
and the ICL 8018 analog-to-digital converter. All these devices required
heavy shielding. A further essential step in ensuring survival in
the Jupiter radiation belt was an extensive screening program that
included wafer lot sampling of CMOS and hybrids, diffusion lot sampllng
of linear IC's, irradiate-anneal screening, date code lot sampling
of tran51stors, and radiation lot sampling of flight parts.

It is possible to design systems hard to at least 106 rad(si),
provided this is made the objective of the program at the outset.
In order to achieve such hardness, the program requires a centralized
organization that rigidly enforces the following requirements:

(1)  PRadiation-hard circuit design, including worst-case circuit
analysis that is tolerant of some device degradation caused
by the radiation environment.

(2) Device selection of components that are relatively radiation-
hard, coupled with a radiation characterization program.

-(3) 4 hardness assurance program used in the procurement of
devices with well-defined radiation characteristics. FRadiation
screening of flight parts forms an essential part of such
a program.

%) 4 development program for hardening soft devices that are
considered essential and that cannot be adequately shielded.
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B. DEVICE SELECTION

Radiation degradation can usually be improved by the judicious
selection of device manufacturers and device types. This approach
was severely limited on Voyager, due to time constraints and the require-
ment for the use of existing designs and equipment. Device type and
manufacturer selection is a desirable approach on any program subject
to damaging radiation environments. This is due to the fabrication
techniques used by the different manufacturers and the inherent problems
in CMOS and in certain linear integrated circuits.

In addition, transistors should be selected so that they can
be operated near their Ig/hpg peak. Although devices procured from
military-controlled producticon lines are not necessarily harder than
the commercial devices, they do have the desirable feature of lot trace-
ability. Procuring commercial devices which are not traceable and
then radiation screening them is not a desirable method.

C. HARDENING
1. Introduction

All the Voyager hardening efforts were accomplished by the manufacturer
with minimum funding using empirical techniques. This approach should
be avoided in future programs. In general, radiation-hardening represents
a trade-off between shielding, device hardening, device selection,
and circuit design.

Shielding is practicable only for essential device types that
are used in very small quantities. Commonly used devices that are
inherently soft must be hardened, e.g., CMOS and bipolar linear devices.
All devices subject to catastrophic failure modes must be either hardened
or shielded.

Surface ionization effects in semiconductor devices depend critically
on the wafer fabrication process. It is therefore sometimes possible
to obtain a more radiation-resistant device by substituting the produect
of one vendor for another. Conversely, the radiation resistance may
deteriorate very suddenly because of intentional or unintentional process
changes on the line. Radiation hardness assurance procedures are needed
to safeguard the devices against such a possibility.

Bipolar transistors should be selected according to certain principles,
giving preference to transistors with low breakdown voltages and with
epitaxial construction. It is also very important te choose transistors
so that they can be operated with collector currents near the maximum
gain point. 1In order to radiation-harden circuits, it is important
to apply design rules that allow for the operation of devices with degraded
parameters as long as they are still functional.
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2. Bipolar Linear Devices

The HAZ2T0C, LM108A and LM101A operational amplifiers, together
with the LM11iand LM139 comparator, have been shown to exhibit sig-
nificant degradation at fluences well below 10 rad(Si). Both Pioneer
and Voyager currently are using all of these device types and it is
highly probable that they will be required on a Jupiter Orbiter.

3. CMOS Devices

It is expected that there will be an extreme desire to make wide-
spread use of the standard 4000 series CMOS devices. The best available
production devices today in terms of radiation-hardening utilize the
modified oxide anneal process developed for Voyager. These devices are

marginally good at 10° rad(8i) but fail catastrophically prior to 10
rad(8i).

Several hardening techniques are currently under investigation
by the military; most of these efforts are directed toward developing
a hard gate insulator material.

Of the many programs underway, the one that will likely benefit
future programs the most is abeout to be initiated by the Air Force
Materiel Laboratory (AFML). A manufacturing methods program is planned
to be established by AFML during this calendar year. The intent is to
bring into production Y4000 series CMOS/bulk devices which are radiation-
tolerant to 10® rad(si).

k, Bnalog Switches

Three device types (DG129, DG133, DG141) from one analog switch
family represented approximately 70 percent of the total Voyager require-
ments. The driver is a monolithic bipolar device containing lateral
pnp transistors. Nechannel JFET's are used as the switches. Radiation
characterization tests have been performed up to 1013 e/cm2. At that
level the devices showed an increase of more than an order of magnitude
in on resisftance and a severe degradation in their dynamic switching
characteristices dependent on the bias conditions during irradiation.
The DG129 and DG133 also exhibited large increases in leakage current,
which were lot dependent and resulted from inversion layer formation
in the JFET's.

The DG181, which is of a different family, made up the balance
of the Voyager requirement. The driver is a monolithic device containing
both bipolar and MOS transistors. N-channel JFET's are used as the
switches. Radiation tests for Voyager found the driver to be extremely
radiation sensitive, and the devices required shielding down to 1.25
x 1012 e/cm?.
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D. RADIATION HARDNESS ASSURANCE

With respect to hardness assurance for total ionizing dose, the
work done in support of Voyager is likely as large in magnitude as
the total of all work deone previously. The approaches taken were selected
in a climate of immediacy, and although they satisfied the Voyager
need, there are some shortcomings associated with them. Examples of
their deficiencies are (1) degradation in radiation tolerance is not
detected until devices are essentially ready for delivery, and rejection
at that stage often impacts subsystem fabrication schedules, (2) bipolar
transistors are not subject to sufficient lot control. Hardness assur-
ance methods with greater rigor, as well as improved cost effectiveness,
will be required for future programs.

Emphasis should be placed on utilization of methods that can
be applied at the earliest possible time in the processing cycle.
The final specifications should be tailored to best suit the particular
device technology and the process flow of each manufacturer. All test
methods, sampling procedures, and guaranteed device specifications
at 106 rad(Si) should be included.

E. RADIATION TESTING AND DOSIMETRY

In general, the radiation test program was successful. Over
200 device types were characterized in a radiation environment, over
230 IC and transistor screening tests were conducted, and over 13,000
CMOS devices were radiation screened, using four subcontractor test
organizations. The controlling test document was the Radiation Test
Requirement (RTR) plan. The RTR's were extremely useful in carrying
out the above~cited test programs due to the versatility of the RTR,
which allowed its use for all the .device types tested under the various
test conditions.

F. RECOMMENDATIONS

The following recommendations would improve the effectiveness
of future programs:

(1) Emphasis should be placed on radiation hardening of circuits
via design during the design phase.

(2) The parts program should be started as early as possible

to allow adequate time for radiation characterization and
collection of degradation data to be used by circuit designers.

(3) Device radiation hardening should be initiated and preferably
completed as a pre-project activity.

(%) All transistors and IC's should have diffusion lot traceability.

(5) More emphasis should be placed on detailed written radiation
test procedures.

9-1
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(6) Correlation between different dosimetry methods should
be studied and approved.

(7) Devices for radiation characterization testing should he
procured very early in the program.
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