MISSION RESEARCH CORP LA JOLLA CA F/6 20/12

7 AD=AOT4 882
NEUTRON HARDNESS ASSURANCE GUIDELINES FOR SEMICONDUCTOR DEVICES==ETC(U)
DAAK21=79=M=3448

SEP 79 R A BERGER
UNCLASSIFIED MRC/SD-R=36 HOL=CR=79=0448 NL

v




|||||———'—° 12 2o

s TR e Xo)

"m T

= li2E
2 s s

MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU OF STANDARDS 1963 A




HDL-CR- 79-0448

NEUTRON HARDNESS ASSURANCE GUIDELINES
FOR SEMICONDUCTOR DEVICES

by Robert A.Berger

ADAQTA882

Prepared by

Mission Research Corporation /
1150 Silverado Street
La Jolla, CA 92038

Under contract

DAAK21-79-M-3448 N W

This work was sponsored by U.S. Army Electronics Research

the Defense Nuclear Agency and Development Command
under subtask Z99QAXTDO72,

work unit 06, Hardness Assurance. Harry Diamond Laboratories

r Adelphi, MD 20783

Approved for public releass; distribution unlimited.

>—
0.
O
O
L
—
| .

. D
79 10 09 120

s miakn ey e e
T B TP NS
& . i ) 3




The findings in this report are not
to be construed as an official Department
of the Army position unless so designated
by other authorized documents.

Citation of manufacturers' or trade
names does not constitute an official in-
dorsement or approval of the use thereof.

Destroy this report when it is no
longer needed. Do not return it to the
originator. ;




UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered)

& ) REPORT DOCUMENTATION PAGE BEFORE COMPLETING FORM
2. GOVT ACCESSION NO| 3. /F!"GIBLFNT'S CATALOG NUMBER
' HDLHCR-79-0448 (S )
4 TITLE (and Subtitte) .. ] ‘ 5 YYPEOP-mERORT &-PERIOD COVERED | | / G
4 - &Y. ,r/r"
Neutron Hardness Assurance Guidelines for / Sg?trac;grlképw} ™ f“f.’,{._". ’
: 2 o e A R 5y REPORT NUMBER
: Semiconductor Devices, [ (7444 WRCrSD-R-36
b - AVTHOR(S) g . 8 - BER(s)
i Robert A./Berger) (A DAAK21-79~M—3448}
‘," s S - .
9. PERFORMING ORGANIZATION NAME AND ADDRESS 10 iggiRGAmOERLKESSINTT'NPURMOBJEERCST' TASK
Mission Research Corporation
1150 Silverado Street, P. 0. Box 1209 Prog. Element 6.27.04.H
La Jolla, CA 92038
11. CONTROLLING OFFICE NAME AND ADDRESS rﬂ\aéﬁom-—
Harry Diamond Laboratories Technical Monitor: Sep 197§]
2800 Powder Mill Road Harvey Eisen
Adelphi, MD 20783
14 MONITORING AGENCY NAME & AQ«PRESS(II dillerent from Controlling Office) 15. SECURITY CLASS (of this report)
\\_Zf/,Ziﬁt [ Unclassified
B | 15a. DECL ASSIFICATION/ DOWNGRADING
SCHEDULE

16. DISTRIBUTION STATEMENT (of this Report)

Approved for public release; distribution unlimited.

17. DISTRIBUTION STATEMENT (of the abstract entered in Block 20, if different from Report)

18. SUPPLEMENTARY NOTES =5

HDL Project No. 243728 (fo/

DRCMS Code 36AA.7100.62704

This work sponsored by the Defense Nuclear Agency under subtasklZQQQAXﬁ6012
work unit 06, Hardness Assurance.

19. KEY WORDS (Continue on reverse side if necessary and identify by block number)

Hardness assurance

//7
Neutron effects NSe ) a7
Integrated circuits \‘jl‘“
Bipolar transistors ’

20. ABSTRACT (Continue on reverse side if necessary and identify by block number)

| ——>This guideline document develops a systematic approach to guarantee
system survival at some specified probability of survival and neutron en-
vironmental level. The approach is analogous to a filtering process in which
increasingly complex and costly levels of effort are applied until all system
; piece-parts have acceptable probabilities of survival. Branch decisions in

| the procedure are based on a statistical evaluation of manufacturer-to-
manufacturer and lot-to-lot variations in piece-part neutron responses. c;

i DD , %™, 1473  E0iTioN OF 1 NOV 65 1S OBSOLETE

sAN 73 UNCLASSIFIED "
] SECURITY CLASSIFICATION OF THIS PAGE (When Data Enlared)/
/ // 3
- 7Y /4

o

L2 S st Ve 8 ‘m“:‘*"ﬁ‘“‘ww Py g Tl KA A,




\__ UNCLASSIFIED

SECURN Y4 CLASSIFICATION OF THIS PAGE(When Deta Entered)

Hardness assurance is part of the total quality assurance effort and
includes all control, monitoring, and evaluation efforts needed to procure
systems whose nuclear hardness equals or exceeds that of the design-hardened
engineering prototype throughout production and system life. Hardness as-
surance efforts during the production phase are made part of the piece-part
procurement specification. Example procurement specifications are given in
this document for bipolar transistors, diodes, transistor-transistor logic

integrated circuits, operational amplifiers (101A, 741, and 108A types), and
junction-field effect transistors.

o/

DDC
DF’@FHQHE
)

\ 0CT 11 1979
" lnatlenajor | SIS
Dist. | special D

A

UNCLASSIFIED

2 SECURITY CLASSIFICATION OF THIS PAGE(When Data Entered)




PREFACE

The concepts and procedures developed in this document evolved
from an extensive effort by nuclear survivability/vulnerability specialists
to establish a cost-effective set of guidelines for hardness assurance.

This document has gone through several stages of development and the author
is indebted to the following individuals who reviewed each draft: Joe
Azarewicz, Jim Raymond, and Victor van Lint of Mission Research Corporation;
Art Namenson and Al Wolicki of Naval Research Laboratories; Harvey Eisen

of Harry Diamond Laboratories, Doug Millward of TRW, and George Messenger,

consultant.

The intent of this document is to provide guidance to System
Program Offices and their contractors to insure that nuclear design-hardened
systems will meet their nuclear specifications throughout production and
system life. This effort is defined as hardness assurance in AFSC Supple-
ment 1 to AFR 80-38.' The guideline procedures set forth in this document

conform to the hardness assurance plan developed by the Air Force.?’?

'!Air Force Regulation AFR 80-38, 6 September 1973, established
requirements and responsibilities within the Air Force for conducting a
nuclear survivability program.

2B-1 Hardness Assurance Guidelines, Aeronautical Systems Division,
Wright-Patterson AFB, Ohio, Report ASD-TR-75-35, March 1976.

3Nuclear Hardness Assurance Guidelines for Systems With Moderate
Requirements, Air Force Weapons Laboratory, Kirtland Air Force Base, NM,
Report AFWL-TR-76-147, September 1976. ;
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1, INTRODUCTION

Systems which are to operate in a nuclear environment must be
capable of nuclear survivability, which means they must be able to complete
their mission in spite of nuclear stresses. The requirements and responsi-
bilities within the Air Force for conducting a nuclear survivability program
are given in Air Force Regulation 80-38.' Hardness assurance (HA) is defined
as those control, monitoring, and evaluation efforts aimed at procuring
systems whose nuclear hardness equals or exceeds that of the design-hardened
engineering prototype.? In other words, HA addresses the problem of pro-
curing parts for a system such that the system will be able to complete its
mission when subjected to a predetermined nuclear radiation environmental

level.

It is important to note that HA is done for a system that has
already been designed to survive the specified radiation environment. Thus,
HA is part of the total quality assurance effort and is carried out during
the production phase of the system acquisition program. However, if the HA
burden is placed entirely on part suppliers and procurement agencies, the
result will be a substantial increase in part costs as these activities
attempt to comply with very stringent procurement specifications. It is more
cost effective to keep the number of parts requiring HA to a minimum by
requiring the design activity to incorporate large design margins (over-
design) to relax procurement specifications whenever possible. This can be
done, for example, by substituting a harder piece-part for a softer one.
Thus, it can be seen that although HA is actually done during the production

phase, it is very important to consider it in the design phase.

HA decisions are based on a statistical evaluation of the varia-

tion in unit-to-unit radiation résponses that occur among the thousands of

'Air Force Regulation AFR80-38, 6 September 1973, established
requirements and responsibilities within the Air Force for conducting a
nuclear survivability program.

2B-1 Hardness Assurance Guidelines, Aeronautical Systems Division,
Wright-Patterson AFB, Ohio, Report ASD-TR-75-35, March 1976.
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piece-parts that compose modern complex military systems. This guideline
document develops a systematic approach to guarantee system survival at
some specified probability of survival and radiation environmental level.
This systematic approach is given in the flowchart of figure 1 and is based
on a successive elimination of piece-parts with acceptable probabilities of
survival. In this way the approach is analogous to a filtering process in
which increasingly complex and expensive levels of effort are applied until
all piece-parts have acceptable probabilities of survival to the given neu-

tron environment.

Increasing Costs

*

,"_ Level 1 _——+— Level 2 _+— Level 3 —."

Specification
fluence less

Is the Yes

than the part design margin Category 1
threshold
flisnca adequate Parts
?
(Hardness
Assurance
necessary)
worst-case

degradation

acceptable

el

Category II Parts
(Hardness Assurance not necessary)

Figure 1. Neutron hardness assurance guideline procedure flow diagram.




The simplest way to obtain piece-parts with acceptable probabilities
of survival is to select those parts with a threshold neutron damage fluence
(QTH) above the specification fluence (QSPEC)’ as is indicated by level 1 in
figure 1. As long as SspEc = QTH’ HA is not necessary and the part is labeled

in all system documentation as category II1.° §.,, is calculated from a device

TH
model by assuming the worst parameters that could possibly be encountered in a
generic part type. This threshold concept and the accompanying calculations

are discussed fully in section 2.1.

I£ ¢spEC is above dpyp then the second level in the flowchart in
figure 1 is encountered. At level 2 the determination of whether or not a
piece-part is category II is accomplished by one of two methods: (1) from
meeting an adequate design margin which is determined from a historical
statistical characterization of variations in generic part type radiation
response or (2) from a worst-case model calculation using measured device
parameter values as an input. The determination of which method to use is
based on the availability of needed information: the lack of a significant
data base precludes the use of the statistically-derived design margin, and
the lack of an adequate model precludes the use of the worst-case calcula-
tion. 1If either method indicates that the fluence at which the part will
fail to perform its required function (QF) at some specified probability

of failure (PF) is above ¢ c’ then the part is designated category II

SPE

and no further action is required. If, however, &, is below ¢ then

F SPEC

level 3 in figure 1 is encountered.

Piece-parts reaching level 3 in the flowchart in figure 1 are those

parts which are identified in all system documentation as category I parts.

*The category I and II identification was originally defined by
R. Patrick and J. Ferry, Nuclear Hardness Assurance Guidelines for Systems
with Moderate Requirements, Air Force Weapons Laboratory, Kirtland Air
Force base, NM, AFWL-TR-76-147, September 1976.
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Category I parts require control, monitoring, and evaluation efforts.
Controls are placed on the part production processes to limit parameter
variations. The monitoring effort ¢ncompasses all testing, screening, and
lot-sampling. The evaluation effort applies the experience gained from the
imposition of the control and monitoring efforts to HA methodology improve-

ments.

A guideline methodology following the flowchart of figure 1 is
developed in the body of this document using silicon bipolar transistors
as an example. The methodology is applied to the following silicon devices

in the appendices:

a. Reference diodes
b, Transistor-transistor logic (TTL) digital integrated

circuits (IC's)
G Operational amplifiers (LM101A, LM108A, and 741)

d. Junction field effect transistors (JFET's).
2 HARDNESS ASSURANCE REQUIREMENTS

In this section the levels of HA methodology illustrated in figure
1 are applied to tramsistors to illustrate the concept. Section 2.1 briefly
describes the effects of neutron radiation in silicon bipolar transistors,
discusses a theoretical worst-case model, and calculated a theoretical QTH’
Section 2.2 explains the design margin concept. Section 2.3 identifies HA

procedures for category I parts.

21 Neatron Fluence Thresholds

Neutron radiation degrades the electrical characteristics of
semiconductor devices by increasing the number of trapping, scattering, and

recombination centers. Trapping centers remove majority carriers from the

10




conduction process, scattering centers reduce carrier mobility, and recombi-

nation centers decrease minority carrier lifetime.

The electrical performance of bipolar devices depends critically
on sufficient minority carrier lifetime; thus, a decrease in this parameter
due to neutron damage will significantly affect device performance by causing
a transistor current gain (hFh) decrease. The degradation of transistor
reciprocal gain is linear with neutron fluence for moderate collector

. 2 . “ L
current levels where current crowding is not a problem and is given by

K
Vheg (rapy = VPpgo * one, ! Lo
where hFE(RAD) is the gain after neutron irradiation

! is the gain before neutron irradiation

'FEO

KX 1s the average lifetime damage constant (cmz/n's)
2

¢ is the 1 MeV equivalent neutron fluence (n/cm”)

S : -1

f is the gain-bandwidth product (s °).

An approximate value for K at room temperature for a typical silicon tran-
sistor operated at a collector current near the maximum hFE point is

0.8 x 10'0 cmz/n's.5 This is an average value for K; it needs to be de-
rated for different collector current operating levels (K is a weak function
of the type of impurity and resistivity for the range of resistivities
commonly found in devices). If the collector current is one-tenth that of
the maximum hFE point, K should be increased to 2 X 10-6; if the collector
current is one-hundredth that of the maximum hFE’ point K should be increased

to 7 X 10-6 cmz/n-s.G

*G. Messenger and J. Spratt, The Effects of Neutron Irradiation
on Germanium and Silicon, Proc. IRE, 1038, June 1958.

®8. Gregory and C. Gwyn, Application of Neutron Damage Models to
Semiconductor Device studies, IEEE Trans. Nucl. Sci., NS-17, 325, December
1970.

0. Curtis et al., Radiation Effects in Silicon and Germanium,
Northrop Corporation, Los Angeles, CA, ARD-66-56R, August 1966,

1
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The value for K also needs to be derated for neutron damage an-
nealing. If a transistor must operate within one-tenth of a second after

7 If the device

a neutron burst, K should be increased by a factor of two.
need not operate until one second after the neutron burst, no correction

factor for K is required.

K is a strong function of neutron energy. The K factor values
listed above were obtained by converting neutron spectra to 1 MeV equivalent

neutron fluence (silicon). This requirement will be discussed in section 3.

Transistor neutron damage is usually expressed in terms of a

neutron damage factor (KD) which is related to K by

K

Kﬁﬁ?,;

A transistor model, discussed in appendix A, was developed in this program
to calculate a worst-case value of K, given the knowledge of the collector
current operating point and electrical parameter specifications from the
manufacturer's data sheet.® The threshold neutron fluence (discussed in
section 1) for transistors can be calculated from this model by postulating
the worst-neutron sensitive transistor that could be encountered. This

worst-case transistor would have the following parameter values.
a. collector current < 1 pA
b. base width = 10 pm
(o) emitter-base breakdown voltage < 4 V
d. collector-base breakdown voltage = 90 V
4 .l

e. emitter area = 4 x 10 ' cm .

’H. Sander and B. Gregory, Transient Annealing in Semiconductor
Devices Following Pulsed Neutron Irradiation, IEEE Trans. Nucl. Sci., NS-13,
53, December 1966. e

8A. Hart, et al., Parameter Sensitivities for Hardness Assurance:
Displacement Effects in Bipolar Transistors, IEEE Trans. Nucl. Sci., NS-25,
December 1978.
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Assuming that a 1 percent change in Al/hFE (Al/hFE is equal to l/hFE(RAD)—
l/hFEO) is insignificant, the threshold fluence calculated from these

values by the worst-case model is 1 X 1010

2 : ‘ : :
n/cm”. The implication of this
calculation is that transistors and IC's with transistors as component
parts will not suffer any significant degradation at neutron fluences of

1 x 1010 n/cm2 or below.

2.2 Design Margins

For a given device, the design margin is the factor relating the
predicted failure level to the specification level for a particular nuclear
environment.® The degree of control necessary for production parts acquisi-
tion is directly relatable to the design margin. If a substantial margin
has been incorporated, then no controls will be needed. In other words, a
design margin is used so that variations in piece-part parameters from lot

to lot and manufacturer to manufacturer will not cause circuit failure.

In this document, the design margin relating the device mean neu-

SPEC) will be
defined as the neutron design margin (NDM). Its value is calculated by

tron failure fluence (QMF) to the specified neutron fluence (&

examining the statistical lot-to-lot and manufacturer-to-manufacturer varia-
tions in piece-part neutron responses. The statistical methodology used in
making this calculation is presented in section 3.

Given the NDM and % level 2 in the flow chart in figure 1

SPEC’
shows that HA procedures can be avoided (category II criteria) by selecting

a piece-part with a ¢y such that

@
MF
oM = ¥spEc (3)

3R. Patrick and J. Ferry, Nuclear Hardness Assurance Guidelines
for Systems with Moderate Requirements, Air Force Weapons Laboratory, Kirt-
land AFB, NM, AFWL-TR-76-147, September 1976.

13
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where ¢, is the mean fluence at which the part will fail to perform its

required function. For transistors, $yp is found from equation 1:

ZHfT
MFT K [l/hl:E(FAIL) i l/hFEO]

where hFE(FAIL)’ the circuit failure gain, replaces hFE(RAD)' Replacing
fT and hFEO with the minimum values from manufacturer's data sheets yields
a minimum estimate of Syp»

b 117100

qyp~ K [l/hFE (FAIL) ~

1/hFE(MIN)] 4)

. -6 2 < .
where K is the average value of 0.8 x 10 = cm /n°s discussed earlier for
collector currents near maximum hFE‘ The procedure for calculating the NDM

will be covered in section 4.1.

By substituting the numbers for a particular transistor into the
above equations, a minimum estimate of ¢mE divided by the NDM can be cal-

culated and compared to QSPEC' If it is larger than § the device is

SPEC>

category II and HA controls are not necessary. If it is smaller than QSPEC’

the device is category I and HA controls are encountered.

2.5 Category I Hardness Assurance Requirements

HA controls and monitoring efforts for category I parts can be
divided into two control levels: control level 1 (S-1) calls for the HA
techniques of process controls, 100 percent non-degrading screens, and
radiation lot-sample testing; control level 2 (S-2) calls for process con-

trols and electrical screens, but not radiation testing.

Category I parts should be drawn from the most homoge€neous popu-
lation available. A ranking of production populations in order of decreas-

ing homogeneity is

14
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a. wafer

b. wafer lot

S diffusion lot

d. metallization lot (including passivation)
e. production lot (dicing and packaging)

f. date code (date when testing was done)

g. one manufacturer

h. hi-rel devices from different manufacturers
3t different manufacturers.

The lowest traceable cost level is the date code. The desired traceable
level for neutron response, however, is the diffusion lot. The problem is
that traceability is lost at the dicing step (production lot), unless
relatively expensive records and markings are maintained. The recommended
first step is, therefore, to obtain category I parts from one date code.
If the date code parameter variations are too large, then diffusion lots

must be procured.

As one proceeds up the above population list the available sample
size is reduced. This means that part variations must narrow faster than
the available sample size for lot-sample statistical control to have any
meaning. This will become more evident when statistical lot-sampling

techniques are discussed in section 3.

The decision to impose S-1 or S-2 controls is based on the cost-
effectiveness of an electrical screen. Practically any parameter that can
be correlated to some degree with radiation can be used as an HA screen;

however, only cost-effective screens should be used.

15




The contractual vehicle by which HA techniques are imposed is
the procurement specification; an example is given (for the 2N2222 transistor)
in table I. The procurement specification should list HA control and moni-
toring effects, the parameters to which these efforts are applied, the test

methods and test conditions, and the accept/reject failure criteria. The

—

radiation quality conformance lot-sample tests are read-and-record tests on

5 to 20 samples at three neutron levels that cause 20, 50, and 80 percent
degradation in l/hFE.

TABLE I. PROCUREMENT SPECIFICATION EXAMPLE (2N2222) FOR CATEGORY I PARTS

Hardness Control level failure criterion
axaurdnce Parameter Test method Test condition S-2 S-1 Units
control Min e "ia e
Process Base width and
controls resistivity profi]J T8D 18D - TBD - T8D T8D
Configuration TBD TBD - - - - -
Screens hFE(MIN) MIL-STD-7508-3076.1 [c =10 mA 75 - 75 - -
-STD-7508- = - - MH
fT(MlN) MIL-STD-7508-3306 Ie 10 mA 250 250 2z
2
Radiation KD MIL-STD-8838-1017 lc =10 mA - - - TBD cm /n
quality
conformance
test
-

NOTES: TBD means to be determined. The test methods are from MIL-STD-7508B,
Test Methods and Procedures for Semiconductor Devices. The parameters
hFE’ fT’ Ic, and Kp are the common emitter current gain, gain-bandwidth
product, collector current, and neutron damage factor, respectively.




Process controls should be specified and maintained by the
manufacturer for control levels S-2 and S-1. The idea is not to put tight
tolerance limits on the manufacturer so that a significant number of parts
are rejected, but merely to call for the specification and the maintenance
of any neutron-sensitive parameter to reduce lot-to-lot variability in the
radiation response of the device. Process-related parameters that contribute
to KD and hence require controls are the base width, base doping, emitter
area, and collector doping. A sensitivity analysis reduces this list to
base width and base doping.® Effects on KD from variations in emitter area
and collector doping are generally less than the effects produced by varying
the base width and base doping for devices not operated at high currents.
For this reason, process controls for transistors should consist of controls

on the base width and the base resistivity profile.

The transistor terminal electrical parameters that correspond
to the four physical parameters above, and hence are good screening candi-
dates, are the minimum fT, minimum emitter-base breakdown voltage, maximum
input capacitance, and minimum collector-base breakdown voltage. For
transistors operated as small-signal amplifiers, the most effective elec-

trical screens are on h and f

FE (MIN) T(MIN) ©

The important process controls for neutron degradation and their

related terminal parameters are thus:

Terminal parameters that monitor

Process controls process controls
Upper bound base width Minimum gain bandwidth product
Minimum emitter-base breakdown
Upper and lower bounds voltage
on base doping Minimum collector-base breakdown
voltage
Upper bound on emitter area Maximum input capacitance

8A. R. Hart et al., Parameter Sensitivities for Hardness Assurance:
Displacement Effects in Bipolar Transistors, IEEE Trans. Nucl. Sci., NS-25,
December 1978.
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3. RADIATION TESTING AND DATA ANALYSIS

Neutron radiation test procedures, facilities, and dosimetry
needed to produce lot-sample data required for acceptance of S-1 devices
are discussed in this section. In addition, a statistical methodology is

presented for radiation data analysis and NDM calculations.

3.1 Radiation Testing

A radiation test plan is necessary to specify the details of
preirradiation and postirradiation electrical measurements, neutron test
levels, and neutron dosimetry. Except for dosimetry, test details vary
from device to device. In this section, only the common test requirements

for all devices are addressed.

In order to establish a good neutron data base, it is important
to follow the same test procedures. A standard method for these test pro-
cedures was published on 31 August 1977 with the addition of the Neutron
Irradiation Test Method 1017 to MIL-STD-883B.°

The most common neutron radiation sources are TRIGA's or fast
burst reactors operating in either a pulse or a steady state mode. For
this discussion, we assume that a TRIGA reactor is used, unless otherwise

stated.

After preirradiation electrical tests are made, the devices are
mounted in a holder usually with the leads shorted. The devices are
irradiated in an unbiased mode because effects of bias during neutron

radiation are usually small. The devices should be mounted in the holder

*Test Methods and Procedures for Microelectronics, MIL-STD-883B.
All MIL-STD documents are available from the Superintendent of Documents,
Government Printing Office, Washington, D.C. 20402.

18




so that the variation of fluence over the sample area does not exceed 20
percent. This is important because a 20 percent variation can occur in

less than 20 cm in some reactors.

An example of in-core specifications for a TRIGA reactor follows:*

Thermal neutrons 1 x 107 n/(cmzos-W)
2

Neutrons above 10 keV 2 X 107 n/(cm *s*W)

Gamma (y) radiation 0.06 rad/(s*W)

1 2
The amount of TRIGA time needed to get 1 X 10 : n/cm” can be calculated

as follows. Assume that with cadmium-lined sample holders in-core, the
reactor power level is set at 1 kW. The necutron flux for neutrons above
10 keV is thus

(2) (10 )t (10° W)60) = (1.2) (10°0) D

-
cm e s W cm”*min

or the desired fluence is obtained in about 1 min. Higher fluences can be
achieved in a reasonable amount of time by operating the reactor at higher
power levels (up to ~1 MW for some TRIGA's). Cadmium can be used as a

thermal neutron shield. The amount of attenuation, I, is approximated

by

-155d
I= Ioe

where d is the cadmium thickness in centimeters. A 0.020-inch-thick cadmium
shield attenuates the thermal neutrons by about a factor of 2.5 x 103. Thus,

thermal neutrons are reduced from 1 X 107 to 4 x 107 n/(cmz's'w).

* Reactor engineers sometimes use the term "NV', which is equi-
valent to neutrons/cm2es.

19
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The gamma dose that accompanies the neutrons can be 4 problem,
especially when testing linear IC's. It is usually desirable to obtain
the highest neutron-to-gamma ratio possible to separate the effects of the
two different types of radiations. The in-core TRIGA neutron-to-gamma ratio

is approximately

8 2
R X rad
0,06 3 x 100 n/(cm )
or a neutron-to-photon ratio of about 0.1, assuming an average photon
€
energy of 1 MeV and using a 2 X 10) MeV/cmz'rud conversion factor. Thus,

every neutron is accompanied by about 10 photons.

The use of a TRIGA with a dry room reduces the fluence available
by about 10° (to ~4 x 10* n/cmz-s-W). At a reactor power of 20 kW, the
1012 fluence is reached in about 20 minutes. The dry room has a higher
ncutron-to-gamma ratio of about 5 X 109 n/(rad'cmz) with 4 inches (5.00 cm)
of lead. About 1/2 inch (1.27 cm) of Boral is usually added to reduce the
thermal neutrons. The White Sands Missile Range, Albuquerque, NM fast burst
reactor has a similar neutron-to-gamma ratio (8 X 109) with 4 inches (10.16

cm) of lead.

Electrical tests are performed after exposure. Neutron-irradiated
parts are radioactive, so postneutron tests may have to be delayed or made
in situ. Integrated circuit dual in-line packages exposed to 1013 n/cm2
can read 200 mR per hour (at 1 cm) after 15 minutes, 10 mR per hour after
4 hours, and 1 mR per hour after 10 days. These numbers vary widely from
device to device and are used only to illustrate the problems in postneutron
testing. All postneutron tests should be performed after clearance by the

health physicist at the test facility.
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Radiation facilities for performing military qualification tests
should be certified. The basic requirements are set forth in MIL-STD-976.%°
The additional detailed requirements needed for radiation test facility
certification include neutron dosimetry techniques, fluence levels, pulse

lengths, methods for characterizing neutron spectra, and other items.

Neutron test data on semiconductor devices should be expressed
in terms of neutrons per square centimeter (1 MeV silicon equivalent). A
recent study of the most commonly used neutron facilities in the United

States has led to the following set of ASTM draft standards:!!

E10-07-78-1 Method for Irradiating a Standard Set of Neutron

Threshold Activation Foils for Radiation Hardness Testing,

E10-07-78-2 Method for measuring Neutron Activated Foils for

Radiation Hardness Testing,

E10-07-78-3 Recommended Practice for Measuring the Relative

1 MeV Silicon Equivalent Fluence.

In this study it was shown that the 1 MeV silicon equivalent neutron
fluence is roughly 10 percent higher than the fluence obtained for neutrons

of energy greater than 10 keV (non-thermal neutrons) for most facilities.

Common dosimetry equipment at reactors consists of sulfur pellets
to measure the neutron fluence and Can:Mn thermoluminescent dosimeters (TLD's)
to measure the accompanying gamma dose. Lithium fluoride TLD's should not
be used in a reactor environment. Can:Mn TLD neutron sensitivity is about

2 x 10'17 rads'cmz/n, so they are relatively insensitive to neutrons.

%Certification Requirements for JAN Microcircuits, MIL-STD-976,
August 1977.

11y, Verbinski et al., Simultaneous Neutron Spectrum and Transistor
Damage Measurements in Diverse Neutron Fields: Validity of Dgj(E,), Naval
Research Laboratory, Washington, D.C., NRL Memorandum 3929, March 1979. The
draft ASTM standards are not yet available; for information,contact the ASTM,
1916 Race Street, Philadelphia, PA 19103.
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3.2 Statistical Data Analysis Procedure

In the introduction it was stated that HA is a probabilistic
endeavor because of variations in unit-to-unit radiation response. In this
section the statistical procedures for evaluating radiation test lot-sample
data are discussed (radiation testing is a destructive test so lot-sample

statistics are required). Two important conditions arc made:

a Since sample sizes are limited, a variable sampling plan
(as opposed to an attribute sampling plan) is required to permit statistical

extrapolation to required low probabilities of failure.

b. The statistical distribution of the radiation test data is
assumed to be lognormal (the natural logarithms of the parameter fit a nor-

mal distribution).

The first condition is made because of the large number of piece-
parts that typically occur in modern electronic systems. It is not uncommon
to find 1000 to 100,000 piece-parts in a complex system; when this occurs
the failure budget for the individual piece-parts must be very low. For
example, a system with a probability of success requirement of 90 percent
and 1000 piece-parts will require a piece-part probability of failure (PF)
of 0.1/1000 or 1 x 10_4. To attain this P, at 90 percent confidence, using
an attribute plan would require a sample size of over 2000 units.!? Clearly
this is unrealistic; a much smaller sample size must be used and extrapolated
to the low probabilities of failure required by assuming the shape of the

distribution.

The second condition is made because it is necessary to extrapo-
late small sample statistics out to the low probability of failures required

for individual piece-parts. TIs this assumption valid? A large number of

'2General Specifications for Microcircuits, MIL-M-38510D, Appendix
B, Lot Tolerance Percent Defective (LTPD) Plan.
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transistors have been subjected to neutron irradiation in the past. Examina-
tion of this data bank has revealed that the data is either lognormal or

closely approximated by a lognormal distribution.

In order to illustrate the statistical procedures for evaluating
radiation test lot-sample data, consider the ten sample 2N2222 transistor
data in table TI. The value of hFE at a collector current of 10 mA and a

collector-emitter voltage of 5 V was measured before and after irradiation

=

1: 2 - :
at 2.5 % 10~ n/em”. From the hFF degradation data the K was calculated

using (from equations 1 and 2)

2 1

}\“ = A(]/h[:“)z . (5)
the natural logarithms of the data (&n KD) were then made. The £n KD data
can be plotted on normal probability paper as in figure 2, where the cumula-
tive percentage points on the vertical scale are found from 1/(N+1), 2/(N+1},
5/(N+1)...N/(N+1), where N is the sample size (10 in this case).

TABLE 11. RADIATION LOT-SAMPLE DATA FOR TEN 2N2222 TRANSISTORS MEASURED
WITH £ COLLECTOR CURRENT OF 10 MILLIAMPS AND A COLLECTOR-EMITTER
VOLTAGE OF 5 VOLTS

Preirraqidtion hFE(RAD) at Neutron damage factor | n KD Cgmulgtivg
gain 13 2 (KD) distribution
(hFEO) 2.5 x 1077 n/cm (x10'16) (percent)

146 78 2.3 -36.00 9.1
166 85 2.30 -36.01 18
151 84 2.11 -36.09 27
147 84 2.04 -36.13 36
200 100 2.00 -36.15 45
188 100 1.87 -36.22 54
220 111 1.79 -36.26 64
178 100 179 -36.28 73
160 96 1.67 -36.33 82
241 125 1,34 -36.41 91
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Figure 2. Cumulative frequency distribution of the natural logarithm
of the neutron damage factor (Kp) for 10 samples from one
lot of 2N2222 transistors. The line labeled P is the esti-
mate of the upper bound of &n Kp for the population at 90
percent confidence.
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Since the data from figure 2 are from a finite sample size, it is
necessary to establish an estimate of upper bound of fIn KD for the population
at some level of confidence. This is done using

In Kp + Kppsin )

where SN is the standard deviation of the lognormal data calculated from

sy

N
I P T 1/2
3 (an xy - WY
T (7)
N -1
In K, is the mean of the lognormal data and K, is the one-sided tolerance

D I'L
limit factor for a normal distribution.®? KTI values for different sample
sizes and probabilities of failure at 90 percent confidence are given in

figure 3. Using K. values from figure 3 and substituting into equation 6

TL
establishes the line labeled P in figure 2. This line is the estimate of
the upper bound of the population £n Kp values. From figure 2 it can be

seen that 99.99 percent of the 2N2222's from this population will have K

values less than e 3543 or 4.08 x 10716

D
(at 90 percent confidence).

It is not necessary to plot £&n Kp since 4n Kp and S|N are casily
calculated on most pocket calculators. The advantage of plotting is to

check the shape of the distribution (condition b).
4, APPLICATION OF HARDNESS ASSURANCE

Section 2 listed HA requirements. Section 3 provided the basic
tools for HA. 1In this section, the results of the two previous sections
are used to establish the category II criteria (determine whether HA is

necessary) and to show the accept/reject procedure for category I parts.

LLs W Duncan, Quality Control and Industrial Statistics, R. D.
Irwin, Inc., Homewood, IL, 1959.
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Figure 3. One-sided tolerance limit factor for normal distri-
bution as function of failure probability at 90
percent confidence.
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4.1 Transistor Neutron Design Margin Calculation

In section 2.2 the NDM was defined as the ratio of QMF to QSPEC'
If the piece-part is known to have a parameter whose change is proportional
to fluence, this definition can be extended. For example, equation 1 shows
that bipolar transistor reciprocal common emitter current gain changes

proportionally with fluence. By defining K in terms of ¢

SPEC SPEC’
2m fT
E e =————[1/h: i 1/h_]
SPEC = B FE(FAIL) FEO
and K in terms of §MF
2m fT
% . [l/hFE(FAIL) T 1/hFEO]

the NDM for bipolar transistors can be expressed as

(8)

This definition of the NDM is independent of an assumed popula-
tion distribution. However, system HA interpretation depends on the assump-
tion of a distribution by which one can extrapolate small sample data to
the low Pp values needed for practical systems applications. For example,
by assuming a lognormal distribution, measuring the mean (2nK) and variance

(SLN) of a sample of size N, and selecting K. at a specified PF’ it can

TL
be shown that Pp will not be greater than its specified value if

[
NDM > eKTL -

This follows from the expression of the NDM in terms of K when applied to

lognormal space
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2n K

v SPEC
NDM = —
2nK
e
where
n KSPEC = nK + KTLSLN‘

From the above discussion it can be seen that the NDM is a ratio

of a measurable quantity (K) and a requirement (K It is used to

SPEC)'
account for piece-part variability and other uncertainties. If it can be
asserted that the upper limit to the standard deviation of a lognormal
generic piece-part population distribution is Oyc» then

K

(o)
N = o &

where Ko is the number of standard deviations for which the residual area

under the lognormal distribution is less than Pp.

Messenger has gathered data on K for 345 assorted bipolar transis-

tors and analyzed it using fT to normalize between different transistor

14

types. The distribution of the data was approximately logncrmal with an

SN of 0.42.'% A value for Owe of 0.493 has been estimated by Namenson from

this data.'® Using this value for oyc and the equation above, table III

gives values of the NDM for a specified Pr.
The design margin of 10 for neutron damage given by Patrick and

Ferry can be translated into a PF using table III.® As can be seen, an

NDM of 10 corresponds to a Py of about 2 X 10‘6.

3R. Patrick and J. Ferry, Nuclear Hardness Assurance Guidelines
for Systems with Moderate Requirements, Air Force Weapons Laboratory, Kirt-
land AFB, NM, AFWL-TR-76-147, September 1976.

1. Messenger and E. Steele, Statistical Modeling of Semiconductor
Devices for the TREE Environment, IEEE Trans. Nucl. Sci., NS-15, 133, December
1968.

15D, Alexander, et al., Hardening Options for Neutron Effects -
An Approach for Tactical Systems, Harry Diamond Laboratories, Adelphi, MD,
HDL-CR-74-052-1, November 1976.

A. Namenson, Statistical Treatment of Damage Factors for Semi-

conductor Devices, to be published.
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' TABLE III. TRANSISTOR NEUTRON DESIGN MARGINS (NDM'S) FOR MAXIMUM PROBABIL-
‘ ITY OF FAILURE (PF) AT 90 PERCENT CONFIDENCE.*

| Pe NDM K,
F 1 x 1071 1.9 1.28
1 x 1072 3.1 2.3
1 x 1073 5.1 3.3
1x 1074 6.8 3.9
1x 107° 8.3 4.3
1 x 107 11 4.8
; 1x 1077 13 5.2
| 1x 1078 15 5.5

* Calculated from the 345 unit sample data of Messenger: G. Messenger and
[ E. Steele, Statistical Modelling of Semiconductor Devices for the TREE
Environment, IEEE Trans. Nucl. Sci., NS-15, 133, December 1968, assuming
a lognormal population worst-case standard deviation of 0.493.

The use of the NDM in the procedure of figure 1 can now be detailed.
First, the desired Pp at 90 percent confidence is identified from the appli-

\ cation requirements. The NDM corresponding to the P; is then identified

F
using Table III. The category II criterion is then given by equation 3:

¢Mp

NoM = &

SPEC*

To illustrate the procedures developed to this point, refer
to figure 1 and consider the following example. Suppose that it is required
to use a 2N2222 in a circuit with an hFE(FAIL) specification of 40 at a
collector current (IC) of 10 mA, a collector voltage of 10 V, a QSPEC of

2 x 103 n/cm?, and the Pp specification for the part is 1 x 107".
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Step 1. Determine whether § is less than & for tran-

SPEC e o &y
sistors was calculated in section 2.1 to be 1 x 107 n/cm”. Since QSPEC is
larger than QTH proceed to step 2 (or level 2 in figure 1).

Step 2. Determine whether HA is necessary. The category II cri-
terion is given by equation 3:

¢

MF\ 3
NDM = *SPEC °
The NDM at a Pp of 1 x 10™? is found from table III to be 6.8. yp is found

from equation 4:

T(MIN) -
4MF2 [l/hFE(FAIL) 1”‘FE(MIN)]

By substitution (hPE(MIN) is 75 and fT(MIN) is 250 MHz from the manufacturer's

specification sheet),

b 2n(250) (10°) [ 1/40 — 1/75]
M (oo™

; " 12 2 -
or @MFLS 4.3 x 10 n/cm”. Now QMF SPE

needed and the 2N2222 is category I. Category I procedures (level 3 in

6.8 is not greater than ¢ c» o HA is

, figure 1) are covered in the next section.

4.2 Category 1 Procedures

Category I parts are those parts which need HA controls, monitoring,
and evaluation efforts. If part substitution cannot be used to obtain a larger
design margin, then these efforts must be done to keep part variations within
known and acceptable limits. The HA efforts for category I parts are imple-
mented through procurement specifications, which were discussed in section
2.3,
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The criterion for lot acceptance of category I parts is ¢ > QSPEC'
For bipolar transistors, this is equivalent to KDF > KD(SPEC)’ where KDF
is found from

el“KD *+ Ko SLN

Kpr =

at the desired PF'

While the NDM is not used by the parts procurement activity, it is
useful as a quantification of the tradeoff between design procedures and
procurement cost. If the sampled production population (date code, diffusion
lot, etc.) distribution is much narrower than the entire population (if SLN
is much smaller than o) the NDM decreases even though the K multiplier
will be larger than K0 due to finite sample size. The NDM is calculated

using

The penalty of using a smaller NDM is the cost of lot-sample testing.

To illustrate the procedures for category I parts, let us continue
the example started in section 4.1. Since step 2 in the example indicated
that the 2N2222 was a category I part, proceed to level 3 in figure 1 (step

3 in the continuing example).

Step 3. If HA is necessary, procure an S-1 or S-2 device and

perform accept/reject testing.

Since the purpose of neutron radiation lot-sample testing is to
characterize the production population from which the sample was obtained,
the population needs to be as homogeneous as possible and should therefore

be from one date code (if possible from one diffusion lot). The procedure
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is to draw a minimum sample of devices (5 to 20) from the lot, subject

the sample to neutron radiation (around the level of interest or at the
20, 50, and 80 percent parameter degradation levels), and compute the mean
and standard deviation. If the estimate of the upper bound of the popula-
tion value meets circuit specifications, then devices from that lot can be

accepted.

Suppose that one lot of 30 2N2222 devices was purchased from one
manufacturer with one date code and that a sample of 10 devices from that lot
gave the radiation data listed in table 2 and plotted in figure 2. These

data had a n K, value of -36.19 and an syny of 0.14. The estimate of the

upper bound of Kp for the lot is calculated using equation 6 and a KTL

value from figure 3 corresponding to the sample size and the desired PL-

For a sample size of 10 units and a P, of 1 X 10_4, KTL is determined to

F
be 5.4 from figure 3. Substitution into equation 6 yields a Kp of

(-36.19)+(5.4) (0.14) PRy
e =4.1%x10"° cm“/n .

We have now determined that 99.99 percent (one minus the Pp of
1 x 10'4) of the 2N2222's in the purchased lot have K  values below

D
4.1 x 10-16 cmz/n. This value of KD can be translated into QF using
equations 2 and 4
1
T = 9
o it [l/hFE(FAIL) 1/hFE(MINJ )
: .
= n————————ig—-[1/40 - 1/75]
(4.1)(10' )
= 2.9 % 1013 -

Since QF for this lot is above ¥spEce the lot can be accepted.
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Suppose a sample of only three devices was taken from the 30 unit
2N2222 date code lot. Would the lot still be accepted? The value of KTL
in this case would be 10.4 (from figure 3) which would yield a KD of 8.2 x 101
cmz/n and hence a o of 1.4 X 1013 n/cm2 (instead of 2.9 x 1013 n/cmz),
which is too low to be accepted. This illustrates the need to choose a
sample size of at least 5 (preferably 10) to reduce the sensitivity of KTL
to sample size (the curves of figure 3 have a steep slope for sample sizes

of 10 or more).

4.3 Transistor Logic Circuits

To illustrate the procedure for transistors used in logic cir-
cuits or in switching applications, consider the following example. Suppose
we wish to use the 2N2222 in the logic circuit of figure 4. The environ-

mental and PF specifications are 1 X 1013 n/cm2 and 1 X 10-4 respectively.

The circuit of figure 4 has an Ic of 2 mA and an Iy of 0.2 mA
which yields a forced hep (hFEF) of 10. When hpp (which is measured in
_ the active region with Veg > 1V) is degraded by neutrons to the hFEF value,
the transistor will come out of saturation. The ideal value for hFEF will
be that value that will allow sufficient penetration of the saturation
region to allow VCE to be a linear function of the I.. A rule of thumb is

C
given by!’

17Switch'1ng Transistor Handbook, Motorola Corporation, 1963.
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e TR el 2 mA
Voo~ VU
@ '8 5007 .
: 21,500 ERE T
I 2 mA

h = G
FEF Ig 0.2 mA

Figure 4. Logic circuit example of forced beta (hFEF)

calculation.
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A simple calculation illustrating the concept of hFFF and hFE
is given in figure 4. The resistor values and the supply voltage determine
to I, is 10. If the selected transistor is

C B
a 2N2222, the manufacturer's data sheet lists h

lC and Ig. The ratio of I
FE (MIN) measured in its
active region at a current of 2 mA to be 60. Therefore, the minimum over-

drive factor (hFE(MIN)/hFEF) for saturation is 6.0. Since the rule of thumb

for saturation is an overdrive factor of 1.3 or more, the device is in

saturation. It will come out of saturation if neutrons cause hFE to be
reduced trom 60 to (10)(1.3) or 13. At that point, the device starts to go
into its linear region, and the VeE rises to a point where the circuit can
no longer perform its required function. From this description it can be

seen that hFEF is a circuit concept and not a device concept.

To see if HA is necessary in this example, use the category II

criterion given by equation 3

Sr
NDM = ¥spEC

where QMF is given by equation 4

21f
_ 2™ MINy
T X [l/hFE(FAIL) - 1/hFE(MIN)]
> 32&359)119?2-[1/13 = 1/60]
(0.8) (109
2l 50,

-4
Ata P of 1 x 10 °, table III gives an NDM of 6.8, which yields a QMF/NDM
13

value of 1.8 X 107", Since this value is greater than QSPEC’ HA is not
needed.
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5. HARDNESS ASSURANCE MANAGEMENT

HA management activities are described only briefly in this

section. This subject is discussed in detail by Patrick and Ferry.®
5.1 Procurement Procedures

Those piece-parts that can meet the NDM requirement for no HA
controls (according to the procedures of section 4) are identified in a
parts list as category II parts. They are procured according to high
reliability non-nuclear specifications. Those piece-parts that cannot meet
the NDM requirement and therefore require HA should be procured according
to HA procurement specifications. They are identified in a parts list as
category I parts so that the radiation-critical items of a system can be

casily and rapidly identified.

Category I parts should be from one date code. In cases where
very narrow distributions are required, a single diffusion lot may be
needed. Most category I parts need S-1 control procedures that require
radiation lot-sample testing. Accept/reject decisions are made based on
lot-sample statistics and circuit requirements according to the procedure

of section 4.

5.2 Documentation

; HAmonitoring efforts (screens and radiation test data) should
be documented to build a data base that will build confidence in HA procedures.

The subject of documentation is covered by Patrick and Ferry.’®

3R. Patrick and J. Ferry, Nuclear Hardness Assurance Guidelines
for Systems with Moderate Requirements, Air Force Weapons Laboratory,
Kirtland AFB, NM, AFWL-TR-76-147, September 1976.
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% Cost_Impact of Hardmess Assurance

The impact and the benefits of HA for S-2 and S-1 controls need to
be examined so that a benefit-to-cost ratio can be determined. No attempt
is made here to develop a dctailed cost model; that is beyond the scope
of this document. Also, prices vary widely due to market forces; so a
detailed production cost model is irrelevant. For example, a sole-source
request for an fT screen would probably cost more than a MIL-SPEC fT

screen requirement.

To reduce the importance of market forces and to identify cost
adders, assume a 1000-unit procurement quantity of 2N2222 transistors on a

non-sole-source basis. The 2N2222 S-1 level cost adders arc

a. CB’ basic part cost

b. CJAN’ military requirement

€L CTRAC’ diffusion lot traceability
d. CS’ electrical screens

e. CRAD’ lot-sample radiation.

Since Cg and CJAN costs are beyond the scope of this document, assume

that C is three times the Cy cost. The Crpac Support costs depend on volume

and ru;AZbout $2000 for 1000 units. Since these costs can be spread over
the purchase quantity, CTRAC/N is used in the cost formula to be developed.
The CRAD costs are based on reactor time (~$250/hour in 1979 dollars)

plus the time required for preirradiation and postirradiation measurements.
A sample of 30 2N2222's would be sufficient to characterize the 1000
purchase quantity and would cost about $600. The CRAD costs, like the
CTRAC costs, depend on voiume and can therefore be spread over the purchase

quantity.
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The cost formula (CT) for a 2N2222 can now be given:

+ C +CTRA(—:-+E§+————CRAD
JAN N Y NY

where Y is the yield. Since rejected devices are not thrown away, Y

can be 100 percent. In terms of the basic unit cost, a rough calculation
shows that an S-2 control part (CTRAC + CS) can cost about 12 times more
than a basic part. An S-1 control part (CTRAC * CS * CRAD) can cost about

15 times more than a basic part.

The cost factors for HA control levels 1 and 2 in terms of basic

and JAN class A costs are given below.

Captive Control Control

Basic JAN Strategic Line Level 2 Level 1
1 X3 X13 X12 X15
- 1 7 X5 X7

These approximate cost factors apply only to small scale-integrated devices.

Note that the cost of a part goes up by about a factor of 10 if HA controls

are implemented.

6. SUMMARY

HA includes all control, monitoring, and evaluation efforts aimed
at procuring systems whose nuclear hardness equals or exceeds that of
the design-hardened engineering prototype. The guideline procedures
developed in this document are illustrated in figure 1. The procedure is
based on a successive elimination of piece-parts with acceptable probabil-

ities of survival.
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The first level in figure 1 asks if § is above QTH‘ QTH

SPEC
values for the different generic device families are as follows:

a. Transistors. QTH for transistors was calculated in section
. N G ) 0 2
2.1 from a worst-case theoretical model to be 1 X 10 n/cm”.

b. Reference diodes. The most sensitive reference diodes are

the temperature~com :nsated types. QTH for temperature-compensated

: > ; . : 10 2
reference diodes is determined in appendix B to be 4 x 10"~ n/cm™.

C. TTL digital integrated circuits. QT

10

; for TTL circuits is
P Lot
given in appendix C as 1 X 10"~ n/cm .

1

T Operational amplifiers. Sy for operational amplifiers and
10

9, . :
transistors is the same (1 % 10 n/cm”) for the reasons discussed in

appendix D.

e. JFET's. Sy for JFET's is calculated in appendix E from
an estimate of the carrier removal rate and the worst-case channel doping

to be 2 x 1()13 n/cm2.

The second level in figure 1 asks if HA is needed. This
qQuestion is answered in one of two ways: (1) by calculating worst-case
degradation from a model using manufacturer-specified data or (2) by

determining if the NDM is adequate.

. The NDM criterion for category II devices (no HA needed) was

given in section 2.2, equation 4, as

ME

NOM = 2

SPEC "
The NDM is selected at an application-specified P from a

statistical analysis of data which represents lot-to-lot and manufacturer-

to-manufacturer variations. Values for §, and the NDM for the generic

MF
families covered in this document are as follows:
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a. Transistors. For transistors, the required NDM is obtained
at the application-specified probability of failure at 90 percent confi-

dence from table III. ¢yp is given in section 2, equation 4, as

B 2mf
S _L(Ml[l/h

MF K- FE(FAIL) ~ l/hFE(MIN):I

where K is 0.8 x 107 cm®/nes for transistors operated near the maximum I.

point for hFE' If Ic is one-tenth that of the maximum hFE point, K should

6

be increased to 2 X 10 °; if it is one-hundredth that of the maximum hF

E
point, K should be increased to 7 x 107° sz/n's.

b. Reference diodes. An NDM has not been established for

reference diodes.

(= TTL digital integrated circuits. Since the variation in TTL

units is expected to be much less than that of discrete transistors, the
NDM for transistors (table III) can be used as a conservative value. QMF
is developed in appendix C to be

2mf
T(MIN) ( '
A [(o. 8) (10'6)] [ BMIN) | M/ Tsk(FAIL) SK(MIN))]

where IB(MIN) is the minimum base current to the output transistor cal-

culated from circuit analysis, ISK
6

250 X 10~ Hz if no better estimate is available.

is the sink current, and fT(MIN) is

d. Operational amplifiers. The NDM for transistors (tableIII)

is used together with

4 (MIN)

¢ =

i o [IB(FAIL) 2 IB(MAX)]

6
g maxy
to establish the category II criterion. If no better estimates are available

6 -6 -6
use 250 x 10~ Hz for fT(MIN)’ 10 x 12 for the LM108A IE(MAX)’ 40 x 10
for the LM101A IE(MAX)’ and 20 X 10 = for the 741 IE(MAX)' Theii estlmatig

together with a ZIB(MAX) failure criterion give a & of 3 X107, 1 x10°%,
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and 1 X lO13 for the LM108A, LM101A, and 741, respectively. The category
IT breakpoint at a PF of 10_4 (an NDM of 6.8 obtained from table III) is
thus an g, of 5 x 10" for the LMIOSA, 1 x 10'! for the IM101A, and
SRR
L x 10°7 for the 741 based on these rough estimates.
e. JFET's. An NDM has not been established for JFET's, as

explained in appendix E.

If HA is needed, then the third level in figure 1 is reached.
Category [ parts (those parts nceding HA) are procured at one of two con-
trol levels (S-1 or S-2) as detailed in the procurement specification. Level
S-2 requires electrical screens and process controls. Level S-1 requires
all the controls and monitoring efforts of level S-2 plus radiation lot

quality conformance tests.

The procedure for radiation lot quality conformance testing is to
draw a random sample of devices (5 to 20) from onc date code and subject
the sample to radiation around the level of interest as defined by the
application, or at the 20, 50, and 80 percent degradation levels. The
purpose of the radiation tests is to establish a ¢ for each part using
the application-defined values for bias, operating levels, and failure
definition. .The QF data are then converted to natural logarithms, and the
mean (4n QF] and standard deviation (sLN) are calculaﬁed from the statis-
tical formulas of section 3.2. The §F level for the lot is then established
from

el B

éF;‘e
where KTL is the one-sided tolerance limit factor selected from figurzs 3
based on the size of the sample and the specified probability of failure.

If ¢; is greater than @ then the lot can be accepted.

SPEC”’
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Category 1

Category II

hpE
hego

hFE(RAD)

e (MIN)

ReE (FAIL)
heer

HA

GLOSSARY, SYMBOLS, AND ABBREVIATIONS USED

Piece-parts identified as category I require HA procedures.

Piece-parts identified as category II do not require HA
procedures.

Transistor common emitter gain-bandwidth product expressed
in s~

Common emitter current gain.
Common emitter current gain before radiation.
Common emitter current gain after radiation.

Minimum common emitter current gain specified by the
manufacturer for the piece-part before radiation.

The specified common emitter current gain at which circuit
failure will occur.

The circuit forced hgg which is determined by the ratio of
the collector current to the base current.

Hardness assurance (HA) includes all control, monitoring,
and gvaluation efforts aimed at procuring systems whose
nuclear hardness equals or exceeds that of the design-
hardened engineering prototype.
Transistor DC base current.
Transistor DC collector current.

. : 3 2
Average lifetime damage constant expressed in cm™/nes.

; 2
Neutron damage factor expressed in cm /n.

The application-defined failure damage factor at a given
probability of failure.
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K The application defined lifetime damage constant at some

Hpn probability of failure.
KTL The one-sided tolerance limit factor for a normal distri-
bution.
! K Number of standard deviations for which the residual area

b 9 under the lognormal distribution is less than some speci-
fied probability of failure.

ILnKD The mean of the lognormal Kp data calculated from
N
L oKy
i=1
N
NDM The factor that relates the piece-part mean neutron failure

fluence to the specified neutron fluence. Its value is
calculated statistically from a population of devices repre-
senting lot-to-lot and manufacturer-to-manufacturer varia-

tions.

PF Probability of failure.

S-1 Control level S-1 HA applies to category I devices and
requires all of the S-2 controls plus radiation lot-sample
tests.

S-2 Control level S-2 HA applies to category I devices and
requires process controls plus 100 percent non-degrading
screens

SLN The standard deviation of the lognormal data calculated from

—\2
N [n k- W]
D D
z N-1
i=1

$ 1 MeV equivalent neutron fluence expressed in n/cmz.

QF The piece-part applicétion-defined failure neutron 1 MeV
equivalent fluence expressed in n/cm? at a given probability
of failure.

QMF The mean piece-part failure fluence.
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SPEC

TH

Owc

Circuit specified neutron 1 MeV equivalent fluence expressed
in n/cm“.

The generic part neutron 1 MeV equivalent threshold fluence
in n/cm

The upper standard deviation limit of a lognormal population.
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APPENDIX A
TRANSISTOR WORST-CASE MODEL

A transistor model for displacement damage can be used to calcu-
late worst-case damage constants (K,'s) for transistors. This approach
offers two advantages over the statistical approach: (1) the nature of
the distribution does not neced to be assumed to get low failure probabil-

ities and (2) the sensitivity of proposed HA controls can be evaluated.

The model assumes an ideal step-junction, uniform-base device.
This represents a worst case because a graded-base device with the same
edge doping has an overall higher injection ratio, especially near the
collector-base junction, and therefore a lower Kp- The value of hFE in
the model is determined by three components of base current: bulk-base
recombination, emitter-base depletion layer recombination current, and base-
emitter minority carrier reverse diffusion into the emitter. The base-
emitter surface leakage current and collector-base reverse-bias leakage

current are neglected.

The model input consists of six physical parameters: emitter

8

lifetime (approximately 1 x 107~ s if not known), emitter doping (approx-

18 atoms/cmS-if no better estimate can be found), base

imately 3 x 10
width, maximum base doping, mircimum base doping, and emitter area. The
last four physical parameters are calculated from the following electrical
parameters: minimum fT, emitter-base breakdown voltage, collector-base

breakdown voltage, and maximum input capacitance.

1A. Hart et al., Parameter Sensitivities for Hardness Assurance:
Displacement Effects in Bipolar Transistors, IEEE Trans. Nucl. Sci., NS-24,
2093, December 1977.
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The model calculates the upper bound value of Kp using
2
VR " 5
B 0.052p, (1 + 2)[1 + (C - 1)Z]
1 Y '3
2 1 1
on [+ s ~ (]
e e .
+ — 5 a8
pNg(1 - Z)8
1
: wglé 1/3 (4.2) (10721 )N Ay
(2.5 0 —= n 1-12)
o W I
& Ppe b C
N.N
NBS/6 n """E'B“zb“ (1 + 2)
(2.3)(10°7)
where wb = vertical distance between emitter and collector regions

(base width under emitter well) in centimeters,

Kb = lifetime damage constant for base region in square centi-

meters per neutron second,

"

Bp = mobility in base regionlin square centimeters per volt

second, ¢

N

B base doping concentration in atoms per cubic centimeter,

Ke

centimeters per neutron second,

lifetime damage constant for emitter region in square

Np = emitter doping concentration in atoms per cubic centimeter,
Ae = projected emitter area in square centimeters,
Z = minority carrier injection ratio,

IC = collector current in Amperes,
¢ = neutron fluence in neutrons per square centimeter,
T, = emitter minority carrier lifetime in seconds,

C = ratio of high injection minority carrier lifetime to low

level lifetime.
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The dependence of K. on I as calculated from the model is in

excellent agreement with expcgimental results up to the Ie value corres-
ponding to peak hFE' Beyond this level, current crouwding becomes impor-
tant. Current crowding in an epitaxial bipolar transistor occurs when the
base current flows from the base contact to the base region under the
emitter, producing a voltage gradient over this base region. The internal
base voltage produces a net junction potential that decreases from the
periphery to the center of the emitter. The higher edge forward potential
crowds the injected emitter current into the peripheral areas of the emitter
well, which effectively reduces the active cross-sectional area. The
internal base bias may be such that the injected carrier density in the
center of the emitter junction may actually be zero. Any resultant in-
crease in the base current’ produced by neutron bombardment further aggra-

vates this current-crowding effect and thus complicates the analysis of

gain degradation.

A computer solution to the above equation for Kp has been written
in BASIC and makes the solution fast and simple. - For the 2N2222, the
model yields KD =6 X ]0_15. This is roughly equivalent to the KD value
obtained from the 2N2222 statistical data of section 4 using‘a fT(MIN) of

=G
250 MHz, divided by the NDM at a Py of 1 X 107 . From section 4
Ao e
_ 0.8)(10°%

2m(250) (10%)
-16

6 x 10

and the NDM at a Pp of 1 x 10-0 is 11. The statistical upper bound value of

15

K. is thus 5 X 10715 cmz/n, which is close to the 6 x 10~ value obtained

D
above from the model.

2A. Hart et al., Parameter Sensitivities for Hardness Assurance:
Displacement Effects in Bipolar Transistors, Mission Research Corporation,
La Jolla, CA; MRC/SD-R-20, December 1977.
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APPENDIX B
. REFERENCE DIODE HARDNESS ASSURANCE

B-1. EFFECTS OF NEUTRON RADTATION

Voltage reference diodes are PN junction devices operated in the
reverse direction with sufficient bias to cause avalanche or Zener break-
down. The desired property of the voltage reference diode is that very
little current flows until the specified breakdown voltage. At breakdown,
the Zener or avalanche processes should allow large current flows so that
the voltage drop across the diode remains essentially constant over many
decades of current. This kind of diode can be used as a voltage reference
element since the voltage across it is independent of the current through
it as long as the voltage remains above the breakdown voltage of the
diode. For avalanche breakdown diodes, the breakdown voltage is a
function of the impurity doping levels (and other parameters) and increases
with neutron radiation. Zener diodes above 7 to 8 V eépibit avalanche

breakdown.

Zener breakdown is similar to avalanche breakdown except that the
breakdown reSults from band-to-band tunneling. In this mechanism, carriers
tunnel from the conduction band of the heavily doped N region across the
forbidden gap to the valence band of the heavily doped P region. Diodes
operating in Zener breakdown exhibit relatively low breakdown voltages
’ (less than about 6 V), with a breakdown characteristic somewhat softer
than those diodes that are avalanching. Voltage reference diodes based !

on Zener breakdown show a decrease in the breakdown voltage with neutron

fluence.
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The high doping levels found in diodes make them inherently

radiation resistant. Typically, for a silicon reference diode, a one percent

change in the breakdown voltage is not reached until neutron fluences

y: Bl
exceed 1 x 1()H n/cmT, i

While diodes are relatively radiation resistant, temperature
compensated reference (TCR) diodes are not. 5 To achieve temperature
compensation, diodes are used in series, one or more forward-biased
and one reverse-biased. They are used this way so that the forward-biased
PN junction, which has a negative temperature coefficient, can be used to
compensate for the positive temperature coefficient of the reverse bias
junction. Since forward-biased diodes are more neutron sensitive than
reverse-biased diodes, the category II criterion discussion in the next

section will be devoted to forward-biased diodes.
B-2. CATEGORY IT CRITERION

Since the TCR diode is the diode of interest for moderate neutrecn
environments, this section is limited to the category II criterion for the
most neutron sensitive element ‘in a #[RC unit, the forward-biased diode.

The forward voltag~ in a diode with a heavily doped P region is given by

o I \,T
ve2ilom DT
qNAA\’Dn

where " is the minority carrier lifetime in P-type material,

(B1)

A is the junction cross-sectional area,

q is the electronic charge,

1R.P. Donovan et al., A Survey of the Vulnerability of Contem-

porary Semiconductor Components to Nuclear Radiation, Air Force Avionics
Laboratory, Dayton, OH, AFAL-TR-74-61, June 1974.

2p, Millward, Neutron HA Considerations for Temperature Compen-
sated Reference Diodes, IEEE Trans. Nucl. Sci., NS-25, December 1978.

3TREE (Transient-Radiation Effects on Electronics) Handbook,
Defense Atomic Support Agency, Washington, D.C., DASA 1420, September 1969.
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Dn is the diffusion constant for electrons in P-type material,

Ny is the net acceptor concentration, and

ID is the forward current.

The effect of neutron radiation is given by

4=t KR (B2)
¢ 0
where Tg is the minority carrier lifetime at exposure ¢,
TO is the initial minority carrier lifetime,
K,r is the lifetime damage constant, and
¢ is the total fast neutron fluence.
Differentiating equation Bl with respect to ¢ yields
v _kr 1 o
d¢ q %. d¢
n
Differentiating equation B2 yields
dr
$ 2
— =T “K_ . B4
] ¢ T 18%}

Substitution of equation B4 into equation B3 and letting T ™ Tn yields

the approximation
" kT
av N(? KT)THQ : (85)

At room temperature, kT/q is 0.026 V, K'r is 10_6 (from section 2.1), and

a worst-c#se low doping level of 1015 cm'3 gives a 2, of 10'6 s, which

reduces equation B5 to a minimum estimate of the failure fluence ¢p or
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§F =z (4 % 1013)(AV) . (B6)

Equation B6 can be used to calculate $qy- Assuming that a 1 millivolt
change in V is insignificant, equation B6 yields a value of 4 X 1010 n/cm

for @'l‘u'

Attempts to establish a recasonable NDM for TCR diodes have not
been successful due to the wide variations encountered from manufacturer
to manufacturer (recent failure fluence data on a IN829 TCR 6.2 V diode
showed a change in &n g of about a factor of 2l P Thus, the category 11

criterion for TCR diodes has not been established.
B-3. PROCUREMENT SPECTIFICATIONS FOR HARUNESS ASSURANCE

For moderate neutron environments (¢ < 1()13 n/cmz), the minority
carrier lifetime of the forward-biased diode is the dominant parameter
that determines the neutron response of the TCR diode. Thus, lifetime
and the number of forward diodes used for temperature compensation should

be controlled.

An electrical screen on 7 would be effective if it could be
obtained from switching time measurements. Unfortunately, the back-to-
back structure of the TCR diode makes switching time measurements somewhat

ambiguous.

Because of wide variations in the neutron response of TCR diodes,
the lack of an effective NDM, and the lack of adequate electrical screens,
radiation sample testing (control level 1) by production lot or diffusion
lot will be necessary for any neutron environment exceeding the QTH calcu-

lated previously (4 X 1010 n/cmz).

Zn. Millward, Neutron HA Considerations for Temperature Compen-
sated Reference Diodes, IEEE Trans. Nucl. Sci., NS-25, December 1978.
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An example procurement specification is given in Table B-1.

TABLE B-1. EXAMPLE PROCUREMENT SPECIFICATION FOR TEMPERATURE-COMPENSATED
REFERENCE DIODES.

L Hardness Control level failure criterion
S3Surence Para wter Test metnod Test condition S-2 S-1 Units
control Min Max Min Max
Process Rocistivity profile 180 @ TBD - 180 - 8D
control Poping material 18D TBD - -

Screen one - - = = - -
Radiation g MIL-STD-2838-1017 L= TBDb = . - 18D nlent
quality -

Av](max) = TBD

conformance ot

test

@ TBD means to be determined.

b piode Zener current (IZT’ the change in diode voltage (AVZ), and the failure
fluence (@F) at a given probability of failure criteria is set by the cir-
cuit application.

B-4. HARDNESS ASSURANCE PROCUREMENT EXAMPLE

Suppose the circuit has the following specifications:

12

a. the specified fluence (& 1 % 10,

spec) 1S

b. the reference current is 7.5 mA,

(o the maximum change in reference voltage is 5 mV,

4

d. the Pp is 1 x 10" at 90 percent confidence,

and a IN829 TCR diode is required. The procedure is given in figure 1 as

follows:
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Step 1. Determine if éTH 2 8oppe- QTH §s 4 % 1010 n/cmz. Shnincs

¢ 1 x 1012, proceed to step 2.

spEc!®
Step 2. Determine if HA is necessary. Since there is no NDM for

TCR diodes, HA will be necessary.

Step 3. If HA is necessary, procure an S-1 control part and per-
form accept/reject testing. In this case, statistics are gathered on fluence
using a maximum change in reference voltage as the failure criterion. Since
the change in reference voltage (AV) is not linear with ¢ (see equation B5),
this problem cannot be handled like the transistor gain problem, which was
covered in the body of the report. Instead, we are forced into a case 2A
problem, which is discussed in appendix F. Case 2A calls for, gathering

statistics on ¢ at a given AV failure criteria defined by the application.

Suppose a lot is procured from a manufacturer with a 14 unit sample
lognormal mean failure fluence of 29.18 and a standard deviation of 0.19. i

for the lot for a Pp of 1 X 10"4 at 90 percent confidence using a KTL of 5

obtained from figure 3 is

29-18 - (0.19)(5)

QF

1.8 x 1012 n/cm2

2

which is above the § value of 1 x 101 , So the lot can be accepted.

SPEC
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APPENDIX C
TRANSTSTOR-TRANSISTOR LOGIC HARDNESS ASSURANCE

C-1. EFFECTS OF NEUTRON RADIATION

Transistor-transistor logic (TTL) is the most popular form of
bipolar integrated circuit digital logic. In the 5400/7400 series, TTL
devices come in five different versions at the prescnt time: (1) the
standard version (54/74), (2) the low-power version(L), (3) the high-speed
version (ll), (4) the Schottky version (S), and (5) the low-power Schottky
version (LS). Figure C-1 shows the input and output differences between

the families.

The LS series (introduced in 1971), uses Schottky clamping of all
saturating transistors to reduce storage times. Active pulldown of the basc
of the output transistor was added to square the transfer characteristics
(figurc C-1c). Also, the output pullup circuit uses a Fwo—transistor
Darlington connection to allow the output to pullup to one base-emitter
voltage (VBE) below collector voltage (VC) for low values of output
current. These LS-family features were incorporated to increase speed
(6 ns average gate propagation delay) and reduce power consumption (2 mW

average power per gate).

A typical TTL logic gate<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>