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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 fol lowing indiv iduals who reviewed each draf t : Joe
Azarew icz , Jim Raymond , and Victor van Lint of Mission Research Corporation ;

Art Nainenson and Al Wolicki of Naval Research Laboratories; Harvey Eisen
of Harry Diamond Laboratories, Doug Miliward 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.2’3

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

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

‘Nuclear 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 comp lete

their mission in spite of nuclear stresses. The requirements and responsi-

bilities within the Air Force for conduct ing a nuclear survivability program

are given in Air Force Regulation 8O~38.’ Hardness assurance (HA) is defined

as those contro1 , monitoring, and evaluation efforts aimed at procuring

systems whose nuclear hardness equals or exceeds that of the design-hardened

eng ineering prototype.2 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 i-IA 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 r~sponses that occur among the thousands of

1Air Force Regulation AFR8O-38, 6 September 1973, establ ished
requirements and responsibilities within the Air Force for conducting a
nuclear survivability program.

28...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

Leve’ 1 Leve l 2 Level 3

Is the
specification Is the Yes
than the part desi:fl :ar:in

necessary)

Is the

~~rst-case
degradation
acceptaM:

Category II Parts

(Hardness Assurance not necessary)

Figure 1. Neutron hardness assurance guideline procedure flow diagram .
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The simplest way to obtain piece-parts with acceptable probabilities

of survival is to select those parts with a threshold neutron damage fluence

above the specification fluence ~~~~~~ 
as is indicated by level 1 in

figure 1. As long as 
~SPEC ~ ~Tf l - ~ 

HA is not necessary and the part is labeled

in all system documentation as category ii.~ is calculated from a device

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.

If is above 
~TH’ 

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 If 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 . If either method indicates that the fluence at which the part will

fail to perform its required function at some specified probability

of failure (Ps) is above 
~SPEC’ 

then the part is designated category Ii

and no further action is required. If, however , 
~F 

is below 
~SPEC 

then

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.

3me 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 t~ncompasses all testing, screening, and

lot-sampling . The evaluation effort applies the experience gained from the

imposition of tI’e control and monitoring efforts to 1-IA 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) di gital integrated
circuits (IC’s)

c. Operational amp lif iers (LM 1O1A, LM1O8A, 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 transistors 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 
~TH

Section 2.2 explains the design margin concept. Section 2.3 identifies HA

procedures for category I parts.

2.1 Nr itron 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
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conduction process , scattering centers reduce carrier mobility, and recombi-

nation centers decrease minority carrier lifetime.

The electrical performance of bi polar devices depends critic al ly

— on sufficient minority carrier lifetime ; thus, a decrease in this parameter

due to neutron damage w i l l  si gni f i c a n t l v  a f fe c t  device  pe r fo rmance  by c a u s i n g

a t ransis tor  current  ga in  (h 1.1 ) dec rease.  The d e g r a d a t i o n  of t r a n s i s t o r
reci procal  gain  is l i nea r  w i t h  neut ron f luence  for moderate c o l l e c t o r
current l e v e l s  where current crowding i s  not a problem and is given h~’’

= l / h FEO 
+ 

2irf1, ~ 
(1 )

where  h }.E . (~~ D) is the gai n a f t e r  neut ron i r r a d  hit ion

h F~~ i s  the gai n before neut ron i r r a d i a t i o n

K i s the average l i f e t i m e  damage constan t (cm 2/n~ s)

~ is the 1 MeV equi valent  neutron f luence  (n/ cm
— .1f 1. is t he gain-bandwidth  product (s ) .

An approxinate  value for K at room t emperature for a t yp ica l s i l i c o n  t ran-
sis tor  operated at a col lector  current near the maximum h IT point  is
0. 8 10

6 cm 2
/n~ s.~ This is an average va lue  for K; it needs to be de-

r ated fo r d i f f e ren t co l l ec tor cu rr ent opera t i ng l ev el s (K is a weak function

of the  type of impuri ty  and res is t iv i ty  for the range of r e s i s t i v i t i e s
common ly fou nd in devices) .  If the col lec tor  current is one- tenth  tha t  of
the maximum h IT point , K should be increa sed to 2 x 10 6 ; if t he co l l e c tor
current  is one-hundredth that of the maximum h 1. 1. , point K should be increased

-6 2 
6to 7 x 10 cm /n • s .

~G. Messe nger and J. Spratt , The Ef fects of Ne u tron I rr a d i at i o n
on Germanium and Silicon , Proc. IRE , 1038 , June 1958.

~ii. Gregory and C. Gwyn , App licat ion of Neutron Damage Models to
Semiconductor Device studies , IEEE Trans. Nucl . Sci., NS-17, 325, December
1970.

6
0 Curtis et a l . ,  Radiation Ef fec ts  in Silicon and Germanium ,

Northrop Corporat i on , Los Angeles , CA , AR D-66- SÔR , Augu st 1966.
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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

a neutron burst, K should be increased by a factor of two.7 If the device

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

A transistor model , discussed in appendix A, was developed in this program

to calculate a worst-case value of KD given the knowledge of the collector

current operating point and electrical parameter specifications from the

manufacturer ’s data sheet.8 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 ~A

b. base width � 10 ~m

c. emitter-base breakdown voltage � 4 V

d. collector-base breakdown voltage � 90 V

e. emitter area � 4 x ~~~ cm2
.

~‘u. Sander and B. Gregory, Transient Annealing in Semiconductor
Devices Following Pulsed Neutron Irradiation, IEEE Trans. Nuci. Sci., NS-13,
53, December 1966.

8A. Hart, et al., Parameter Sensitivities for Hardness Assurance :
Displacement Effects in Bipolar Transistors , IEEE Trans. Nuci. Sci., NS-25,
December 1978.
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Assuming that a 1 percent change in 
~

l/h pE (L
~
l/h FE is equal to l/h FE (R~~)

_

l/h FEO) is insignificant, the threshold f l uence cal culated from these
values by the worst-case model is 1 x 1010 n/cm2. 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. 3 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-
tron failure fluence 

~~~~ 
to the specified neutron fluence 

~~SPEC~ 
will be

def ined as the neutron des ign margin (NDM). Its value is calculated by

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 
~sPEc’ 

level 2 in the flow chart in figure 1

shows that HA procedures can be avoided (category II criteria) by selecting
a piece-part with a such that

~MF
~ ~SPEC (3)

3R. Patrick and J. Ferry, Nuclear Hardness Assurance Guidel ines
for Systems with Moderate Requirements, Air Force Weapons Laboratory, Kirt-
land AFB , NM, AFWL-TR-76-147, September 1976.
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where 
~MF is the mean fluence at which the part will fail to perform its

required function. For transistors , 
~MF is found from equation I:

~MF ~~~ [
l/hFE (FA J L)  — l/h FEO]

L where h
FE (FAIL). the circuit failure gain , replaces hFE(~~D). 

Replacing

and hFEO with the minimum values from manufacturer ’s data sheets yields

a minimum estimate of 
~MF’

2
~~T(MIN) [l/h FE(FAI L) — 1/h

FE(MIN)] (4)

where K is the average value of 0.8 x i~~
6 

cin
2
/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 
~MF divided by the NDM can be cal-

culated and compared to 
~sPEC~ 

If it is larger than 
~SPEC’ 

the device is

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

the device is category I and HA controls are encountered .

2.3 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-l) 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 homo~~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

c. diffusion lot

L 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

i. 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-i 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
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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

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

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

S 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

Control l evel fai l ure c r~~~v r i rm

Parj~ieter Test me !5~l Test condition S-? S_ i
_______________ ___________________ __________________ ___________________ Mm Mdv Mm i~wx _________

Process Base width and

control s resist ivity profil 180 180 - TBD - TBD 180

Configuration 180 180 - - - - -

Screens hEEIMI N) 
(L-St0-7S06-30761 I

~ 
= 10 nA 75 - 75 - -

~T ( M t N )  IL-STD- 7508-3306 = 10 mA 250 - 250 - MH~

Radiation 111-510-8838-1017 I~ = 10 mA - - - TBD cm2fn

quality

conformance

test

NOTES: TBD means to be determined . The test methods are from MIL-STD-750B,

Test Methods and Procedures for Semi conductor Devices. The parameters

hFE, ~~ 
and KD are the coninon emitter current gain, gain-bandwidth

product, collector current , and neutron damage factor, respectively.

16
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Process controls should be specified and maintained by the
manufacturer for control levels S-2 and S-I. 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 arc the base width , base doping , emitter

area , and collector dop ing. A sensitivity analysis reduces this list to

base width and base dop ing .8 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 dop ing 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 cand i-

dates , are the minimum 
~T’ 

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 hFE(MIN) and ~T(MINY

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 l ower bounds voltage

on base doping Minimum collector-base breakdown
voltage

Upper bound on emitter area Maximum input capacitance

8A R. Hart et al., Parameter Sensit ivities for Hardness Assurance:
Displacement Effects in Bipolar Transistors, IEEE Trans. Nucl . Sci., NS-2S,
December 1978.

17

_ _ _  - 

~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~ 
-~~~~~~~~~~~-~~r~~~~~ --—---~~~ -



3. RADIATION TESTING AND DATA ANALYSIS

Neutron radiation test procedures, facilities , and dosimetry
needed to produce lot-sample data required for acceptance of S-i 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.9

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 otherw ise
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 effec ts of b ias during neutron
radiation are usually small. The devices should be mounted in the holder

~~~~~ Methods and Procedures for Microelectronics , MIL-STD-883B.
A ll M!L-STD documents are available from the Superintendent of Documents,
Government Printing Office, Washington , D.C. 20402.

18

—- _- 

. 

-.- 

, r-w~e-~--..- - .
~~~



so that the variation of fluence over the samp le area does not exceed 20

percent .  This is important because a 20 percent var ia t ion  can occur in

less than 20 cm in some reactors.

An examp le of in-core specifications for a TR1GA reactor follows :*

Thermal neutrons 1 .‘ l0~ n / ( c m 2
~ s~ W )

7 2 -Neut rons above 10 k eV 2 > 10 n/ (cm ~s~ I~)

Gamma (y) r a d i a t i on  0. U () r ad/ 1s~ W)

The amount of TRIGA t ime needed to get i x io l2  n/cm ca n he calc u lated

a s f o l I o w ~ . Assu me tha t  wi th  c admium—l ined  samp le holders  in-core , the

reactor  powci l e v e l  is set at 1 ~~ The neut ron  f l u x  for  neutrons  above
10 keV i s  thus

(2) ~~~~~~~~~~~~ (l0~ W) (60) = ( 1. 2 )  ( 10 l2 )__ fl

cm~~ s W  cm~~ min

or the desired fluence is obtained in about 1 m m .  Hi gher fluences can be

achieved in a reasonable amount of t ime by operating the reactor at hi gher

power l eve ls  (up to ~..1 MW for some TRIGA’ s ) .  Cadm ium can be used as a

therma l neutron sh ie ld .  The amount of a t tenuat ion , 1, is approximated

by

— l SSdI = I~e

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 lOs. Thus,
7 3 2thermal neutrons are reduced from I X 10 to 4 x 10 n/(cm ~s W).

* Reactor engineers sometimes use the term “NV”, which is equi-
valent to neutrons/cm2 s.
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The gamm a dose that accompanies the neutrons can be a problem ,
es p e c i a l l y  when t e s t i n g  li near IC ’ s. It i s u sua l ly  desi rable to obta in
the h ig he~ t neut ron- to-gamma rat io j ) O S St b l e  to separat e the e f fec t s  of the
two different types of r a d i a t i o n s .  The in-core TRIGA neut ron- to-gamma rat io
i s  ap p r o x i m a t e l y

(2) (l0~ ) 8 2
0.06 

— 3 X 10 n/ (cm rad)

or a ncu t r ~m - t o - p hoto n ratio of about 0 .1 , assum ing an aver age photo n
energy of 1 ~lcV and using a 2 X l0~ MeV/cm 2 rud convers ion  factor . Thus,

every neut ron  is accompanied by about 10 photons .

The use of a TRIGA w ith a dry r oom r educes t h e fl uence available

by about ~~~ (to~~ 4 x IO~ n/ cm 2 .s .W) . At a reactor power of 20 kW , the

10 12 f lu ence  is reached in about 20 minutes . The dry room has a hi gher
neut ron-to-gamm a ra t io  of about 5 X ~~~ n/ (rad~ cm 2 ) wi th  4 inches (5.00 cm)

of lead . About 1/2 inch (1. 27 cm) of Bora l is usua l l y added to r educe th e

thermal neutrons.  The White Sands Missi le  Range , Albuquerque , NM fast bur st

reactor has a s imi l a r  neutron-to-gamma rat io (8 x l0~ ) wi t h 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 io

13 
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 il lustrate the problems in pos tneutron
testing. All pos tneutron tests should be performed after clearance by the
heal th physicist at the test facility.

20

J ~ 
‘3 ~~~~~~~~~~~~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -



‘ 
f

Radiation facilities for performing military qualification tests

should be certifi ed . The basic requirements are set forth in MJL-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 (I 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: ’1

El0-07-78-l Method for Irradiating a Standard Set of Neutron

Threshold Activation Foils for Radiation Hardness Jesting,

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

Radiation hardness Testing1

ElO-07-78-3 Recommended Practice for Measuring the Relat ive

1 MeV Silicon Equivalent Fluence.

In this study it was shown that the 1 MeV silicon equivalent neutron

f luence is roughly 10 percent higher than the fluence obtained for neutrons
of energy greater than 10 keV (non-thermal neutrons) for most f ac i l i t i e s .

Common dosimetry equipment at reactors consists of sulfur pellets

to measure the neutron fluence and CaF2:Mn thermoluminescent dosimeters (TLD’s)

to measure the accompanying gamma dose . Lithium fluoride TLD’s should not
be used in a reac tor environmen t . CaF2:Mn TLD neutron sensitivity is about
2 x lO

_ 17 
rads’cm

2/n , so they are relatively insensitive to neutrons.

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

~~V. Verbinski et al., Simultaneous Neutron Spectrum and Transistor
Damage Measurements in Diverse Neutron Fields: Validity of D~~ (E~), Naval
Research Laboratory, Wash ington , D.C., NRL Memorandum 3929, March 1979. The
draft ASThI standard s 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 t h e int r oduc tion i t was stated that HA is a probabilistic

endeavor because of v a r i a t i o n s  in un i t - to -un i t  radiat ion response. In t h i s

sec t ion  the s ta t i s t i ca l  procedures for eva lua t ing  rad ia t ion  test lo t - sample
data are d i sc u ssed (rad iat ion testing is a destruct ive test so lot-samp le

s t a t i s t i c s  are requi red) .  Two important conditions are made:

a. Si nce samp le sizes are li mit ed , a va riable sampl ing p lan
(as opposed to an att r ibute samp l ing plan)  is required to permit s t a t i s t i c a l
ex t r apo la t i on  to required low probabili t ies of fai lure .

b . The s ta t i s t i ca l  dis t r ibut ion of the radiation test data is

assumed to be lognorma l (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

of 0.1/1000 or 1 X l0~~. To attain this P~ at 90 percent confidence , using

an attribute plan would require a sample size of over 2000 units. 17 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. Is this assumption valid? A large number of

‘2General Specif ications for Microc ircu its, MIL-M-38510D, Append ix
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

close ly  approximated by a lognorma l d i s t r i bu t ion .

In order to illustrate the statistical procedures for evaluating

radiation test lot-sample data , consider the ten samp le 2N2222 transistor

data in table TI . The value of hrE at a collector current of 10 mA and a

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

at 2 .~ ‘~ l0~~ n/ cm . From t he  h UE deg radat ion data the KD was calcu lated

u s i n g  (trun equations 1 and 2)

= ~ ( l / h 1.1 )~ . (5)

Jh u~i I I ~~~~~ r I t of  t ( I c  data  I ~ri KD) sore then  made. The Qn K D da ta

c m  t~ p 1 ii 1 on norma I Hbm Ii ty paper u~- in f i gu re 2 , where the cwnula—
1 \  1 :ige poi r on the vc~ I i c m l  ~sca Ic arc found from 1/ (N+ l )  , 2/ (N+l )

I \~ I). . - N ( N  I ) ,  ‘a~ rL N is ~ ufl~’ Ic siZe ( 1 0  i n t h i s  case) .

L’~~LE L. RAD IAT ~ ’)’i LuT - ’~~MIL E UATA FOR TEN 2N2222 TRA NSISTORS MEASURED
v~Vh I COLLECTOR CURRENT OF 10 MILLIAM PS AND A COLLECTOR- EMITTERV u~ TAGE 01 ~ VOLTS

Preirr ddi ,jtior h IEIRAD I at Neutron damage factor 9~n K0 Cumulative
2 (K 0) distribution

(hFEO ) 2.5 x 10 n/cm 6 (percent)
(x10

146 78 2.31 -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 1.81 -36.22 54
220 111 1. 79 -36.26 64

178 100 1. 75 -36.28 73

160 96 1.67 -36.33 82

241 125 1,34 -36.41 91
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Fi gure 2. Cumulative frequency distribution of the natura l logarithm
of the neutron damage factor (KD) for 10 samples from one
lot of 2N2222 transistors. The line la beled P is the esti-
mate of the upper bound of 9~n I(

~ for the population at 90percent confidence.
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S i t i e c  the data f ro m f i gu r e 2 are f’-om a f i n i te  sam p le s iz e , i t  i s

necess ary  to e s t a b l i s h  an es t imate  of upper hound of ~n K 0 fo r the  popt i tat ion

at some level of conf idence .  Thi s i s  done u s i n g

Zn K0 + K
11

s 1\

w h e r e  S 1r is the  standard deviation of the lognorma l  da ta  c a l c u l a t e d  from

2 l/~~~ (2n JK [)j — Zn KD )

5 1 N  = i= l  
. (7)

N - i

i s  t h e  mean I t the lognorma l  data and K 1 1  is ~ho one—sided  t o l e r a n c e
1 i m i l  f~ ctor f o r  a norma l d i  st rj but ion .  13 K .~ va l im es  for d i f f e rent sa in ~~l e

si:cs and p r o b a b i l i t i e s  of f a i l u r e  at 90 pe rcen t  confidence arc g iven  n

f i gu r e 3 . U s i n g  K TJ va lues  f r om f i gure 3 and s u b s t i t u t i n g  i n t o  equation 6

e s t a b l i sh e s  t he l i n e  labeled P in f igure 2. t h i s  l i n e  i s  the est i mate of

the upp er bou nd of t h e popu la t ion Zn K 0 va lues .  Prom f i g ure 2 it can be
seen that  99. 99 percent  of the 2N2222 ’s f r o m  th is  p o p ula t i o n  w i l l  have K 0

-35 .43 -16val ues less  than e or 4.08 X 10 (at 90 percent conf idence) .

It  is not necessary to plot Zn K0 since Zn K0 and are e a s i l y
ca lcula t ed on most pocket ca lcu la tors .  The advantage of p l o t t i n g  is to
check the shape of the d is t r ibut ion (condit ion b ) .

4. APPLICATION OF HARDNESS ASSURANCE

Section 2 listed HA requirements. Section 3 provided the basic

tools for HA. In this section, the results of the two previous sections

are used to establish the category 11 criteria (determine whether HA is

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

‘3 A. Duncan, (~ia1ity Control and Industrial Statistics, R. D.Irw in, Inc., Homewood , IL, 1959.
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percent confidence .
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4 . 1  Transistor Neutron Desi gn Margin Calcula t ion

in sect ion 2 . 2  the NDM was defined as the ratio of 
~MF to 

~spEc
If the p iece-part is known to hav e a parameter whose change is proportional
to f luence , t his def in i t ion  can be extended . For exam p le , eq uation 1 shows
that  bipolar t r ans i s to r  reciprocal common emi t t e r  current gain changes
propor t iona l l y w i t h  f luence. By defining K SPEC in term s of 

~sPEC ’
21T f

KSPEC 
~SPEC 

[1/h pE(PAIL) — 1/hF[o]

and K in terms of

2
~~~T1 hK — 

~MF [
l/h FE(FAIL) — 1/ FEO

the NOM for bipolar transistors can be expressed as

KSPEC
NDM = K (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 
~F 

values needed for practical systems applications. For example ,

by assuming a lognormal distribution, measuring the mean (RjnK) and variance
(s LN ) of a samp le of size N, and selecting KTL at a spec if ied 

~F’ ~ can

be shown that 
~F 

will not be greater than its specified value if

NDM ~ ~~~~~~~

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

NDM = __________

~nKe

where -

Zn Kspi c = Z~ K + KTLsLN .

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

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

account for piece-part variability and other uncertainties. If it can be

asserted that the upper limit to the standard deviation of a lognorma l

generic piece-part population distribution is c
~ C, then

K c r
NDM = e a WC

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

under the lognormal distribution is less than

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

tors and analyzed it using 
~T 

to normalize between different transistor

types.l k  The distribution of the data was approximately lognormal with an

5LN of 0.42 . 15 A value for of 0.493 has been estimated by Nainenson from

this data. 16 Using this value for and the equation above, table I I I
gives values of the NDM for a specified 

~~

The design margin of 10 for neutron damage given by Patrick and

Ferry can be translated into a 
~F 

using table III.~ As can be seen, an

NDM of 10 corresponds to a of about 2 ~< ~o
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 1976.11’G. Messenger and E. Steele, Statistical Modeling of Semiconductor
Devices for the TREE Environment, IEEE Trans. Nuci. Sci., NS-lS, 133, December
1968.

15
0 Alexander , et al., Hardening Options for Neutron Effects -

An Approach for Tactical Systems, Harry Diamond Laboratories , Ade iphi, MD ,
HDL-CR-74-052-l, November 1976.

16 A. Namenson , Statistical Treatment of Damage Factors for Semi-
conductor Devices , to be published .
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TABL E III. TRANSISTOR NEUTRON DESIGN MARG INS (NDM ’S) FOR MAXIMUM PROBABIL-
ITY OF FAILURE AT 90 PERCENT CONFIDENCE.*

P NDM KF a

1 x 10~~ 1.9 1.28

1 ~ io
2 3.1 2.3

1 x 10~ 5.1 3.3

i x io~ 6.8 3.9

1 x 1O~ 8.3 4.3

1 x 1 0 6 11 4.8

1 x 10~~ 13 5.2

I x io 8 15 5.5

* Calculated from the 345 unit sample data of Messenger: G. Messenger and
E. Steele, Statistical Modellin g of Semiconductor Devices for the TREE
Environment , IEEE Trans. Nucl . Sd. , 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 at 90 percent confidence is identified from the appli-

cation requirements. The NDM corresponding to the 
~F 

is then identified

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

~MF
NDM ~ ~SPEC

To illustrate the procedures developed to this po int, 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 of 10 mA , a collector voltage of 10 V , a 

~SPEC of
2 x io13 n/cm2, and the 

~F 
specification for the part is 1 x 1o~~.
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Step 1. Determine whether 
~SPEC is less than for tran-

sistors was calculated in section 2.1 to be 1 x 1~~ n/cm . Since 
~SPEC is

larger than 
~TH 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 ~N DM SPEC

The NDM at a 
~F 

of 1 x 1o~ is found from table III to be 6.8. 
~MF is found

from equation 4:

2-rr f 
M

~MF~ 
- (~ IN ) 

{l/h FE(F A I L ) 
— 1/h

FE(MIN)1

By substitution (hFE(MIN) is 75 and 
~T(MIN) is 250 M1-Iz from the manufacturer ’s

specification sheet),

[
1/40 — 1/75]F (0.8) (l0 )

12 2 -or 
~ MF 15 4 .~ X 10 n/cm . Now 

~~~~~ 
is not greater than 

~SPEC ’ 
SO HA is

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

figure 1) arc covered in the next section .

4.2 Category I Procedures

Category I parts are those parts which need h A  controls , monitoring ,

and evaluation effor ts .  If part subst i tut ion 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 spec ifications , which were discussed in sec tion
2.3.
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The criterion for lot acceptance of category I parts is > 
~SPEC~

For bipolar transistors, this is equivalent to KDF > KD(SpEc)~ 
where KDF

is found from

+

KDF = e

at the desired

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 S LN
is much smaller than aWC ) the NDM decreases even though the KTL multiplier

will be larger than K
a 
due to finite sample size. The NDM is calculated

using

KTLsLNN D M = e

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 start ed in section 4.1. Since step 2 in the example indicated

that the 2N2222 was a catego ry I part , proceed to level 3 in figure 1 (step

3 in the continuing example) .

St ep 3. If HA is necessary, procur e an S-i or S-2 device and

perform accept/reject testing.

- Since the purp ose 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 th erefore

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 Znç value of -36.19 and an 5LN of 0.14. The estimate of the

upper bound of KD for the lot is calculated using equation 6 and a KTL
value from figure 3 corresponding to the sample size and the desired

For a sample size of 10 units and a 
~F 

of 1 x ~~~~ KTL is determined to
be 5.4 from figure 3. Substitution into equation 6 yields a KD of

(-36.19)+(5.4)(O.14) 16 2e =4.1 X 1 O  cm /n .

We have now determined that 99.99 percent (one minus the of 
-

1 x lo~~) of the 2N2222’s in the purchased lot have KD values below

4 . 1 x l0_16 cm2/n. This value of KD can be translated into ~F 
using

equations 2 and 4

� j~~ [l/h FE(FAIL) — 1/h
FE(MIN)] 

(9)

1 
11/40 - 1/75

(4.1) (10-16) L
2.9 x io13

Since 
~F 

for this lot is abov e 
~sPEc’ 

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 io

16

2 13 2 . 13 2cm /n and hence a of 1.4 x 10 n/cm (nistead of 2.9 x 10 n/cm ),

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 samp le 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 examp le. Suppose

we wish to use the 2N2222 in the logic circuit of figure 4. The environ-

mental and 
~F 

specifications are 1 x io
l3 n/cm2 and 1 x l0~~ respectively.

The circuit of figure 4 has an of 2 mA and an ‘B of 0.2 mA

wh ich yields a forced hFE (hEEF) of 10. When hFE (which is measured in

- 
the active region with VCE > 1V) is degrade~1 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 1~~ A rule of thumb is

given by’7

hFEhFEF 1.3

‘7switching Transistor Handbook, Motorola Corporation, 1963.
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¶ Supply Voltage

4 V

Resistance

~: RL
Resistance 2400 c~(R N)

21,500 cl

Collector

_________ 

mA

Base Current (IB)

(0.2 mA) 
- 

2N2222

- 
~~ - 

VCE 
- 5.0 - 0.25 - 2‘C RL 
- 2400 - mA

- 
~~ - VBE 

- 
5.0 - - o 2 AB RN 

- 21,500 m

2 m A  -10hFEF ‘B 0.2 mA

Figure 4. Logic circuit example of forced beta (h FEF )
calculation .
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A simp le calculation illustrating the concept of hFEF and hFE
is given in fi gure 4. The resistor values and the supply voltage determine

and ‘B~ 
The ratio of I~ to ‘B is 10. If the selected transistor is

a 2N2222 , the manufacturer ’s data sheet lists hFE (MIN) measured in its

active region at a current of 2 mA to be 60. Therefore, the minimum over-

drive factor (hFE(M,N)/h FEF) 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 from 60 to (lO)(1.3) or 13. At that point , the device starts to go

into its linear region, and the VCE 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

~MF ~NDM SPEC

where 
~MF is given by equation 4

2rrf

~MF 
T(MIN) 

[l/hFE (FAIL) — l/h FE(M,N)]

? 271(250) (10
6) 

[1/13 - 1/60]
(0.8)(l0 )

2 1 .2  X l0 14 .

Ata P~ of 1 
x 
~~~~ table I I I  gives an NDM of 6.8, which yields a 

~MF /NDM
value of 1.8 x io 13 . Since this value is greater than 

~sPEc’ 
HA is not

needed .
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5 . HARDNESS ASSURANCE MANAGEMENT

h A  management activities are described onl y briefl y in this

section . This subject is discussed in detail by Patrick and Ferry. 3

5.1 Procurement Procedures

Those piece-parts that can meet the NDM requirement for no HA
controls (accord i ng to the pr ocedures of section 4) are identified in a

parts l i s t  as category I I  par ts .  They are procured according to hi gh

reliability non-nuclear specifications. Those piece-parts that cannot ~ieet

the ~I ) ~-1 re jul reinent and therefore require hIA should be procured according

to  HA Procurement spec i f ica t ions .  They are ident i f ied  in a parts l i s t  as
ca t ego ry I part s so that the radiat ion-cr i t ical  items of a system can be

~a s I l )  and rap i d l y ide n t i f i ed .

Category I parts should be from one date code. In cases where

very narrow distribut i ons are required , a sing le diffusion lot may be

needed . Most category I parts need S-I control procedures that require

radiat ion lot-samp le testing. Accept/reject decisions are made based on

lot-sample statistics and circuit requirements according to the procedure

of sect ion 4.

3 .2 Documentation

1-lA monitoring efforts (screens and radiation test da ta)  should
be documented to bui ld a data base tha t will  bui ld conf idence in HA procedures.
The subject of documentation is covered by Patrick and Ferry .3

3R. Patrick and J. Ferry , Nuclear Hardness Assurance Guidclines
for Systems with Moderate Requirements , Air Force Weajums I.aboraturv ,
Kirtland AFB , NM , AFWL-TR- 76-l47 , September 1976.
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5.3

Ike imp a c t  and the benef i t s  of h I \  for S-~ and S-l co n t ro l s  need to
be exami ned so that a b e n e f i t - t o - co s t  r a t i o  can he de te rmined . No at tempt
is mad e here to develop a ~etailcd cost mod el; that is beyond the scope

of this doc ument . Also , prices vary widely due to market forces; so a

detailed production cost model is irrelevant . For example , a sole-source

request for an f.1 Screen would probably cost more than a MIL-SPEC f1.
screen rcqui rement.

To reduce t he  impor tance  of marke t  forces and to i d e n t i f y  cost
adders , ass ume a 1000-uni t  p rocurement  q u a n t i t y  of 2 N2 2 22 transistors on a

non-so le -sourc e b a s i s .  The 2N~ 222 S-l le vel cost adders arc

a. CB~ 
basic part cost

b. C IAN . military requirement

c. CTRAC. diffusion lot traceability

d. Cs, electrical screens

e. C
~~D. 

lot-samp le radiation .

Since CB and ~~~ costs are beyond the scope of this document , assume

that C 1~~ is three times the GB cost. The CIRAC support costs depend on volume
and run about $2000 for 1000 units. Since these costs can be spread over

the purchase quantity, d RAG/N is used in the cost formula to be developed .
The CRAD costs are based on reactor time (.4250/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 GRAD costs, like the
CTRAC costs , depend on volume and cam therefore be spread over the purchase
quantity.
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The cost formula (CT) for a 2N2222 can now be given :

CTRAC CS ~~~~
CT = C B + C J~~~

+ 
N

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 + C
s) can cost 

about 12 times more

than a basic part. An S-i control part (CTRAC + C~ + C~J~~) 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 Xl3 X 12 Xl5
- 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 system s whose nuclear hardness equals or exceeds that of
the design-hardened engineering prototype. The guideline procedur es
developed in this document are illustrat ed in figure 1. The procedure is
based on a successive eliminati on of piece-parts with acceptable probabil-
ities of surv ival.
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The first level in figure 1 asks if is above 
~TH~ ~~

vaIues for the different generic device families are as follows :

a . Transistors. ~~ - fo r t r an s istor s was c a l c ul a t e d  in sect ion rH 10 2
2.1 from a tcorst-case theoretical model to be 1 x 10 n/ cm

L.

b . Re ference diodes .  The most sens i t ive  reference diodes are

the tempera tu re-corn ’ msated types . ~ fo r temperature — compensatedTH 10reference diodes is determined in appendix B to be 1 X 10 ii/ cni ~ .

c . TTL di g i ta l  integrated_circui ts. for TTL c i r c u i t s  i s

g iv en in app en d ix C as 1 X 10 10 n/ cm 2 .

d. Operational amp lifiers. 
~~ 

for operational amp lifiers and
transistors is the same (1 ~ 10

10 
n/cm2) for the r eason s d i scussed in

a ppendix 0.

e. JFET ’ S. for JFET’s is calculated in appendix E from

an es t imate  of the carr ier  removal rat e and the  worst -case  channel dop i n g

to be 2 x 10 13 n/cm 2 .

The second level in figure 1 asks if HA is needed . This

question is answered in one of two ways : ( 1)  by calculating worst-case
degradation from a mode l 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

~HF
NDM ~ ~SPEC

The NDM is selected at an application-specified 
~F 

from a

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

to-manufacturer variations. Values for 
~MF dm(l the NDM for the generic

fam il ies covered in this document are as fol low s:
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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 I I I .  
~MF is given in section 2, equation 4, as

2
~~T(M1N) 1~ 1 h

~MF~ K- 
[ 

/hFE(FAIL) — / FE(MIN)

where K is 0.8 X ~Ø
6 cm2/n.s for transistors operated near the maximum

point for hFE. If ‘C is one-tenth that of the maximum hFE point , K should
be increased to 2 x io

_6
; if it is one-hundredth that of the maximum h FE

point , K should be increased to 7 x io~~ cm
2
/n’s.

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

reference diodes.

c. 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 . 
~MF

is developed in appendix C to be 
-

[2-rr f 11
i T(MIN) l i ~ 11 , — 1/I

~MF~ L o.8~~lo 6 i  L B(MIN)k / SK(FAIL) SK(MIN)

where 1B (M IN) is the minimum base current to the output transistor cal-

culated from circuit analysis, ‘SK is the sink current, and ~T(MrN) 
is

250 x ,~6 Liz if no better estimate is available.

d. Operational amplifiers. The NDM for transistors (table III)

is used together with

4
~~T(MIN) 

- II — i 1
~MF~ (7xl 0 6)I L B(FAIL)  B(MAX)j

E (MAX)
to establish the category II criterion . If no better estimates are available

use 250 x 1o6 Liz for 
~T(MIN) ’ 10 x io

6 for the LM1O8A T
E(MAx)’ 40 

x

for the LM1O1A ‘E(MAX) ’ and 20 
x io

_6 
for the 741 ‘E(MAxy These estimat~~

together with a 2 1 B(MA X) failure criterion give a of 3 X 10 , 1 X 10
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and I x 10~~ for the LM1O8A , LM1O1A , and 731 , respectively. The category

II  br eakpoint at a of l0~~ (an NDM of 6.8 obtained from table III) is

thus an 
~ 

of S x 1010 for the LM1O8A , I x lO ’~ for the LMIO1A , andSPLC
I X 10 for the 741 based on these rough estimates .

e. J}ET ’s. An NDM has not been established for JF1iT ’s,as
explained in appendix E.

If HA is needed , then the third level in f igure 1 is reached .

Category I parts (those parts needing HA) are procured at one of two con-

trol levels (S-I or S-2) as detailed in the procurement specification . Level

S-2 requ i res electrical screens and process controls. Level S-i 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 one 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 
~F 

for each part using

the application-defined values for bias, operating levels , and f ailure
definition. The ~~ data are then converted to natural logarithms, and the

mean (~n ~F
)and standard deviation (sLN) are calculated from the statis-

tical formulas of section 3.2. The 
~F 

level for the lot is then established

from

(2~n ~~ 
+ KTLs~~)

- e

where is the one-sided tolerance limit factor selected from figur~ 3
based on the size of the samp le and the spec ified probability of failure.
~~~ 

~F is greater than 
~sPEc’ 

then the lot can be accepted .

- 
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GLOSSARY , SYMBOL S, AND ABBREVIAT IONS USED

Category I Piece-parts identified as category I require HA procedures.

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

Transistor common emitter gain-bandwidth product expressed
in 5

hFE Common emitter current gain.

hFEO Common emitter current gain before radiation .

Common emitter current gain after radiation .

hF E ( M I N )  Minimum common emitter current gain specified by the
manufacturer for the piece-part before radiation.

hFE ( F A I I )  The specified common emitter current gain at which circuit
failure will occur.

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

HA Hardness assurance (HA) includes all control, monitoring ,
and ~valuation efforts aimed at procuring systems whose
nuclear hardness equals or exceeds that of the design-
hardened engineering prototype.

‘B Transistor DC base current.

Transistor DC collector Current.

K Average lifetime damage constant expressed in cm
2
/ns .

KD Neutron damage factor expressed in cm
2
/n.

KDF The application-defined failure damage factor at a given
probability of fai lure.
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K
spEC The application defined lifetime damage Constant at some

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
a under the lognormal distribution is less than some speci-

Lied probability of failure.

~nK~ The mean of the lognormal KD 
data calculated from

N
£ 2~n K .
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.

Probability of failure.

S-i Control level S-i HA applies to category I devices and
requires all of the S-2 controls p lus 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

N I(9~n K - 9,n K ~2 1l~’2
N - i

1 MeV equivalent neutron fluence expressed in n/cm 2 .

The piece-part applicat ion-defined failure neutron 1 MeV
equivalent fluence expressed in n/cm2 at a given probability
of failure.

~MF The mean piece-part failure fluence.
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~SPEC Circuit specified neutron 1 MeV equivalent fluence expressed
in n/cm2.

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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APP E NDIX A

TRANSISTOR WORST- CASE MODEL

A transistor mode l for disp lacement damage ca n be used to calcu-

lat e wo rst-case damage constants  (K [) ’ s) for t r a n s i s t o r s .  This approach

off er s two ad vantages ov er t he s t a t i s t ical approac h : (1) the na tu re of

the distribution does not need to be assumed to get low failure probabil-

i t ies  an d (2) the sensitivity of proposed EtA controls can be evaluated .

The model assumes an ideal s t ep - junc t ion , uniform-base device. 1

This represents a worst case because a graded-base device with  the sam e

edge doping has an overall hi gher in j ection ratio , especiall y near the

collector-base junction , and therefore a lower KD. 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

lifetime (approximately 1 x io 8 s if not known), emitter doping (approx-

imately 3 z io 18 atoms/cm3 if no better estimate can be found), base
a width , maximum base doping, minimum base doping, and emitter area. The

last four physical parameters are calculated from the following electrical

• parameters : minimum 
~T’ 

emitter-base breakdown voltage , collector-base

breakdown vol tage , and maximum input capacitance.

1A. Hart et al ., Parameter Sensitiv ities for Hardness Assurance:
Displacement Effects in Bipolar Transistors, IEEE Trans. Nuci. Sci., NS-24,
2093, December 1977.
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The model calculates the upper bound value of KD using

Wb
2K.D

+ Z ) [ l  + (C - l)Z]

1.

+ 
+ K

~!) -(fl]

~b
NEU 

- Z 2 )~

( 2.S ) U O 7 )~~
_
~~~ n1 E e ~1~~(l - Z)

+ \~b
’
~e/ 

N N ]
NB
5”6 i~n 

—--- --
~~
--

~~~~
-
~~
-- Z(l + Z)

L ( 2 . 3 ) ( 10  )J
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,

= mobility in base region in square centimeters per volt

second ,

N 8 = base doping concentration in atoms per cubic centimeter ,

Ke = lifetime damage constant for emitter region in square

centimeters per neutron second,

NE = emitter doping concentration in atoms per cubic centimeter,

A
e = projected emitter area in square centimeters,

• Z = minority carrier injection ratio,

= collector current in Amperes,

= neutron fluence in neutrons per square centimeter ,

= emitter minori ty carrier l ifetime in second s,

C = ratio of hi gh injection minority carrier lifetime to low

level lifetime .
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The depend ence of KD ~~ 
as calculated from the model is in

excellent agreement with experimental results up to the I~ value corres-

ponding to peak hE.F . 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 gradien t over this base region. The internal

bas e voltage pr oduces a n et junction potent ial that decreases from the

peri phel-) to the ce n te r  of the emi t t e r .  The hi gher edge forward potential

crowds the injected emitter current into the perip heral areas of the emitter

well , which effect ively reduces the ac t ive  cross-sect ional  a rea .  The

internal base bias may be such that the in j ected carr ier  dens i ty  in  the

ce n te r o f the em itter junction may actually be zero. Any resu l tan t  in-

crease in the base current ’pr~ duced by neutron bombardment fu r ther  aggra-
yates t his current-crowding effect  and thus comp l icates the an alys i s of

gain degradation .

A computer solution to the above equation for K9 has been written

in BASIC and makes the solution fast and simple. 2 For the 2N2222, the

model yields KD = 6 x 10 15
. This is roughly equ ivalent to the K9 value

obtained from the 2N2222 statistical data of section 4 using 
~ ~T(MIN) of

250 MHz, divided by the NDM at a 
~F 

of 1 X 1O~~. From section 4

K
D 2

~~T(MIN)

= (0.8)(10
_6
)

a 
271(250) (106)

= 6 x l0~~
6

4

and the NDM at a Pp of 1 x i0~~ is 11. The statistical upper bound value of

is thus 5 X io 15 cm2/n, which is close to the 6 X 10_is value obtained
above from the model.

[hart et a l . ,  Parameter Sensitivities for Hardness Assurance :
Displacement Eff ects in Bi po lar Transistors , Mission Research Corporation ,
La Jolla , CA; MRC/ SD-R-20 , December 1977.
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APPENDIX B

REFER ENCE DI ODE HARDNESS ASSUR ANCE

B- i. EFFECTS OF NEUTRON RADIATION

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 Zene r or avalanche processes should allow large current flows so that

the voltage drop across the diode remains essentiall y 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 vo l tage of th e

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 exhibit avalanche
breakdown .

Zener breakdown is similar to avalanche breakdown except that the

breakdown results from band-to-band tunneling . In this mechanism , carr iers
tunne l from the conduction band of the heavily doped N region across the

forbidden gap to the valence band of the heav i ly doped P region. Diodes

operating in Zener breakdown exhibit re lat ively 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 h i gh dop ing lev els foun d in  diodes make them i nherent l y

rad i at ion resistant . Typ ically, for a silicon reference diode , a one percent

change in the breakdown volta ge is not reached until neut ron  f luences
excecd I lO~ 

1 
n/ cm .

I c h i l e  d iodes  are r e l a t i ve l y  r ad i a t i on  r e s i s t a n t , temperat u re

compensated rc’iercnce (1CR) diodes are not . To achieve tempera ture
Cc T enS ;I1 ’  ion , d i o d e s  are used in  series , one or more forward-biased

and one reverse-biased . They are used this way so that the forward-biased

PN itiu ct ion , wh i c h  h a s  a n e g a t iv e  t empera tu re  c o e f f i c i e n t , can be used to

c o up e n s i t e  fo r the  p o s i t i v e  t empera tu re  c o e f f i c i e n t  of the  reverse bias

:u n c t i o n . Sj nc ~ fo rward-biased  diodes are more neutron sensit ive than
reverse-biased diodes , the category II criterion discussion in the next

section wi l l  be devoted to forward-biased diodes.

H-2 . CATEGORY IT CRITERION

Since the 1CR diode is the diode of interest for moderate neutron

env i ronments , this section is limited to the category II criterion for the

most ncu.tron sensitive element in a sTRC unit , the forward-biased diode.

‘[‘he forward voltag - in a diode with a heavily doped P rcgi’dn is given by

V 2 ~~’~~n 
D~~~~~ ~Bl)(~j

~here i is the minority carrier lifet ime in P-type material ,

A is the junction cross-sectional area,

q is the electronic charge,

Donovan et al., A Survey of the Vulnerability of Contem-
porary Semiconductor Components to Nuclear Radiation , Air Force Avionics
Labora tory , Dayton, OH , AFAL-TR-74-6l , June 1974.

2 D. Mil iward , Neutron h A  Considerations for Temperature Compen-
sated Reference Diodes , IEEE Trans. Nuci. Sci., NS-25, December 19Th.

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

NA i s  the net acceptor concentration , and

19 is the forward current.

L The effect of neutron radiation is g iven by

K~~ (B2)
‘1

where is the m i n o r i t y  c a r r i e r  l i f e t i m e  at exposure ~~~,

is the initial minority carrier lifetime ,

• K
~ 

is the lifeti m e damage constant , and

~ is the total fast neutron fluencc.

Differentiating equation BI with respect to ~ yields

- ‘  didV 
— 

ki I n B3
d~ q Tn d~

Dif ferent iating equation B2 y i e l d s

d’r~ 2
~7jj~

= T~ K
~ 

. (B4 )

Substitution of equation B4 into equation 83 and letting i~ = in yields

the approximation

~~~~~~ 

~ 
K ) ’ r~~ . (B5)

At room temperature, kT/q is 0.026 V, K is i0 6 (from section 2.1), and

a worst-c~ise low doping leve l of io
lS cm 3 gives a T

n 
of io

_6 
S. which

reduces equation 85 to a minimum estimate of the failure fluence or
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(4 x 1O
13
)(AV) . (86)

h~quat i on 86 can be used to calculate 
~~~~~~~~ 

Assuming that a 1 millivolt

change in V is insi gnificant , equation B6 yields a value of 4 X 1010 n/cm

for

Attempts to establish a reasonable NDM for ICR diodes have not

been successfu l due to the wide variations encountered from manufacturer

to manufacturer (recent failure fluence data on a 1N829 ICR ~.2 V diode

showed a change in ~~~~ of about a factor of 2). 
2 l’hus,the category II

criterion for ICR diodes has not been established .

R- 3 . PROCUREMENT SPECIFIC ATIONS FOR I IAR iiNESS ASSUR AN CE

13For moderate neutron environments (~ < 10 n/cm~), the m i n o r i t y

ca r r i e r  l i f e t i m e  of the fori~ard-biase d d iode  is the dominant  I~1rameter

tha t  de te rmines  the neutron response of the ICR diode . Thus, lifetime

and the number of forward diodes used for temperature compensa t ion  should
be controlled .

An electrical screen on ‘r would be effective if it could be

obtained from switching time measurements. Unfortunately, the back-to-

back structure of the ICR diode makes switching time measurements somewhat

ambi guous .

Because of wide variations in the neutron response of ICR 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 necess ary for any neutron environment exceed ing the 
~~~ 

calcu-
10 2lated previously (4 X 10 n/cm ) .

Millwa rd , Neut ron HA Considerat i ons 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-l.

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

i i a r c j y p ’ s  (,:,~~1r~~l level fa ilu r e c r it e r i n n
n, ~nn,d 1 ,t  c , n , d n t i c , r .  ~-? S—I U n n t ~control M 

~~~~~ ~~~~~~~~~ ....~~~~..... ________

rr (n ’ss  ,e~~ st~ v i t y  p r o f i l e  IBD a 180 - 18D - ‘180 -

ontrol or ing n~~te eial lOU 180 - — - — —

Sc r n  ‘n ~one — — — — — — —

R n d i at io n M IL-Sl O -RP. 3B-l Ol / ~~ 180b - - - TRO ~~~
q ’ o l  i t y  ——

tes t

a TBD means to be determined .
b Diode Zener current (IZT, the change in diode voltage (

~
V z ), and the failure

fluence at a given probability of failure cri teria is set by the cir-
cu i t  app l i ca t ion .

B-4. HARDNESS ASSURANCE PROCUREMENT EXAMPLE

Suppose the circuit has the following specifications:

12
a. the specified fluence 

~~SPEC~ ~~ 
1 x 10

b. the reference current is 7.5 mA ,

c. the maximum change in reference voltage is 5 iaV,

d. the is 1 X ~~~~ at 90 percent confidence ,

and a 1N829 TCR diode is required . The procedure is given in figure 1 as

follows :
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Step 1. Determine if 
~Th ~ ~spEc~ ~TH is 4 

X 1010 n/cm
2. Since

~shr i c ; 1s 1 10 2, proceed to step 2.

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

L TCh~ diodes , h A will be necessary .

Step 3. If h A is necessary, procure an S-l 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 (t~V) is n t  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

prob lem , which is discussed in appendix F. Case 2A calls for.gathering

statistics on ~ at a given ~V failure criteria defined by the application.

Suppose a lot is procured from a manufacturer with a 14 unit samp le

lognormal mean failure fluence of 29.18 and a standard deviation of 0.19.

for the lot for a 
~F 

of I x at 90 percent confidence using a KTL of 5
obtained from figure 3 is

— 
29.18 — (O.19)(5)

12 2
= 1.8 x 10 n/cm

12which is above the 
~
i SpEC value of 1 x 10 , so the lot can be accepted .
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APPENDIX C

TRANSISTOR-T RANSISTOR LOGIC h ARDNESS ASSU RANCE

C-i . h I :FE CT S OF N EU IRON RADIATION

‘I’ rans i s t o r - t r a n s i s t o r  l o g i c  (T I], i s  the most p o p u l a r  form of

h~ poIa r i n t e g r a te d  c i r c u i t  d i g i t a l  log i c .  in  the 5400/ 740 () s e r i e s , i’lL

dc ’x i ‘cs -n lne  in f i v e  d i f f e r e n t  v e r s io n s  at t h e  p i e S c  itt t i m e : ( 1) the

standard vers on , S ~/7 I) , (2)  t he  l ow—pos~er versi on ( I )  , (3 )  the hi nh—sp eed

version (hI) . (-4) the Schottky version (S), and ( 5 )  the low-power Schottk y

version (LS). Fi gure C-l shows the input and output differences between

the families.

The IS series (introduced in 1971), uses Schottk y clamping of a l l

saturating transistors to reduce storage times. Active puildown of the base

of the output  t r an s i s t o r  was added to square the  t r a n s f e r  cha rac te r i s t i c s
(fi gure C-ic). Also , the output pullup circuit USeS a two- t rans i s to r

Darl ington connection to allow the output to pullup to one base-emitter

voltage (VB~
) 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 typ ical TTL logic gate (the SN5400 gate , figure C-2) operates

from a sing le S V power supply and has logic levels of 0.2 V for the binary

O (low) and 3.4 V for binary 1 (high). This circuit consists of a

1The TTL Data Book, 2nd edition, Texas Instruments , Inc. ,  Dallas
TX , 1976.
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Typical  Input  Typical Totem Pole Outputs

~ 
Supply Voltage

( a )  54/74 (Stan dard ) V~ ç = 5 V

IN PUT , 

k~ 
130

Low-Level
T T Output Current

I T ___  

( I OL ) =i 6 mA

4 t L
- vcc

( b) 54/74 S (Schottky).

r 
2.8 kQ 500

INPUT • 
~ 

/ _‘y

I .1. Low-Level
•1•

~ 

‘ Out put Current

I ~~‘OL~ 
= 20 mA

_ _  T

(c)  54/74 LS (Low Power Schottky)

I t _ _ _ ——— I
25 k~

INPUT . ,J ~ I 
~ J~— 4

I .L ~Jiin__ 
s 

‘ r Low-Leve l

~ 
Output Curren t

I ~ ~i ~~
-.i (IOL ) = 4 mA

Figure C-i. Input-output comparison of SN54 and SN74 series transistor-
transistor logic devices (from the TTL Data Book , 2nd edi t ion ,
Texas Instruments , Inc. , Dallas, TX 1976).
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Collector Supply Vol tage

O~)

Low- Level
• 

Output
Current

Q3

~~R 3
l k c l

e

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
INPUT PHAS [ SPLITTER TOTEM POLE OUTPUT

Figure C-2. Logi c gate for SN5400 transistor-transistor
logic device .
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multi ple emitter input transistor; Ql,ap hase splitter transistor Q2, and

a totem pole output circuit consisting of transistors Q3 and Q4. The mul-

tiple emitter-base (E-B) junctions of Q1,along with resistor Ri, form a

diode gate. The primary advantage of this arrangement over individual

d iodes  i s  t h a t  it allows higher speed operation. Q2 provides complementary

d r i v e  s i g n a l s  for  the , two output transistors Q3 and Q4. Q3 is a shunt

transistor switch , and Q4 serves as an active load resistor for Q3. Q4

serves aS an active pull-up resistor for Q3. Current to any shunt l oad

on the output gate is supp lied by Q4. This arrangement provides a lower

output impedance in the high output state (when compared with a resistor),

and therefore, higher speed operation can be obtained .

In the typical TTL gate (figure C-2), the base-collector B-C)

junction of Qi , the E-B junction of Q3, and the E-B junction of Q3 form

a three-diode series string . Since a PN junction silicon diode requires

approximately 0.7 V across it before it conducts , the voltage at the b~ese

of Qi must be greater than 2.1 V (3 x 0.7 = 2.1) so that all three diodes

can be turned on. If one of the logic inputs is at its binary 0 level , the

associated input emitter junction will conduct , and the voltage at the base

of Qi will be at the input logic level voltage plus the drop across the

input E-B diode , approximately 0.4 0.7 = 1.1 V. Current will flow through

the input diode and through the 4 k~2 pull-up resistor . Since the voltage

at the base of Qi is less than that required to cause the three diodes to

conduct , the B-C junction of Ql will not conduct. The E-B junctions of

Q2 and Q3 will , therefore, not conduct, and so these transistors will

be cut off. With Q2 cut off, base current 
~‘B~ 

will be supplied to

transistor Q4 through resistor R2. Q4 will conduct if an output load is
connected to ground . The output voltage will be the supply voltage less

the drop across Q5, A4 , and the 130 Q collector resistor. Thus , a
binary 0 voltage level at one or more of the inputs will produce a binary

1 output voltage level of between 2 .4  and 3.6 V.
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If a binary 1 logic level is applied to both inputs , the input

will rise to 2.4 V or higher. With the E-B input diodes reverse-biased ,

the diode equivalent string will conduct through the 4 k~l resistor since

the voltage is above the required minimum of 2.1 V at the base of Qi. So

the F -B junctions of Q2 and Q3 and the B-C junct ion  of Qi w i l l  be forward-
biased . With Q2 conducting, its collector voltage will be lower than that

required to turn Q4 on. Base current normally supp lied to Q4 through Q2
will be shunted away by the conduction of Q2. With Q2 conducting, Q3 will

saturate . At this time , the output voltage is the emitter-collector satura-

tion voltage (VCE( SAT)) of Q3, which will be about 0.4 V or less. Thus,

with a binary 1 on both inputs, the output will be a binary 0.

In summary, TTL gates have a current sinking type of logic. They

have a fan-out of 10, logic levels of +0.2 V for a binary 0 plus 3.3 V for

a binary 1 , a power dissipation of 2 mW, a propagation delay of 6 ns, and

a supply voltage of S V (± 10 percent).

C-2 . CATEGORY II CRITERI ON

Satisfactory performance of TTL logic depends on the driving

capability of the output transistor. As the gain of the output transistor

(h FE ) decreases because of displacement damage, so does the output current
of the TTL gate. The major effect is the reduction in the low-level output
current 

~
‘oI)’ which reduces the fan-out of the circuit. The primary

parameter in determining 10L is the h FE of the output transistor . Althoug h
no simple analyt ical  expression exists to relate ToL to h FE of the output
transistor, it is approximately proportiona l to the h FE .

2 Knowing the hpE
degradation characteristics of the output transistor therefore provides
a reasonably good pred iction of TTL gate performance , particularly under
high fan-out conditions.

Simons , et a l . ,  Integrated Circuits for Radiation-Hardened
Systems : A State-of-the-Art Review , Air Force Avionics Laboratory, Dayton ,
OH , AFAL-TR- 76-194 , January 1977.
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The output sink current (ISK) is related to the output transistor

hj.E and can be measured by existing terminal parameters. 1SK is measured

with the device in the low state by forcing sufficient current into the

output of the device to drive the transistor out of saturation . 1
s~ 

is then

limited by the h
~ i. of the output transistor. Since the ‘B of the output

transistor depends on resis tor s , V BE, and VC[(SAT) of the internal transis-
tors , it is essentially constant . This approach yields the neutron damage

factor of the output transistor ; however , it has several limitations that

fortunately are of second-order importance: (1) c i r cu i t  var ia t ions  in

and VCE (SAT) are not included , (2) resistor values depend on process

va r i a t i on , and (3) h FE is measured at a fixed Since ‘SK is made under

co n d i t i o n s  of constant ‘B’ collector current ~‘C~ 
can vary between units

because of the variability of hFE. Although this variation is not great,

it ca n lead to d i f f i c u l t y  because of the dependence of 1’FE and the neutron
f l uence damage f actors (K D ) °“ ‘C~ 

The variat ion of and h FE wi th  ‘C
ca n be r educed by measuring 1

5K at a lower collector supp ly voltage (v~~
) .

Usi n g f i gure C-2 for the SN5400 gate , the output transistor gain
h 11, is g iven by

h
FE 

‘SK (Cl)

whe re ‘B is determined by circuit analysis to be

~ 
VCC 

- 3VBE ÷ 
V CC 

- VCE ( SAT)Q 2 
- V BE 

— (C2)B Ri R2 R3

For the SNS400, one may assume that ~~~ = 5V , VBE = 0.7 V, and VCE(SAT) Q2 =

0 .2 V. Then ‘B is approximately
5 - 3(0 .7) 

+ 
5 - 0 . 2  - 0.7 

— 
0.7

‘B = (4)(l0~ ) (1.6(l0~ ) (l.0)(lO~)

p.-
= 3 mA.

3j ohnston and Skaviand , Neutron Hardness Ass urance Techniques for
TTL Integrated Circuits , IE EE Trans. Nuci .  Sci. ,  NS-2 1, 393, December 1974.
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‘BK is measured with the input in the high state and with a voltage

supply attached to the output and adjusted until  the output voltage measured
at the collector of Q3 is greater than VCE(SAT) (greater than about 1 V).

Since this drives Q3 out of saturation and ‘B is held constant, TSK (the
current into the output terminal) is proportional to hFE.

If sufficient TsK data were available for lot-to-lot and manufacturer-
to-manufacturer variations for each of the TTL families , the data could be

converted to KD and statistically characterized to yield a neutron design

margin (NDM) as was done for the transistors. If the variation in electri-

cal parameters of the constituent transistors were known, the transistor

worst-case model could be used to calculate ’ an upper bound for KD. In the

absence of this information, we assume that the variations encountered in TTL
devices will be less than those encountered in discrete transistors. There-

fore , the NDM values of table III (obtained for discrete devices) can be used

as a conservative value for TTL devices.

For TEL devices a fan-out of ten is the most sensitive condition.
As the fan-out decreases the forced hpE (hFEF) decreases because it is
directly proportional to collector current. In other words, if the fan-out

drops from 10 to S (a factor of 2), the threshold fluence for the standard
TEL fam ily increases by a factor of 2 . This rule-of-thumb must be applied

with some caution (espec ially to fl ip flops) because it is possible for an

internal gate to fai l  before the output gate.

Assuming a constant T B( M IN) ’ which is calculated from circuit
analysis of the output TTL gate stage, the category II criterion is

NDM SPEC

where the NDM is obtained from table I I I  at the desired 
~F and 1MF is given by
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2 
~T(MIN) 1 1 1 C3

~MF~ (O. 8)( 1O
_6
) 

‘B(MIN)LISK(FAIL) 
— 

1SK(MIN) ~

This criterion assumes that the TEL device wi l l  fai l  because of the output
gate and not an internal gate. This is more true for the large fan-out case
than it is for the small fan-out case because the output gate safety margin

is lower under high fan-out. Unless a better estimate is available , 
~T MIN

can be replaced by 250 x 10 Hz and ‘SK by the values given below (depend ing
on the fanout) .

Estimated ‘SK(FAILJ Fan-Out

25 mA 10
i2 mA 5

5mA 2

2.5rnA 1

C-3.0 PROCUREMENT SPECIFICATIONS FOR HARDNESS ASSURANCE

Several techniques have been proposed for TTL circuits relating
various electrical screens to the prediction of neutron effects , but
l imitat ions exist on all of them as can be seen in table C-i. None of

the techniques appears to provide the same effective neutron response

prediction information developed earlier for transistors without making
some modification to the structure of the device for access to each

critical element. Of the candidate screens listed in table C-i , 1SK
appears to be the best.

Johnston and Skavland propose a terminal (V OH ) measurement
technique that uses the difference between the power supply voltage and
the output high (modified input conditions) voltage to provide an effective
screening parameter for the neutron response of TTL IC ’ s. The requirements
on this technique are that the chip circuit desi gn and internal transistor
geometry be known and fixed .

4 Johnston and Skav iand , Terminal Measurements for Hardness
Assurance in TEL Devices , IEEE Trans. Nuci. Sci,. NS-22, 2303, Dec. 1975
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TABLE C-i. CANDIDATE TRANSISTOR-TRANSISTOR LOGIC SCREENING AND QUALITY
CONFORMANCE PARAMETERS.

Paraln7’ter Advanta.~es lim i tat ion s

(1) Gain Inarijin of outp ut traro,i’; 1~i , (1) V BI dfl va r iation . riot

(o utput ) 
can  be est ,li l shed 

~~

~~~ 1 SK ~s e a S i l y  me~~,ured (2 )  Gain mea urod at fioed base cur-
rent (co l lector  o ’ o ~ w i l l  v a r y

(~ ) t~~ leqra des in a manner ~imil a (3) Resistor ratio pro. .‘Y. v a r i a t i o n
to hff of ind iv i dual transisto r not inclu ded

VOH~ (1) A dc n e i  ,u , . rr r .  ( ( I r i  t •i. ’~ ii ni— I • ‘ ii 5,’ f i.. .j

(tv nal v
~ 1

) (.‘) App i b a l l  “~~ o ’ ~~ TIL dn v ic ’ , ( /  ~ra : i . 1 , r yr o~ r I .  -

(3) No p.’ al r,’ ’ - . i l l _ ’ l l I r ,  pi 7 7 . - r i , ~3) I i i ~ • ‘ i ,  7 . • • j ! I r c i a l l
re pi i t

(4( A yoo d ~. i - - nj pa r t . ,

TPLH and TPHt (1 ( f1 of the phase -sp i tcor and out- (I) ..r • S ny t i- n  In  to be doom -put tra r • I st o rS  tan be estimat ri n at e l l ? Ou t p . r l a r l  api
I t a t ’

(2) Useful  for more co-p ine c i r c u i t ,  • 7 (  t
~~ 

rn, i t ,  i - ’ not i- h g

(3) C c i  i t . , ‘,g. . i i i  r e t  i l l  iiaci on
p i t t ’ ’ ”

TOL I (I) Lh.r~ • in thi s ret. -, a r e  
—

L ~nra l so t e a  a r e . r I  , oust b’-
very a i r  J ’ e

aA. Johnston and R. Skavian d , Terminal Measurements for Hardness Assurance
in TTL Devices , IEEE Trans. on Nuci. Sci. , NS-22, 2303, December 1975.

Changes in switching times of TTL devices after neutron exposure

can also be related to transistor hFE degradation , however the behavior of

these two parameters is strongly nonlinear with neutron fluence. TLPH is the

propagation delay time , low to high leve l, and is defined as the time between

the specified reference points in the input and output voltage waveforms with

the output changing from the defined low leve l to the defined high level.

The TPHL is the propagation delay time, high-to-low-leve l output . Switching

times can yield an estimation of the 
~T 

of the phase splitter and output

transistors;  however , low correlation with neutron damage3 reduces the
effectiveness of this parameter as an HA screen .

3j ohnston and Skav iand , Neutron Hardness Assurance Techniques for
TEL Integrated Circuits , IEEE Trans. Nucl. Sci., NS-21, 393, December 1974.
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Another approach to the HA problem is the use of devices with

special leads to allow direct access to the base of the output transistor .5

However , variations in transistors across a wafer may be severe enough that

the output transistor may not accurately predict the worst-case element

degradation for anything larger than a simple small-scale integration IC.

This techni que , however , may be the only option available for comp lex IC’s.

Breakout t ransis tors  could be used , but care must be taken so that the

t ra ns i s to r  selected has the lowest gain-bandwidth pr odu ct and the la rgest

area of any elements in the device itself.

The output low-level voltage (VOL) degrades nonlinearly with neu-

tron fluence. The problem of predicting post-irradiation VOL is analogous
to the VCE(SAT) problem of discrete transistors.

A Procurement Specification example for the SN5400 TEL gate is g iven
in table C-2. A screen on 1SK for contro l level 2 and 1 devices is shown

because it has had some success in sorting out softer units. Insufficient

data preclude the establishment of a benefit/cost ratio for this screen ;

however , it is expected to follow the less-than-one value of the transistor.

Thus, this screen should only be imposed as a last resort .

Radiation quali ty conformance testing should be done for

Es

which is analogous to the KD case for transistors .

C-4. HARDNESS ASSURANCE PROCUREMENT EXAMPLE

Suppose that an SN5400 NAND gate is to be used in a circuit with

the following requirements :

~1. Arimura , A Study of Electronics Radiation Hardness Assurance
Techn i~.ues, A ir Force Weapons Laboratory , Albuquerque , NM , AFWL-.TR-73-l35 ,
,Jamur r, 1974.
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TABLE C-2. EXAMPLE PROCUREMENT SPECiFICATION FOR TRANSISTOR-TRANSISTOR
LOGIC NAND GATES

, I C h 1 c r i ’ ”r i ,r

‘ r h , , , 
i .  . , - ‘ ‘ n . . t i  ‘ — r i  ‘ d l  ar ‘ .‘ ‘, Uni t

( U t ~ ii ai r I-’ , “r , l-’.~, __________

i s o  r t ill, and

,,tr c i l  -. r ’ ’, t , i  t p “i ”  TO~ - - ITO - ITO -

c Ic

- - - - - - -

‘‘ It’ llAPl ITO VI) - 1111 - ‘Jr

l i t  1’  ) ~S ’  1 11?I lilT - - - Jr

a TBO means to be determined .
bRadiation tests are read-and-record on 10 sam p les at three neutron levels

which  cause 20% , 50% , and 80% degra dat i on i n the reci p roca l s ink  curren t
(1/1 5K ) .

a. fan-out  = 10,

b. 
~SP E C ~ x neutrons per square cent imeter ,

c. p~ = 1 x ~~~ at 90 percent confidence.

The 1(1 requi rements  arc obtained from the procedure i l l u s t r a t e d  in  f igure  1.

Step 1. Determine if is greater than 
~~~~~~~ 

for  TTL

circuits is the fluence at which constituent transistors start to degrade.

This fluence was established in section 2 at I x l0~~ n/cm
2. Since

is above this level , proceed to step 2.
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St~j~~2 . Dete rmine if  h A  is necessary . Ci rcui t  anal ys is  o f the

~N 5 100 y i e lds  an ‘B of 3 mA for the lower out pu t t ra n si stor  ca l cul a t ed  f ro m
equat ion  C L .  TTL log ic  at a fan-ou t  pf 10 requi res  the ou tpu t  t r a n s i s t o r  to

s i n k  at least 25 mA of current. The h~~~, i s  thus  25/3 or 8.3. The h1111 at
L

which the out put t r a n s i s t o r  w i l l  start  to come out of saturation (h F E ( f . A I L ) )

is about (l .3 ) (h Fl .) o r 10.8.  The minimum gain-bandwidth  product 
~~T ( M I N ) ~

is 250 M h z . 3 Assu ming that  l/h F [(~I I N )  is n e g l i g ib le  in compa rison w i t h
the catego ry II  c r i t e r ion  is g iven by

~MF ~ ~SPIi C

2r f,
w c c  MF ~~~~~~~~~~ 

• F’~~F0 x l ~~ 
I’

Subs t i t u t i on of the values for 
~T~M T N ) ’  h F E ( FA I L) and the NDM from tab le  I I I

y ields a value of 2 .5  x 10 n/cm , which is less than 
~SPEC’ 

so proceed to

step 3.

Step 3. If HA is necessary, procure an S-l control part and

perform accept/reject testing. There are two ways to gather the statistical

data needed to make the accept/reject decision. One way is to select the

electrical parameter of interest , calculate the value of the parameter at

which circuit failure will occur, and then perform a statistical analysis on

the failure fluence data. This method is identified in appendix F as case 2,

and the disadvantage of this approach is that parameter degradation is usually

nonlinear with fluence , which makes statistical extrapolation to low proba-

bilities of failure risky .

The second method (case 1 in appendix F) of gathering the statis-

tical data needed to make the accept/reject decision is to use 1SK as a

3johnson and Skavland , Neutron Hardness Assurance Techniques for
TTL Integrated Circuits , IEEE Trans. Nucl . Sd ., NS-21, 393, December 1974.
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means of obtaining hFE of the output transistor . Then the previously ex-

plained method for transistors can be used. The advantage with this method

is that Esl/hFE, and consequently, EsISK~ 
degrades linearly with fluence.

Using the second method , suppose a random sample of 10 SN5400 units

were chosen from a production lot and subjected to neutron fluence testing.

The 10 samp le 1sK data can be converted to Esl/hFE data using equation Cl
with 1B calculated from equation C2. From this Esl/hFE data the statistical
distribution of 2~n KD can be obtained . Suppose the 10 sample data had a

mean (~n K0) of -36.15 with a sample standard deviation ~~~~ 
of 0.2. The

KD corresponding to a ~F 
of 1 x lO~~ at 90 percent confidence can be calcu-

lated from equation 6 to be 5.9 x l0~~~ cm
2
/n. Assuming that l/hFE(MIN) is

neg li gible when compared with l/hFE(FATL)n the is given by

= 
1 

-16 (1/10.8)5.9 x 10

14 2
= 1.57 X 10 n/cm

where h[.E(FAIL) is the 10.8 value calculated in step 2. Since the 
~F 

is

greater than 
~SPEc’ 

the lot can be accepted .
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APPENDIX D

- 

OPERATIONAL AMPLIFIER HARDNESS ASSURANCE

D-l. TYPES OF OPERATIONAL AMPLIFIERS

One of the main differences between linear and digital IC’s is

the internal device current dependence on complex current sources. Each

type of operational amplifier (op amp) uses somewhat different current

sources and so to go into a detailed circuit analysis of each of the

many types is beyond the scope of this effort. In this section only

the LM1O1A , the 741, and LM1O8A types of op amps will be examined in

detail to show the general application of the I-LA methodology .

0-1.1 TYPE LM1O1A

The LM1O1A, announced in 1967, was a major advance over the
708, which was the first monolithic op amp to be mass produced . A
circuit schematic of the LM1O1A is given in Figure D-l. The NPN emitter

followers Ql and Q2 are the input transistors. They drive the lateral

PNP transistor Q3 and Q4, which are connected in a differential common
base configuration . Q5 and Q6 serve as collector loads for the input

stage. The second-stage amplifier Q1O uses Ql7 as an active load. 2

The emitter followers Q7 and Q9 increase the overall current gain. A
class AB outpu t stage is provided by the lateral PNP Q12 and the NPN Qll .

Ql4 and Ql3 eliminate the dead zone in the output stage. Note that the

lOlA does not use the vertical PNP transistor structure.

1R. Widlar , Monolithic Op Amp with Simplif ied Frequency Compen-
sation, EEE, 15, 58, July 1967.

2R. Widlar , Design Techniques for Monolithic Amps , IEEE J. Solid
State Circuits , SC-4 , 184 , August 1969 .
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D-1.2 Type 741

The 741 put the LM1O1A compensation capacitor on the silicon

chip and used a vertical PNP transistor structure in the Class AB output

— 
stage . A schematic of the 741 is given in Figure D-2.

6 v  
-

4 1 5  CC
Q6

IN~ERT ING ) r~ 
8~~~~~~ 

1 1 5 

R 1 

- _ _ _

Q9 Q)O 
_ _ _  

6
I —oOuI
I ~, 7•S kfl

+15 $ .‘‘ 500

T 

R9

3 L—(Q17

OFFSET 1 ~~Q 11 Q1~~
NULL

OFFSET
NULL Q19 R1O

SOkfl I k O  S ki) - 500
R5 R4 R3 R2

— Is
4 -

VEE

Figure D-2. Type 741 operational ampl i f ie r .  -

The 741 input stage employs a different ial  amplifier  (Q7 , Q8 , Q9 ,

Q1O) which uses an active load (Qil, Ql2, Ql3) to develop high gain. Tran-

sistors Q7 and Q8 operate in the common collector mode and Q9 and Q10 in
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the common base mode. Q9 and Q10 act as level shifters to isolate the input

from the power supply voltages VCC and VEE. The differential amplifier output

comes from the collectors of Q10 and Q12. Transistors Qi , Q2, Q3, Q4, Q5, and

Q6 are used for biasing purposes. The emitter currents (17 and ~~ 
remain

essentiall y unchanged at 15 ~~ for wide variation in lateral PNP beta.
3

Feedback stabilization of the bias current of the differential

amplifier stage is provided by the bias current source comprising Q5 and Q6.

Resistors R3 and R5 allow an external offset adjustment to compensate for

differences in transistor characteristics (a pot is connected to pins I

and S with the wiper connected to -15 Vdc).

The principal function of the output stage of the 741 is to provide

low output resistance and large load current capability. The complementary

emitter follower transistors Ql6 and Q17 are biased for Class All operation
by QiS. Q18 and Q19 serve as overload protection , they are normally cut

off. Transistors Q13 and Q14 form a Darlington common emitter second-stage

amplifier with Qi acting as both a bias current source and as a small-signal
3lo ad.

Capacitor Cl provides internal compensation so that an external
capacitor is not required . This puts the 0 dB point at about 1 MHz, wh ich
insures stability under closed-loop condition.

D-l.3 Type LM1O8A

After the 741 came the LM1O8A with its super beta transistors,
PNP second stage, and class AB output stage. A schematic of the JOSA (the
308 is the commercial version) is given in Figure

J. Hamilton and W . C. Howard , Basic Integrated Circuit Engineer-
ing , McGraw-Hill , 1975 .

4R . Widlar , National Semiconductor Application Note , AN-29 , December
1969. 

•

74

- 
—~~~~— -‘

~~
--—

~~~
--- - -—-----—



- •

. - 

~ r 
. ‘

;‘j i 
- 

— - ________ -

.
~

- .  .~ - .a’
~ •> . r t— . .

I :~ ~~
:- • - - :- .. !~4

r 1  . ‘ .~~~ 
~ -• . + .

- 

I •

~~~~ r

•- - -Fi~1 
; . .i’

L
I
. ~

~~:. 
.m ’ ~‘ ~• •t, ~~~~~ — 

~

L~ . ~~~~~~~~~~~~~~ i~...J ~ _ _ _ _ _

Figure D-3. Type LM1O8A operationa l amplifier.

In Figure D-3 the super gain NPN transistors (
~ 5000 and 4V

breakdown voltage) are differentiated from the standard NPN transistors

by drawing the standard units with a wider base. Ql6 and Ql9 are vertical

(substrate) PNP transistors. Q9 and QlO are high-gain lateral PNP tran-

sistors (
~ 150 and 80V breakdown voltage) and form the second stage

differential amplifier . Q23 is a FBI with a saturation current of about

30 ~iA , which is used to establish the collector current for Q24. The FET

provides the initial turn-on current for the circuit.

The input super gain transistors Qi and Q2 are operated in a

cascode connection with Q5 and Q6. The bases of Q5 and Q6 are boot-

strapped to the emitter of Qi and Q2 through Q27 and Q28 so that the input

transistors are operated at zero collector-base voltage . Q29 provides

a total input stage current of 6 iilt at 25 C. The output currents of Q23,

Q24 , Q25 , and Q26 are fed to Ql2 which in turn is connected to Qll .  The
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15 ~A output current of Qil is used as a current source for the input stage

boot-strapping circuitry .

Q9 and QlO form the basic second-stage differential amplifier.

Q7 and Q8 are diode-connected laterals which compensate for the emitter-base

voltage of the second stage . Q2l and Q22 are second stage active collector

loads which drive Ql4. The class All outpu t stage is driven by the emitter

of Q14. Ql3 is used to operate Q14 at zero collector-base voltage .

Ql5 and Ql6 prevent a dead Zone ~fl the output stage by biasing

Ql8 and Q19 on the verge of conduction . Ql7 , RiO , and Rh provide output

protection . Q3, Q4, and R3 provide input protection . Frequency compLn-

sation is provided when a 30 pF capacitor is connected between the input

and output of the second stage (p ins 1 and 8).

0-1.4 Operationa l A m p l i f i e r  Transis tor  Structures

Four general types of t ransistors can be encountered in commercial
bi polar op amp desi gns : (1) normal NPN trans istors , (2) super-gain NPN
t ransistors, (3) lateral  PNP t ransis tors , and (40 vertical (substrate) PNP
transistors .5 The sens i t iv i ty  of these individual devices to neutron damage

varies widely because of differences in topology, doping levels , and base
width. Table D-1 lists the relevant characteristics of the four transistor

types ; fi gure D-4 gives a comparison of the structure.

Lateral PNP transistors have lower gain and suffer more neutron
damage than other NPN and PNP constituent transistors. This is because the
lateral PNP transistor is a wide base device owing to masking tolerances and
side-wall diffusion. Johnson5 gives a mean lateral PNP damage factor of

3.5 x and shows a tighter distribution than the NPN transistors.
The mean KD for the worst lot for the NPN input transistor for 38510 versions

of the 741 was 0.7 x 
~~~~~ cm

2/n.5 Ver tical (substrate) PNP transistors
5A. Johnston , Application of Operational Amplifiers to Hardened

Systems , IEEE Trans. Nuc l . Sci., NS-24 , 2071 , December 1977.
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TABLE D-1. INTEGRATED CIRCUIT TRANSISTOR STRUCTURE

Transistor type Characteristic

Standard NPN Smaller base width and higher gain (30-100)
than PNP transistor.

Less sensitive to neutrons than PNP units .

Vertica l (substrate) Wider base widths than NPN units but smaller
PNP than lateral PNP .

More sensitive to neutrons than NPN units .

Low current gain (
~ 50).

Increased base resistance over NPN means
lower onset of current crowding.

Useful as emi tter fol l owers .

Lateral PNP Wide base device , hence low-frequency
operation and severe neutron damage .

Low current gain (maximum ~ — 10).

Super-gain NPN Used in the 108A but not in the 741 or
lOlA.

Increases input resistance and lowers
input bias current.

Special circuit design required to
prevent punch-through.

• Base width less than 0.1 ~m and ~
greater than 2000.

Requires an extra emitter diffusion.
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£ B C

P-SUBSTRATt

(a) Standard NPN IC transistor.

C B

!
T
)

N.e
~~ NU

c
~

P-SUBSTRATE

(b) Vertical (Substrate) PNP transistor.

f t
I ~~~~~ ~~~~~~~ _ _  

~~~~~
_

p~~~} 
-

~~~~~~~~~~~~~

P SUBSTR AT E

(c) Lateral PNP transistor.

FIgure 0-4. TransIstor cross sections : (a) standard NPN integrated
circuit , (b) vertical (substrate ) PNP, and (c) lateral
PNP. From D.J. Hamilton and W. G. Howard, Basic Integrated
Circui t Engineering, McGraw-Hill , 1975.
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have a smaller base width than the lateral PNP devices and are thus less

sensitive to neutron effects (but are still more sensitive than NPN devices).

D-2. EFFE CTS OF NEUTRON RADIATION

Op amps have a number of electrical parameters which are critical

in most applications . These are the open-loop voltage gain (AVOL), the input

bias current 
~
‘B~’ 

the input offset current 
~
1OS~’ 

the input offset voltage

(Vos),  the common-mode rejection ratio (CMRR), the slew rate (SR), and the

outpu t current (I~~). These terms are defined in table D-2. The lOlA , 741,

and 108A specifications for some of these parameters are presented in table

D- 3.

TABLE 0-2. OPERATIONAL AMPLIFIER DEFINIT IONS

Term Defin ition

Large si gnal Ratio of mav~nIuIn o utput voltage
vo l tage  gain - -swing to change in input vo l t age

required to dr i ve Output to t h i s

~ol lage

Input bias Average of two input Currents at
current

O Output vol tage

Input offset Difference in currents into two
current 

input terminals with Output at 0 V

Input offset That voltage which must be appl ied
vol ta ge b.t~..e.n input terminals to obtain 0

output voltage

Conmion mode Ratio of change of input offset

rejection ratio voltage to input coninon node voltage

change producing it (decibels)

Slew rate laxiinu in rate of change of Output

voltage under large-signal con-

ditions

Output short- Ilaximum output Current available
circuit current -from aii ’p ll fier with Output shorted

to ground or to either supply

Supply Current Current required from power supply

to operate amplifier with no load

and zero output
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TABLE D-3. OPERATIONAL AMPLIFIER SPECIFICATIONS

r -- - - - - - — — - ——- -- -_________ ________

Parameter Test condit ion Device type Mm Max
(T

* 
. 25°C)

Input offset voltage P5 50 ci 741 — 5.0 mV
833 13 4001 IMIOIA — 2.0 ivY

L tMlO8A — 0.5 ivY

Input offset current 8838-4001 /41 - 200 nA
LMIO )A — 10 nA

LMIUI3A — O.2nA

In put b ias cuirent 88~ B- 4OO i ‘RI — 500 nA
- — 75 nA

— 2 nA

Output short-c ircu it • 15 V ‘ .1 — 35 mA
current 883B-4001

Supp ly current +Vtc = 15 V /4 — 2.8 mA
883B-4005 IMIOI. ’ — 3.0 mA

IMIOBA — 0.6 mA

Large signal voltage •V~~ 15 V. 741 SO V/um V —

gain 2 K IMIO1A 50 V/mV —

aDO V LNIO8A 80 V/mV —

8338-4004

For most op amps the sensitive electrical parameters to neutron

irradiation are ‘B’ ‘OS’ AVOL , V05 and ~~~ In general , I~ increases with

neutron fluence, AVOL decreases , and 1sS decreases, but 1~~ and V0~
go either way. Significant changes in V

0~, 
1~~ ’ and ~~ do not usual ly

occur until after significant degradation of other parameters has taken
p lace. For example , af ter 2 .3xlO ’2 n/cm2 a typical 741 has experienced

0 0 0 5a 56 change in V05, a 65-s change in and a 300 o rise in ‘B~ 
There-

fore the increase of ‘B or the decrease in AVOL is the most sensitive m di-

cator of radiation damage.

The open-loop gain degrades with neutron fluence but it does
not change in a smooth predictable way . In addition , the measurement and

interpretation of the open loop gain is not straightforward . The open-
loop voltage gain must be carefull y measured and defined if meaning ful

5A. Johnston , Application of Operational Amplifiers to Hardened
Systems , IEEE Trans. Nucl. Sci., NS-24, 2071, December 1977.
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— ~ I ci I C2~

‘Bl

Fi g ure 0-5. Operational amplifier differential input stage equivalen t
circuit.

I
l/h FE 1 = ~~~~ (D3)

Cl

~
KDl 

= l/h FE 2 ( d) - l/hFE1(O) 
(04)

~ D2 = l/h FE2( d) - l/hFE2(o) (D5)

Adding equat i ons 04 and D5 and using D3,

+ K02) = 
‘Bl(rad) 

+ 

1B2(rad) 
- 
(TB1(o) 

+ 

1B2 (O) \ (06)
CI (rad) C2(rad) C 1(O) ‘C2(O)

/
Substituting ‘E/2 

for 1C1 (equation 02)

(KD1 + 1
~D2~ ~ 

= 
41B(rad) 

- 

41 B (O) 
(07)

E(rad) E(0)
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interpretations are’ required of the degradation of this parameter in irradi-

i t i o n e n v i r o n m e n t .  The best approach is to measure the  t r ans fe r character is -

t i c  tn  a loaded and unloaded cond i t ion  and d e f i n e  the g a i n  in t e r m s  of the

max imum input v n  It a~ c requ i reel to drive the output v o l t a g e  th rough  a g i v e n
range. Ihe reason for t h i s  i s  that  many manufac tu re r s  spec i f y a dc measu re-
men t for  ~~~~~~~ forcing the output from a negatrive to positive voltage with a

fixed load-resistor . h owever , several  prob l ems with thi s d e f i n i t ion  make it
6u n s u i t a b l e  as is pointed out by Johnston . These problems f o l l o w :

( 1) Most modern op amps have a 3-dB corner f requ en c>  in  the I to

10 lIz region before i r radia t ion and thus it is important  tha t  the te I t ime

be sufficiently long to establish equilibrium .

(2) It is impossible to distinguish between small drift s in off-

set voltage and the smal l  (10 to 15 mV) change in the dc input voltage
which is expected for the dc gain measurement.

(3) The output stage has a si gn i f i can t  effect  on the open-loop

gain. The gai n is a function of the load conditions and there is a large

difference in the gain between loaded and unloaded conditions. The gain

in the loaded condition is also very nonlinear , which confuses the defini-

tion of gai n and allows contradictory results.

Changes in ‘B are important in usual op amp applications. Since

L B is very radiation sensitive, it is a good indicator of the onset of sig-

nificant damage. For low neutron fluences (~. 10
12) the change in ‘B with

fluence is approximately linear because ‘B is the input transistor base cur-

rent . For the simplified equivalent op amp circuit of figure D-5 ,

= 
T B1 + 1B2 (D l )

1C1 + 1C2 (D 2)

6A . Johnston, h and Analysis Techniques for Neutron Degradation of
Operational Amplifiers , IEEE Trans. Nuci. Sci., NS-23, 1709, December 1976.
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For the LMIO 8A at low fluenccs I . T . , so
L(rad) h (U)

(K
91 

+ K
9~~)~~ 

~~~ 
-
~~

- Ll~ . (9-8)
L(O)

L
This las t approximation is valid for the LMl~

)
~ .-\ because of weak de pen de n ce

of I on la teral (‘NI’ common base gain ( u ) .  i t is less va li d for the 741

and lOlA because for the 11 is directly dependen t Ofl r~, and for th e

LM IOI A is  depe ndent  oh

1
~
. i s  mea sur ed at t h e ba l ance t e r m i n a l  (p i n  1) for th e external ly

compensat ed l , M l ( ~3A . Fo r i n t e r n a l l y  compensate t u n i t s  such as the 741 ,
the measurement canlle ) t he made on the standard package; either a spec ii i

l ead need s to be brought out to the unused p in 8 on the n ack age or I
5 E

needs to be estimated from the slew rate. ( h e  input s tage  cu rr ent  of

the 41 (L, + 1
8 

in Fi gure 1-2 ) is derived f rom the  c o l l e c t o r  of Q6 .
Ih2 Q5 collector c u t  unt (t~ in Fi gure 11—2) ~tl so is equa l to (1 7 +

which in turn is approximatel y equal to 14) the stabilized current. Thus ,

any point which a i l o ~ss t he m o n i t o r i n g  of ( 1
7 

i can be brough t ou t
to pin 8 for HA mon i toring .

9-3. CA’I EGORY II CRITERION

The threshold fluence 
~~~~ 

for the worst case transistor model

was calculated in section 2 to be 1x101° n/cm2. Since the neutron response

of an op amp is a combination of the response of its constituent transistor
10 2 .parts , the 

~th 
of lxlO n/cm is ~‘lso valid for op amps.

A. Johnston , Application of Op Amps to Hardened Systems,
Il l.! . ‘t rans . Nuci. Sci. NS-24, 2071 , December 1977.
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From equation 9-8, assuming identical input transistors ,

(
~~~T
)
~ 

= T E ( O )  ~
‘B(rad) 

- ‘B(O)j 

- 

(D9)

where K
0 

has been rep laced by K/2rf
T 

(see equation 2). The mean f a i l u r e

fI uence 
~MF ’ is given by

4Trf r 
1

= 1 ’
~~k L’B ( F A IL - 1

B(0) (910)
MF E( O )

where the app lication-failure input bias current , T B(FAIL)’ is replaced by

1B ( rad~~ 
Re p lacing 

~T with  a minimum value , 
~B (o) ’ with a maximum value

from the manufacturer ’ s da ta sheets 
~‘B (MAX )~ 

and 1E( o) wi th  a maximum

value obtained from a characterization sample yields a minimum es t ima te

of ~\(1 in a manner s i m i l a r  to the discrete transistor analysis of section

2.2

~MF 
~~~T(MIN) [‘B FA IL 

- I
B(MAX)] (Dli)

E (MAX)

Unless better estimates are available , f can be replaced with

250 x 10 lIz and K by the low injection value of 7 x 10 cm /n~s.

can be replaced by 10 ~iA for the LM1O8A , by 40 iiA for the LM1O1A , and

20 ~A for the 741. Equation D-ll must be used with caution because it was

developed for low fluences where does not change significantly.

Using equation D-1l , the values given aboVe for 
~T(MJN) and

and a failure criterion of 2 ‘B (MAX) ’ a minimum value can

be calculated for each of the three types of op amps. For the LM3O8A

> 4ir(250xl0
6
) 121 - 1 1

MF ( lOxl O~
6) (7x 1O~

6
) 

[ B(MAX) B(MAX)J

? 3 x iO~~ n/cm2

~he 
“ n\ 1 8(~~X) value from the data sheets. In a similar manner ,
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a minimum estimate of can be calculated for the lOlA

~MF 
4i~(25Ox1O

6
) 

—
~~ [m x

(40x 10 ) (7x 10 )

l.~ 2? l x l O  n/cm .

For the 741 ,

~MI ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 6[500 x lO”9]
(20x10 )(7x10

13 2
? 1 x 10 n/cm

using the 1 B(MAX) values  in table 0-3.

I n t h e absen ce of a la rge bod y of s t a t i s t i c a l  dat a r epr esen ti n g

manufacturer-to-manufacturer and lot-to-lot variation , the NDM values of

table III for discrete transistors will be used. This assumes that the

variation in op amps will be less than that encountered in discrete

transistors.

The category II criterion for op amps is thus

NDM - SPEC

where 
~MF is obtained from

~MF ~T(MIN) [‘B FAIL - ‘B(MAX)]
E (MAX)

and is roughly 3 x lO~~ for the LM3O8A, 1 x 10
12 for the lOlA , and

1 x 1013 n/cm 2 for the 741.

85

- -
‘, 

‘- 4 ’ ’
‘
~

~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~T - ~~~~~ 

- — -I- 
—



The NDM is obtained from table III at the desired 
~F 

at 90 percent

confidence. The category II criterion at a 
~F 

of ~~~ (an NDM of 6.8 ob-

tained from table 111 ) is thus a 
~sPEC 

of 5 x 1010 for the LM3O8A, i x

f ur  the LM1O1A , and 1 x 1012 for the 741 based on these roug h est ima tes .

1)-i. PROCUREMENT SPECIFICATIONS FOR HARDNESS ASSURANCE

Sev eral IIA screens have been proposed for 741 op amps. These include:

(1) measurement of the first stage bias current with a

screen to dischargd devices with abnormally low ro high values of bias current ,
5

(2) specification and measurement of the open-loop voltage gain

(AVOL) with a screen to discard devices with abnormally low values.8

In addition , two special methods have been proposed : (1) special leads for

the output transistor8 and (2) a high-frequency ac probe wafer measurement .9

In the latter method , a commercially available high frequency ac probe is

used for making measurements on the elements of the integrated circuits on

the wafer. This can be used as a 100 percent screen of the elements in an IC

or on breakout transistors . It is used in the early stages of the manufacturer ’s

process. Basically, the technique measures the minority carrier delay  tine

of each transistor element with a temporary metallization pattern . The tem-

porary pattern is removed after the measurement and an operational pattern is

then applied . In this technique the silicon damage constant is assumed to

be constant with current and the total minority delay time is obtained

5A. Johnston , Application of Operational Amplifiers to Hardened
Systems, IEEE Trans. Nucl. Sci., NS-24, 2071, December 1977.

8~ Arimura, A Study of Elec tron ic Rad iation Hardness Assurance
Techniques~ Air Force Weapons Laboratory, AFWL-TR-73-134, January 1974.

~R. A . Bailey , et al., A Neutron Hardness Assurance Screen Based
on High Frequency Probe Measurements, IEEE Trans. Nucl. Sci., NS-23, 2020,
December 1976.
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from S parameter measurements. By app lying this technique at the wafer stage,

si gnificant savings were realized through eliminating IC’ s with poor radiation
performance before the costly packaging stage. This was found to be especiall y

true for higher reliability IC’s and hybrids where the package level yield can

be quite low .

Special leads attached to the output transistor have also been proposed

as a possible ilA tool. Since the output transistor uses the same process se-

quence for base doping and base width , an extra lead or two may provide the
necessary parameters for worst-case pr ed i c t i ons  and com parison s o f IC’s. The

problem with examining only the output transistor i.s that both PNP and NPN

transistors ar e on the same monolithic chip and the PNP units have a different

L 

damage constant. The PNP units control the input differential stage emitter

current arid , since KD varies with current , the PNP devices can cause signi-

ficant device degradation.

Johnston5 has suggested a screen on the first stage emitter current

as a means of reducing the MB due to neutron damage for low neutron

fluences. Since the input boas current is the base current of the bipolar

transistor differential stage, we have already seen that

‘B(rad) 
— 
‘B(O) 

+ + ~
- 

‘E 2

Thus, a screen to remove those operational amplifiers with the highest

ratio will result in a harder distribution in the same manner in

which the hFE(MIN) screen did for transistors.

is measured in the following way for each of tae three opera-

tional amplifiers .

• 108A - Pin 1 to

• lOlA - Pin 5 to V EE
• 741 - Slew rate

A. Johnston, Appl ication of Operational Amplifiers to Hardened
Systems , IEEE Trans. Nucl. Sci., NS-24, (December 1977), 2071.
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The 7-I l is internally compensated , so a direct measurement of I~ cannot be

made on a standard pin-out. The slew rate is used instead because it is

approximatel y proportional to

Table 9-4 is an example of an operat i onal amp lifier procurement

specificat ion . An electrical screen on IB/ I E is recommended , although

the cost-effectiveness of this screen should be examined. Radiation lot-

samp le  t e s t i ng  is accomplished by obtaining a distribution of failure fluences

usi ng c i r c u i t  app l ica t ion-de fined parameter failure criteria.

TABLE 0-4. EXAMPLE PROCUREMENT SPEC IFICATION FOR OPERATIONAL AMPLIFIERS

- c l  level f~ l u r e  c ,r -

• tr r Te’ ’ r’- ’ - t ,~~d i - ,~ c ’ d ~ tio , 5-2 S-I
- r

Proc ess Base width and TBD’ TBD — IBO - TBD cm
3

cont rol res is tivity prof it-

Sc reen l
8/ 1

~ 
IBD TBD TB D TBD T BD TBD -

Rad iat ion MIt- STD -8838-lOl1 TaD - - TBD - n/cm 2 
-

q u a l i t y

t e5 t

aTBD means that it is to be determi ned , ‘B is the input bias current ,

is the differential stage emi tter current , and is the application —defined
failure fluence at a given probability of failure.

bMIL STD_883B is titled Test Method and Procedures for Integrated Circu i ts.

D-5. HARDNESS ASSURANCE PROCUREMENT EXAMPLE

Suppose for this example that the LM3O8A operational amplifier

was desired in a certain application . The application failure criteria

are

11
~SPEC

_ S x  10
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P1. = I x l0~~ at 90 percent confidence ,

AVOL = 6 Mininum ,

‘B = 7 nA Maximum ,

10 nA Maximum ,

= 1 mV Maximum .

We now follow the procedure of figure 1.

~t2pj .  Determine if is greater than 
~SPEC Since

opera t io nal  amp l i f i e r s i s  I x 1010 n/cm 2, the preceding statement is not

t r u e  and we must  proceed to level  2 in figure 1.

~~~~~ 
Determine i f  HA is necessary.  The category cr i ter ion

is g iven ~y

~MF

~ ~SPE C

where a minimum estimate of was obtained for the LM3O8A from equation

Dli to be 3 x lo
ll 

n/cm
2. At a P~. of 1 x lO~~ table III yields an NDM of

6. 8. Thus, since (3 x 10
11
)/(6.8) is 4.4 x ~~~~ which is less than the

of S x lO~~ , proceed to step 3.

Step 3. If HA controls are necessary, procure an S-i control lot

and perform accept/reject testing . Suppose one lot of 30 LM3O8A op amps were

purchased and a random sample of 10 devices from the lot were subjected to 
-‘

neutron exposures of 2 x io
12 , ~ x 10

12
, and 1 x io

13 
n/cm2. Examination

of table 9-5 shows that of the op amp neutron sensitive parameters ‘B is

the only one that does not have an order-of-magnitude margin between the
application failure criteria and the minimum/maximum values of the sample

at 10 
~SPEC Thus, the failure fluence 

~F 
is that fluence at which

89.
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TABLE 0-5. LM3O8A CRITICAL PARAMETER SPECIFICATIONS

Cr itica l Manu fm ctur v r ’ s Example failure Sample of 10 Values un ic ~
• paramet- ~- s p ’ c i f i c a t i o n  criterion after 1’)

Mm Man Ni~i Max Mm Max

Open loop gain 60 — 6 — 54 — V/mV
(MVOL )

Inp ut bias Current — 1 — 7 — 11 nA
( I  

~
}

Inpu t Of ~e t  Cur ’-e , mt  — 1 — t O — .7 nA
(1~~~)

Input o f t .e t volta- r — 5 — 10 — 1.5  ml
(V oS I

is 7 f lr \  and is c a l c u l a t e d  in t a b l e  9-6 by l i n e a r  ex t rapo la t ion .  The 2~n~~1.
data cumula t i ve  frequency d i s t r i b u t i o n  is shown in figure 9-6 to be approx-

imately lognorna l with a 2~n~ j : mean of 2~
).06 and a samp le standard deviation

of 0 . 2 7. From equat i on ~ the es t imate  of the lot  at a P1~ of 1 x lO~~ i• s

= ~~~~ 
+ K.~ S LN

= €129.06 
- ( 5 . 4 ) ( O . 27)

= 9.7 x lO u.

Since 
~F 

< 

~SPEC the lot can be accepted.
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TABLE D-6. LM3O8A SAMPLE INPUT BIAS CURR ENT 
~‘B~ 

NEUTRON FLUENCE DEPENDENCE

Device 
— 

1B at neutron f l uvnc Ps of v u 
tn

2 n to 12 n/cm 2 S x i&~~ n/cm
2 1 x t o ’3 n/cm 2 (x io~~ n/c m2 l

(nA) (nA) (nA)

1 3.49  6 .88 10. 7 5.16 2 9.27
2 2.59 5 .90 9.85 6.39 29. 49
3 3.]] 6.46 10.5 5.67 29.37
4 3.11 7.19 13 .4 4.86 29.21
5 5.0 11.0 18.9 3.00 28.73
6 3.79 ‘i Q4 — 3 . 83 28.98

7 4.41 11.0 — 318 28.79
8 4 .38 9.96 — 3.41 28.86
9 3.58 7.72 — 4.48 29.13

10 4.82 10.9 — 3.08 28.75

Mean — — 4.31 1012 29.06
Standard — — 1.19 0.27
lIe via t ion

aThe failure fluence 
~F 

is calcul ated from a linear extrapolation of the

‘B data to that fluence that corresponds to the application-specified
failure ‘B of 7 nA.
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.999 - —

Mean = 29.06

Standard
.99 — D e v i a t i o n  = 0.27
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-37 36 -35 -34

Figure D-6. LM308 natural logarithm failure fluence (
~
n4F) cumulativefrequency distribution for an in put bias current f a i l u r e

criterion of 7 nA.
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APPENDIX E

JUNCTION FIELD-EFFECT TRANSISTOR HARDNESS ASSURANCE

h-i . EFFECTS OF NEUTRON RADIATION

The construction of a dielectrically-isolated N-channel planar-

junction field-effect transistor (JFET) is shown in Figure E-l. In this de-

vice , reverse bias is app lied to the gate channel depletion layer to extend

it into the channel region and modulate the effective width of the conductive

path between the source and the drain. The amount of reverse bias which would

cause the depletion region to extend into the channe l far enough to totally

deplete the channel is the pinch-off voltage , V~ .

At any given gate bias where VG < V . as the drain voltage , VD,
is increased, the drain current ~~ also incre~ses. The ohmic voltage drop

along the channel adds to the net bias across the gate-channel interface and

causes the depletion region to extend further into the channel in the vicinity

of the drain (see figure E-1). Consequently, when VD � (V
~
_V

G). the space

charge region which is formed at the drain end of the channel causes I
~ 

to

reach a saturation level and thus becomes insensitive to further increases

in VD .

1The pinch-off voltage V
P 

is given by

q ND aV = (E—1)p 8c

and the transconductance (
~~) by the approximate express ion,2

2 a q~~~N~ 2g~ L = zr (E- 2)
d(on )

1W. Shedd , et al . , Radiation Effects on JFET’s, IEEE Trans. Nucl.
Sci., NS-16, 87 , December 1969.

2R. P. Donovan, et al., A Survey of the Vulnerability of Contemporary
Semiconductor Components to Nuclear Radiation, Air Force Avionics Lab, AFAL-TR-
74-61 , June 1974.
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where

rd( o ) = slope of the IDS
_V

DS curve at zero gate voltage ,

= mobility ,

= channel depth (perpendicular to the a, L plane) ,

- a -~ channei. width ,

L = channel length,

N D = majority carrier concentration in the channel ,

q = electronic charge,

and = the dielectric constant .

The parameter r gives a measure of the resistance of thed(on)
channel. The zero-gate voltage-drain saturation current , 1DSS’ is given
approximately by

g V
T DSS (E-4)

L 

The most sensitive parameters to neutron damage are g~,,, ~~~~
and V . g neutron degradation is related to the channel doping andp in 1
can be characterized by

_ (! 
~~
) (E-5)g = g e Kjm(rad) mo

where g is the transconductance after irradiation , g is the trans-
m(rad) 0 82 mo

conductance before irradiation , and 5 is 93 (N D ) for an n— typ e channel

and 398(ND)
°
~

77 
for a p-type channel.

The effect of neutron s on JFET~ s is to induce carrier removal

in the channel region and to reduce mobility because of traps in the gate
depletion reg ion . This leads to observed lower values for T DSS and V~ .

‘W. Shedd, et al , Radiation Effec ts on JFET ’s, IEEE Trans.
Nuci. Sci., NS-16, 87, December 1969.
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Since dopant levels are usually above 1015 atoms/cm for planar structures ,
fluences of less than 1013 n/cm2 would cause less than a 1% change in

the carrier concentration . For heavily doped channels (about 3xl016 cm
2
),

N-channel JFET ’s will suffer a 50% degradation in the source to drain

current at about a fluence of 2x10’5 n/cm
2
.
2 

Lighter doped channels

wil fail at a lower fluence. Neutron-induced damage data for P-channel

JFET ’s is less plentiful)but there is some evidence that their neutron
sensitivity is slightly better than N-channel units.

The source-to-drain current (with the gate connected to the

source) I955~ decreases more rapidly with neutron radiation than

which in turn decreases more rapidly than Vi,. Calculated and experi-

mental decreases of these three parameters with neutron fluence leads

to the selection of 1
DS5 as the most sensitive electrical parameter

for neutron effects.

11-2. CATEGORY II CRITERI ON

The threshold fluence for JFET ’s can be calculated from

knowledge of the carrier removal rate (assume it to be 1) and the lower

bound value of channel doping found in contemporary JFF.T’s (10
15 

cm 3).

Using these approximate values , assuming that a 10 percent change in g

is insignificant , and using equation E-5

= -KJ 
2..n

= - {(93)(lo
ls
).82] ~n (.9~

= 2x 1013 n/cm 2

An effective NDM, based on lot-to-lot and mamufacturer-to-mariu-

facturer  var ia t ions  of a JFET parameter that degrades linearly with
fluence, has not been identified.

2R.P. Donovan, et. al , A Survey of the Vulnerability of Contem-
porary Semiconductor Components to Nuc l ear Radiation, Air Force Avionics
Laboratory , AFAL-TR-74-6l , June 1974.
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E- 3. PROCUREMENT SPEC IF  I CATION FOR IJARI)NESS ASSURANCE

Becau~ the neutron degradation of important .JFET parameters

is related to the channel doping, (IA controls arc needed on cliaiinel dop ing .

In a recent study ~~, several candidate screening parameters s~ -r -  examined

and rd ( )  was selected as the best. An example .JFEl procurement speci-

fication using these proposed h A controls is g i~rcn in table I - i .

TABLE E-l . EXAMPLE PROCUREMENT SPECIFICATION FOR JUNCTION
FIELD-EFFECT TRANSISTORS

d
o 

— 

— 
1 C

Process Channe l ~1opin y rBD~ 181) TB)) - 181) • cm

control

Screen rd(OII ( a TB)) 0a - 180 - T B) ) of u -

1)) 
— (3

Radiation . M l l - ~~TD -~fB)B-i01 T60 - - TB)) • mho

qua l i t y

conformance

test

— -- • • • • L -- • - • • 3
aTBD stands for to be determined . rd ( is small si gna l  dru ir i -~ o i r ~~- a n - s t a te rh. st , rv i v , V 0~ is the gate-
source voltage . 1~ is the dra in tur l~~Rt , and •F is the ap p l icatio n-def ined failure f1ui- v~ .- a t a given
p r o b a b i l i t y  of failure.

bMIt 51)) 8838 is titled Test Methods and Procedures for In te g r ated C i r c u i t s .

3~ Arim ura , A Sti.dy of Electronic Radiat ion Hardness Assurance
Techniques, Air Force Weapons Laboratory, Albuquerque , NM , AFWL-TR-73-l34 ,
.January 1974 .
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APPENDIX F
ENVIRONMENTA L STATISTIC S

The calculation of the NDM for transistors i nvolved the examina-

tion of the statistical distribution of the neutron damage constant (K)

which yielded a minimum estimate of failure fluence onece the minimum

specified gain hFF(~I IN)  were known . This is an ideal case because this

linear relationshi p between 
~

( l / h FE ) and ~ means that the KD (MAX) lognormal

statistical distribution is scalable and can be extrapolated to low proba-

bilities of failure .

To generalize this case with the cases which follow , call this

case 1A. The case 1 designation refers to those cases where the change

in electrical parameter , L~(PAR) , is linear with ... In this notation case

1A refers to statistically characterizing ~ at a given L~(PAR) failure

criterion and case lB refers to statistically characterizing L~(PAR)
at a given ~~.

Case 2 refers to those situations where ~(PAR) changes nonl inear ly
with ~~. Case 2A results when ~ is statistically charac terized at a given

~
(PAR) failure criterion and case 2B results when ~(PAR) is statistically

charac ter ized at a given ~ failure criterion. Case 2 is more commonly en-

countered than Case 1, which is unfortunate because Case 2 does not allow
extrapolation to low probabilities of failure.

For case 1A (figure F-l(A)), suppose the failure criterion is

given by ~(PAR)
1
. The distribution of the constant of proportionality

L~~~~~ 

(x e) between L~(PAR) and ~ values due to device-to-device fabrication
variations will yield a dis tribu tion in 4. Because of the linear rela-

.-t. -
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(a)

L. Kp (MIN)

~PAR 
/

~(PAR) 2 $ — — — — —
—

(b)
p(MIN)

:2 
____  

~~~~~~~~~~~~~~~
Kp (MAx)

if

PAR)

Figure F-l. Illustrat ion of case 2 where the change in the electrical
parameter à (PAR) is linear wi th neutron fluence ~: (a) case
1A , characterizing ~ at two given ~(PAR) failure levels

, and
(b) case lB. characterizing ~(PAR) at two given ~ failurelevels. Kp is an arbitrary constant of proportionality
relating ~(PAR) and ~~~.
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tionship between ~(PAR) and ~~, the Kp(~~x) lognormal statistical distri-
bution can be extrapolated to low probabilities of failure.* The
inverse of this, case lB, is illustrated in figure F-l(B) where the

failure criterion is given by 4. A distribution in ~(PAR) will result.

When 4 is linear with t~(PAR) the fa ilure criterion can be on either 0
or Li(PAR), and the lognormal distribution will have the ratios of the means

to the standard deviations inversely equivalent.

For case 2A (figure F-2(A)), at the ~(PAR )
1 

failure criterion ,
narrow distribution of 4 will result. The results are not scalable from

~(PAR )
1 
to ~(PAR)

2 so failure fluence statistics mus t be gathered at
that L~(PAR) fa ilure point def ined by the circuit.

Case 2B (figure F-2(b)) is the inverse of case 2A in that the

dis tribution of some parameter ~(PAR) is gathered at some given fl uence

(like The distribution of ~(PAR) can be shown by the points A , B,

and C, where the K~ lines cross the line. Knowledge of the distri-

bution at 
~2 

does not give knowledge of the distribution at 
~~ 

Thus,
case 2B will not yield a valid fluence margin.

Radiation lot quality conformance statistical data on category

I devices (those devices which need HA controls) should, if possible, be
gathered on those electrical parameters which meet case 1 criterion (~ (PAR )
is linear with 0). The best example is the gain change A (l/hFE) for tran-
sistors. If case 1 is not possible (the critical electrical parameter does

not change linearly with 0), then case 2A should be used. For example,
the procedure for reference diodes (where the reference voltage is the
critical parameter and is known to change non-linearly with 0) is to sta-
tistically characterize at a given application-defined reference voltage
failure criterion.
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( a )

K~

L. Kp (~~x) 
/ 

KP(MIN)

L~(PAR)

(PAR)2 ~~~~~ 
— ____ ____

~
(PAR)FAIL 

._  ____ ____ ____

~(PA R)1 ~~ 
— ____ ____

0

(b) Kp(MIN)

03

_____ 
A 

_____ 
C 

____ 

KP(MAX )

01 — _____ _____

4

~
(PAR)FAIL ~(PAR)

Figure F-2. Illustration of case 2 where the change in the electrical
parameter ~(PAR) is nonl inear with neutron fluence o: (a) case
2A, characterizing ~ at three given ~(PAR) fai l ure levels , and(b) case 28, characterIzing ~(PAR) at three given o failure
levels. is an arbitrary constant of proportionality relating
~(PAR) and •.
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