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PREFACE 

Results presented in this  report are part of a continuing effort to study- 

radiation effects on the components and technologies of meiern MSI/LSI. 

The scope and documentation of earlier work has been presented in the 

following reports: 

1.      "Radiation Effects on MSI/LSI Electronic Devices and Cir- 
cuits, " J.   P.   Raymond,   D.   N.   Pocock,  J.   R.   Srour, 
R.   E.  Johnson,   and G.   T.   Fujii; Contract DASA 01-70-C- 
0093,   Report No.   DASA 2616; July,   1971. 

Characterization of transient photoresponse and neutron 
damage of bipolar digital and analog SSI and MSI arrays 
as well as transient photoresponse on thin-film transis- 
tors, p-MOS SSI and MSI static arrays, and p-MOS MSI 
dynamic arrays. 

2. "LSI Vulnerability Study, " J. P. Raymond, D. N. Pocock, 
and C. W. Perkins; Contract DASA 01-70-C-0093, Report 
No,  DNA 2865F; October,   1972. 

Charatterization of transient photoresponse and permanent 
damage effects due to neutron-,   total-ionizing-dose,   and 
pulsed-electrical-overstress exposure on bipolar TTL 
and ECL, and p-MOS MSI/LSI arrays.    Also includes study 
of pulsed electrical overstress damage thresholds on 
discrete transistors. 

3. "MSI/LSI Radiation Effects Study, " J.   P.   Raymond., 
D.   N.   Pocock,   C.   W.   Perkins,   and J.   E.   Ashe;   Contract 
DASA 01-70-C-0093,   Report No.   DNA 3246F; 
26 March 1975. 

Characterization of Schottky-cjlamped TTL,  hardened TTL, 
hardened op amp, junction-isolated CMOS,   and CMOS/SOS 
MSI/LSI arrays.    Study included modeling,   transient 
photoresponse,  and permanent damage due to neutron, 
total ionizing doses,   electrical pulsed overstress and high 
level pulsed ionizing dose rate exposure. 
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4.      "Study of Radiation Effects in MSI/LSI Technologies, " 
J. P. Raymond, J. E. Ashe, C. W. Perki ..s, T. Y. Wong, 
and J. T. Fujii; Contract DNA 001-73-C-0154, Report No.' 
DNA 3517F; 26 March 1975. 

Characterization of total dose and pulsed electrical over- 
stress susceptibility on hardened CMOS arrays,   comple- 
tion of electrical pulsed overstress study on Schottky- 
clamped TTL arrays,  modeling and characterization of 
LED and optical coupler transient photoresponse and pre- 
liminary study of neutron susceptibility and transient 
photoresponse of integrated injection logic (I2L). 

Key results of these earlier studies have been summarized in a paper 

written for the 1974 IEEE Radiation Effects Conference and is included, 

for convenience,   as Appendix A of this report. 

Results presented in this report are a continuation of the CMOS and 

optical coupler characterization with further study on the developing I2L 

technology.    Studies presently underway will emphasize th- modeling and 

characterization of very complex arrays to develop insight into the overall 

test/analysis methodology,  as well as continue the characterization of 

evolving bipolar and MOS technologies. 
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1.0   INTRODUCTION 

' 

1. 1      Overall Program Summary 

The purpose of this study has been to evaluate the radiation vulnerability 

of semiconductor microcircuits as they have evolved in complexity. 

Original concern was motivated by the rapid escalation from single- 

function microcircuits to medium-scale integration (MSI) arrays of from 

10 to 100 gates functions in complexity and to large-scale integration 

(LSI) arrays of greater than  100 equivalent gate functions in complexity. 

In terms of semiconductor technology,  the evolution of MSI/LSI was initi- 

ated with the development of p-MOS.     The development of p-MOS tech- 

nology in 1965 allowed the realization of simple logic cells using minimum- 

geometry elements and simple processing.     The principal problem of 

p-MOS technology was speed in the capability of driving the wiring capaci- 

tance between microcircuit packages.    It was desirable,  therefore,  to put 

a.3 much of the logic function on a single chip as possible to optimize over- 

all performance.     The advantages of small-geometry special-purpose 

logic cells were soon also applied to bipolar technology. 

Basic technological advantages of MSI/LSI can be realized best in digital 

microcircuits and complex arrays,  where the same basic concepts of logic 

cell design can be applied repetitively throughout the design.    Linear 

microcircuits, while comparable in element density and complexity to 

digital MSI arrays,  are generally custom designs.     The degree of stan- 

dardized desxgn,  however, has also been a substantial variable in MSI/ 

LSI.    On one hand,  the array may be a completely custom design, utilizing 

the same basic logic cell technology in the design of an optimized array in 

terms of total geometry and performance.    On the other hand,  a set of 

11 
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standardized logic cells can be defined to be interconnected by a 

computer-generated metallization pattern.     Location of required cells 

can be either determined by a standard wafer pattern,  or by the location 

of tested good logic cells on individual wafers.     The present tendency on 

custom versus standard-cell LSI is to use custom designs for standard 

products and to use standard cells and custom metallization for each 

special low-quantity array requirement. 

The advent of MSI/LSI introduced new types of bipolar and MOS logic 

cells with high element densities,  and new multi-layer metallization pat- 

terns,  all of which originally spurred concern in terms of introducing 

new failure mechanisms in radiation vulnerability.    As we have found, 

these concerns were valid in that the nature of the MSI/LSI logic cells 

modifies the nature and failure levels in the arrays,   but there are no 

indications that the basic failure mechanisms are any different than those 

familiar in simple micro circuits.    A more subtle, but equally important 

distinction was,  however, noted in the process of determining MSI/LSI 

vulnerability.   The problem is that the radiation vulnerability of the MSI/ 

LSI array must be determined in terms of the overall array operation. 

In SSI digital sub-systems,  on the other hand,   the radiation vulnerability 

of individual logic blocks could be measured directly,  with the results 

used to define the worst-caste subsystem test condition which was then 

verified by additional testing.    The requirement of vulnerability of the 

overall MSI/LSI array perfor^nance leads to the necessity of a very 

thorough evaluation which,  to be limited to a reasonable experimental 

effort,  must rely on analytical techniques of logic simulation and simpli- 

fied modeling. 

12 
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Evaluation of MSI/LSI susceptibility under this program has consisted of 

investigation of a wide variety of radiation effects on selected arrays 

representing production MSI/LSI technologies.    The characterization,   in 

general,   included measurement of the photoresponse as a function of 

radiation pulse width,   neutron displacement damage,   total ionizing dose 

surface effects,   permanent damage due to electrical pulsed overstress, 

and permanent damage resulting from high-level pulsed ionizing radiation. 

Selection of samples chosen for study can be presented in terms of a 

simplified description of the evolution of MSI/LSI technology itself. 

First,  we can consider MOS technology,  which,  as previously remarked, 

probably initiated MSI/LSI with the constraints as we presently know it. 

Initial logic cells of MOS technology were essentially the same logic func- 

tions as single-function bipolar microcircuits,  that is,   gates and flip- 

flops,   except realized with the simplier circuits using p-MOS technology. 

Initially,   the gate conductor of all p-MOS arrays was aluminum with 

fairly high threshold voltage for the transistor elements.    Five types of 

static logic p-MOS arrays have been characterized in this program. 

The first major development in the p-MOS technology was the develop- 

ment of very high density logic cells in which the logic data were stored 

in terms of charge on the junction and gate capacitors.   The development 

of dynamic logic allowed electrical operation at very low power levels for 

operation at low-medium clock rates.    Four types of dynamic logic 

p-MOS arrays have been characterized in this program. 

The next major development in MOS technology was the use of polycrystalline 

silicon as the gate conductor of the p-MOS transistor.    This,  with the 

evolution in oxide process control,   reduced the threshold voltage of the 

13 
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transistor elements and improved the performance of both static and 

dynamic arrays.    Three types of silicon gate p-MOS arrays have been 

characterized in this program. 

Emphasis in early MOS MSI/LSI has been in the application of p-MOS 

transistor elements because of the process and control difficulties in the 

development of n-c;hannel enhancement MOS transistor elements.    The 

development of n-MOS transistor elements is desirable because of the 

improvement of approximately a factor of three in channel conductance 

due to the relative increase in carrier mobility,  and for the application 

in complementary arrays using both p- and n-MOS elements for virtually 

zero power dissipation during standby operation.    As it turns out, develop- 

ment of complementary MOS has preceded the development of n-MOS LSI 

arrays,  principally because small-scale   CMOS  functions   could be defined 

that allowed evaluation of basic cell performance with a minimum number 

of the typical disadvantages.   For this reason,  in addition to the promise 

of advantages in both electrical performance and radiation hardening, 

CMOS arrays  have  been included in some numbers.    It was anticipated 

that the radiation vulnerability of n-MOS arrays would be qualitatively 

the same as that determined by previous study of p-MOS arrays,  and 

therefore have not yet been included in the program.    Commercial CMOS 

was originally developed with a junction-isolated structure on a bulk 

crystalline silicon substrate and used aluminum-gate conductors.    Develop- 

ment of CMOS using  thin   silicon film on an insulating substrate was 

originally developed to increase the speed of the arrays,  but also is of 

substantial advantage in eliminating electrical- and radiation-induced 

latch-up and in minimizing the transient photoresponse of the CMOS array. 

The advantage of silicon gate technology developed initially for p-MOS 
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technology has also been applied to CMOS for improved performance. 

Ten types of CMOS arrays have been characterized in this program. 

In the future development of MOS technology it seems clear that the advan- 

tages of CMOS in low-power,  medium-speed application will ensure the 

development of CMOS/LSI.     The preponderance of commercial applications 

will use CMOS junction-isolated on bulk silicon,  but high-speed and 

radiation-hardened arrays will be CMOS on a bulk insulator substrate 

(i. e. ,  CMOS/SOS).    In addition to the development of CMOS,  it seems 

clear that n-MOS technology will be developed for specialized applications 

where simple logic cells can be employed advantageously.     These applica- 

tions include MOS read-only, programmable read-only,  and read-mostly 

memories.    In some of these applications gate insulators of silicon dioxide 

and silicon nitride may be used to store information by deliberately shift- 

ing the element threshold voltage by an external data-write signal. 

Evolution of bipolar MSI/LSI, unlike MOS technology, has been closely 

linked to SSI microcircuit technology.    As an extention of microcircuit 

technology,  bipolar development can be considered in two main branches: 

transistor-transistor logic (TTL),  and emitter-coupled logic (ECL).    TTL 

technology is,  in turn,  an evolution of diode-transistor-logic in which the 

input diode network was merged into a multi-emitter transistor input net- 

work with some additional modifications in the output driving network 

(totem-pola outputs).    TTL,  developed primarily as a logic family of SSI 

microcircuits provided medium-high speed switching performance at 

modest power dissipation.    Emitter-coupled logic, on the other hand, was 

developed as a family of SSI microcircuits to provide very high switching 

performance regardless of the relatively high power dissipation.    Improve- 

ments and variations in both TTL and ECL technology have resulted   from 
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the impruvement of the bipolar transistor elements and in the value of 

the resistor elements in determining the switching speed and power dis- 

sipation of the array.     Thus,  there are low-power, nominal,  and high- 

speed variations in design of TTL and ECL arrays.     Twenty types of 

TTL and ECL arrays have been characterized in this program. 

The principal disadvantages of TTL arrays initially were the restrictions 

in transistor element design and performance resulting from saturated 

switching operation.    Saturation of the transistor element is eliminated 

with the addition of a Schottky-diod? in parallel with the base-collector 

junction.    With the elimination of transistor saturation,  the gold-doping 

used to minimize the transistor storage time could be eliminated and 

transistor parameters could be more favorably optimized,   since the ad- 

dition of the Schottky-clamped elements also allowed a substantial im- 

provement in the overall performance of switching response and power 

dissipation.    Five types of Schottky-clamped TTL arrays have been 

characterized in this program. 

The newest development in bipolar MSI/LSI technology   is the develop- 

ment of Integrated Injection Logic (I  L) which is based on a logic cell 
2 

consisting of merged pnp and npn transistors.    Although I L has not yet 

been developed to production technology, it seems clear that it will be 

the first truly LSI bipolar technology to do so.    By LSI technology we 

mean that the full potential of the development will be realized in com- 

plex arrays where the logic signal processing is done on the chip and 

performance is degraded b/ signal transmission between chips; much like 

the MOS/LSI technology.    Initial results at several laboratories indicate 
2 

that I L is competitive to the best MOS technology for low-power,  low- 
2 

medium-speed applications.    No production-qualified samples of I  L 
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samples have been characterized,  but test results on developmental 

devices have been studied to obtain an initial estimate of the nature and 

failure levels of the radiation vulnerability. 

The future development of bipolar technology,  in the short range, will 

be dominated by Schottky-clamped TTL and ECL arrays; and in the long 
Z 

range will be dominated by I   L for low-medium-speed applications and 

ECL for high-speed applications. 

Quantitative results on the failure levels observed for the MSI/LSI arrays 

studied during the program are summarized in a technical paper which is 

included in this report as Appendix A.    All the failure levels are those 

observed under laboratory test conditions with a nominal definition of 

required performance.    Real system performance requirements will,  in 

general,   result in failure levels that are lower than the system-independent 

results quoted. 

More important than the quantitative interpretation of the array failure 

levels are the overall conclusions regarding MSI/LSI vulnerability.   Some 

of these results are in terms of what was not observed: 

• All effects observed were the result of basic failure 
mechanisms familiar in simpler microcircuits.    No failure 
mechanisms unique to MSI/LSI technology have been 
identified. 

• No ionizing radiatiom-induced latch-up has been observed on 
any array at exposure levels up to 5 x 1010 rads(Si)/s.    It is 
suggested,  then,  that the presence of latch-up is no more 
(but certainly no less) than in simpler microcircuits of the 
same technology. 
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1. 2     Present Program Summary 

Results presented in this report represent study of the characterization 
2 

of radiation effects in bulk CMOS microcircuits,  basic I  L logic cells, 

and optical couplers. 

In this report,  Section 2 presents results of characterization of total- 

dose-induced permanent damage and transient photoresponse on five types 

of basic bulk CMOS microcircuits:   CD4023A Triple 3-input NAND gate, 

CD4025A Triple 3-input NOR gate,  CD4030A Quad 2-input exclusive-OR 

gate,  CD4027A Dual J-K Master/Slave flip-flop,  and CD4026A micro- 

power phase-locked loop.    A total of 20 samples of each microcircuit type 

were obtained to a variety of reliability specifications.    The total-ionizing- 

dose susceptibility of the microcircuits as an overall group ranged from 
4 

approximately 8x10    rads{Si) to greater than 10 Mrads(Si).     The total- 

dose failure levels for each microcircuit type were fairly consistent for 

parts of the same reliability specification.    It was not possible,  however, 

to define a dependence of radiation susceptibility on the severeness of the 

reliability specification. 

The transient photoresponse logic upset levels for all the CMOS micro- 

circuits were a strong function of the radiation pulse width.    In the 

narrow-pulse (30 ns) flash x-ray environment the logic upset levels were 
8 9 

typically on the order of 10    - 10    rads(Si)/s.    In the wide-pulse (4. 5 |as) 

linear accelerator environment, however,  the logic upset levels were on 
7 8 

the order of 10    - 10    rads(Si) with a decrease in critical dose rate of 

approximately 10 for each microcircuit type.    There were a significant 

number of incidents of radiation-induced permanent damage,  particularly 

in the wide-pulse environment,  but it was not clear if the failure 
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mechanism was due to total-dose or radiation-induced latch-up.    In one 

case,  an anomalous photoresponse was observed,  but the overall results 

were not conclusive. 

2 
Results on radiation effects in basic I L logic cells are presented in Sec- 

tion 3 of this report.    Preliminary data are presented on the neutron- 

induced displacement damage,  total-ionizing-radiation-dose-induced 

permanent damage and transient photoresponse on basic gate and flip-flop 
2 

cells of developmental I  L LSI.    Results suggest that the critical neutron 
2 13 14 2 

fluence levels for I  L arrays are on the order of 10       - 10      n/cm 

(1 MeV equivalent).    Total-dose effects characterization was limited to 

an overall performance evaluation of R-S flip-flop samples up to an 

exposure of 1 Mrad(Si) with no observable degradation in flip-flop per- 

formance at design bias current levels.    Transient photoresponse upset 

levels,  measured by the radiation-induced change of state on flip-flops, 
8 9 were on the order of 5 x 10   to 5 x 10    rads(Si)/s for both narrow-pulse 

and wide-pulse ionizing radiation environments.    These results present 
2 

a preliminary evaluation of I L susceptibility and will be followed by 

continued study. 

Results on radiation effects in optical couplers are presented in Section 4 

of this report.     Transient photoresponse was characterized on both a 

basic diode/diode optical coupler as well as a coupler in which the input 

light-emitting diode is coupled to an MSI analog/digital microcircuit. 

Electrical characteristics and transient photoresponse of the diode/ 

diode coupler are presented in terms of a radiation-inclusive model 

since a transient logic upset failure level would be very system dependent. 

In the case of the diode/gate coupler,  the transient upset level was quite 

low compared to that of digital MSI,  as would be expected due to the 
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sensitivity of the basic PIN diode optical detector.    Because of the high 

sensitivity it was difficult to accurately determine the frilure level.    It 
h 7 

•was approximately 10    - 10    rads(Si)/s in the narrow-pulse flash x-ray, 
5 6 

and approximately  10    - 10    rads(Si)/s in the wide-pulse linear acceler- 

ator environment.     The transient photoresponse of the diode/gate coupler 

was quite complex at exposure levels above the logic upset level,   and in 

some cases,   susceptible to permanent damage. 

i 

Permanent damage effects due to total ionizing radiation dose and neutron 

displacement damage were measured on the diode/gate couplers.    No 

significant permanent damage due to total ionizing radiation dose was 

observed after exposure up to    2 Mrads(Si).    Observed neutron degrada- 

tion effects were a straightforward degradation in sensitivity which,  at 

the manufacturer's specification, would be critical at exposure levels 
13 2 

of   1  to   5x10      n/cm  . 

Results on synergistic effects of simultaneous electrical pulsed over- 

stress and pulsed ionizing radiation exposure are presented in Section 5 

of this report in terms of bulk CMOS latch-up.    Results show that syner- 

gistic effects exist in bulk CMOS latch-up,  but that there is no dramatic 

(i. e. ,  greater than a factor of two) synergistic decrease in either critical 

electrical overstress or radiation dose rate levels necessary to include 

latch-up. 

20 
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2. 0   HIGH RELIABILITY CMOS STUDY* 

Five types of junction-isolated CMOS micro circuits were selected for 

characterization of total-dose-induced permanent damage and transient 

photoresponse.    Four of these were selected from a group suggested by 

the Technical Monitor at the Air Force Weapons Laboratory and are 

representative of high-reliability array requirements of current systems 

under development.    The fifth CMOS microcircuit type selected for 

characterization was a commercial micropower phase-locked loop.    The 

phase-locked loop was selected as representative of performance re- 

quirements and transistor effects which may not yet have been encountered 

in strictly digital CMOS arrays.    The CMOS   array types characterized 

in this study were: 

CD402.3A Triple 3-input NAND Gate 

CD402 5A Triple 3-input NOR Gate 

CD4030A Quad Exclusive-OR Gate 

CD4027A Dual J-K Flip-Flop 

CD4046A Micropower Phase-Locked Loop 

Twenty samples were obtained of each array type to a variety of speci- 

fications - commercial, high reliability,  and very high reliability.    The 

very high reliability specification was RCA No.   1970891 and the high 

reliability specification was RCA No.  2260600,  as suggested by the AFWL 

Technical Monitor.    The more severe specification requires 100% testing 

and scanning electron microscope inspection,  which are relaxed some- 

what in degree for the less severe specification with the requirement of 

SEM inspection omitted.    The principal concern in the characterization 

was for the very high reliability arrays,  but because of limitations in 

*See Note on page 73. 
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supply,  samples of the high reliability arrays were included.    The mixed 

sample set could have been helpful in determining possible effects of the 

screening on the radiation susceptibility,  but results obtained did not 

establish any convincing trend. 

Characterization of total ionizing dose permanent damage effects in 

CMOS microcircuits is complex because of the number of independent 

parameters that must be considered.     These parameters include: 

1) exposure under either static or dynamic bias conditions; 2) deter- 

mination of worst-case input bias conditions for static or dynamic se- 

quency operation during exposure; and 3) definition of circuit bias and 

performance parameters for evaluation of radiation-induced permanent 

damage.    All total ionizing radiation dose exposures in this study were 

conducted in the NRTC cobalt-60 hot cell environment with a supply 

voltage (VDD) of +10V.    Samples of each array type were exposed under 

static and dynamic operation during exposure, with the logic states 

selected to represent all modes of array operation.    Electrical per- 

formance parameters used to monitor damage to the arrays included 

the dc parameters for each logic output state,   minimum supply voltage,   and 

power supply current as well as electrical switching performance. 

The transient photoresponse and power-supply photocurrent were mea- 

sured for each of the microcircuit types in the 2 MeV narrow-pulse and 

IRT linac wide-pulse ionizing radiation environments.    Initially,  the 

photoresponse of a single sample was mearured under all meaningful 

static logic input bias conditions in the flash x-ray to determine the 

worst-case.    Four additional samples were then exposed in the worst- 

case bias condition(s) in the flash x-ray to get some statistical repre- 

sentation in the transient upset logic levels.    Supply voltage (V      ) for 
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a all measurements was +10V.    Samples of each array type were then 

exposed to the wide-pulse linac environment under both static and dy- 

namic operating conditions.    No latch-up or anomalous photoresponse 

was observed in any of the samples in the flash x-ray environment for 

exposures of up to 5 x 10       rads(Si)/s, but anomalous photoresponse was 

noted in some cases as a result of the wide-pulse linac exposures.    Re- 

sults include the transient logic upset level as a function of radiation 

pulse-width and the worst-case logic state as well as the power supply 

photocurrent.    It is interesting to note that the worst-case logic state 

for transient upset is not necessarily the same as that for power-supply 

photocurrent. 

Result» of   the observed transient and permanent damage failure levels 

for all five CMOS array types are summarized in Table 2-1.    In the 

following discussion,  these results are presented in detail for each 

array type. 

2. 1      CD4023A Triple 3-Input NAND Gate Study 

The CD4023A 3-input NAND gate is a junction-isolated CMOS array 

with three independent gates on a single monolithic chip.     Ten samples 

of the CD4023A were obtained to RCA Specification 1970891-120 in ad- 

dition to the samples obtained to RCA Specification 2260600-120.    The 

schematic diagram of a single NAND gate is shown in Figure 2-1. 

Observed results on total ionizing dose and transient photoresponse 

susceptibility are summarized in Table 2-2.    The range in data reflects 

the worst-case observations over all conditions of microcircuit static 

bias and dynamic operation. 

-.>■     -—--■■^W......^.L. . ,_ 



f^mmmm''mmmmmmmmm wm mm^v9^M*mmmm»9m9fmimm- mmmmm* wmmmm 

W 
i—i 
H 
ft 
W 
U 
w 
& 
CO 

CO 
O 

u 
Q 
W 
> 

w 
w 
pq 
O 

ft 
O 

ft 
<! 

D 
m 

i 
M 

ft 
ft 
ft 
< 

to « » |-< "a ^ 
ft ^ ^5 

^ O M 
^ Q ^ 

O 
Q 

a w 
•H   ■—■ 

n    M 

00 

o 

<? 

oo 

in 

ni r- 
-M 
0 o ft 

<u 
■M 
<T) 

Ü 
<f  , 
-i Q 
.&§ 
£ < 
f- ^ 
< t{ 
00     ^ 
N   fr 0 Ä 
^  i 
Q m 
U 

en oo 

o 
r-H 

I 

00 

d 

o 
r-1 

1 

o 

vO 

X X 

o i> 

o ro 

00 

o 

o^ o a> CT- 
0) o o o O 
»   . i—* 

rH    OJ    W 

-P
u

 
R

at
 

S
i)

/ 

o o LD 

^     OJ     M 
0    <o   ^ i—H M en 

• 
^H 

TO 
1 ' 

o in O ^O 

o .—H r-H o 

o 
r-H 

X 

(SI 

X 
o 

X 
o 
LT) 

I 

o 

"* 

X 

M o in CO 
i-H r-H • , 

• • r-H ^o 
o o 

-t-" 

^ 
tt 9) 

U      PH 
«   0 

ip
le

 
R
 G

at
e .5 

0 
ft 
o 

1-3 

.—4 

p- 
o -0 
U    0} 
U   Ü 

Ä 0 
^ 2 

0 
a 

1 
0) 
> (3 o 

A
 M

i 
-L

o
c 

< •H 
CO < i-H 

ft o 0 
i-H 

r- vO     0) 
(VJ      g< CO fM ' ■^   w 
0 iS o Ü O ^ o   ti 
^   i ^ X ^ rH ^ ^C 
Q co Q 'J Q ft Q ft 
U U U U 

0) 
to 
R) 
U 

ni 

a 
•H 

> 
O 

Q 
P 

24 

MM iü ..-.■-.. — ^... u^r.A,.. 



■    ■'•   "-.■■■='"--— 

1 
ilipiWiPpilWHPWiwpaiiiiip«^ 

...   .._, u^i u_————— 

vDD (+10V) 

vss (0V) 

Figure 2-1,    CD402 3A 3-input NAND gate schematic. 
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TABLE 2-2.    SUMMARY OF OBSERVED RADIATION 
SUSCEPTIBILITY - CD4023A 

Transient Photo response 

Narrow Radiation Pulse (t    = 30 ns) 
P 

4 samples,   12 gates 

Q 9 
0  9 x  10     ^ Y     ^  1.5  x  10    rads(Si)/s 

c 

Wide Radiation Pulse (t    = 4. 5 jis) 
P 

4 samples,   12 gates 

Q 

Y     s: 2  x   10    rads(Si)/s 
c 

Total loniziix? Radiation Dose 

Cobalt-60 exposure at 20 krads(Si)/hour 

6 samples,   18 gates 

0  7 x  10     ^ Y     s:  5,8 x  10    rads(Si) 
c 

2.1.1   CD402 3A Total-Ionizing-Radiation-Induced Permanent Damage. 

A total of six samples of the CD402 3A were exposed to the ionizing radi- 

ation environment of the NRTC cobalt-60 hot cell.    The six samples 

represented 18 samples of the individual 3-input NAND gates.   Bias con- 

dition during exposure represented the three most critical static operating 

conditions as well as dynamic operation, as shown below: 

Input Signal 
Conditions 

0 0 0 
1 1 0 
1          1 1 

dynamic 

Gate Types Exposed 
891-VHR 600 HR 

2 
2 
2 
3 

2 
2 
2 
3 

20 

•   --    ■—"■■" ^^^-■^   ■,-„„■    in-,, yt-..-.■......    ... 



\ 

»f'sasfiPSipilF^^ 

All 18 gates were exposed simultaneously with the logic :nputs of 12 

gates under static bias and the inputs of the remaining six gates exer- 

cised with a 100 kHz square-wave signal,    Under the test matrix,  as 

shown above,  the output logic level for one of the three static input bias 

conditions is a logical "0" and the two remaining static input bias con- 

ditions give a logic "1" level output.    One output each from the two 

clocked input arrays was monitored during exposure.    The total exposure 

time was divided into a number of shorter exposure intervals,  after 

which,  static and dynamic performance measurements were made to de- 

termine the degradation of critical parameters.    Performance characteri- 

zation tests consisted of measurement of the dc voltage transfer charac- 

teristic, output current-voltage characteristics,  and dynamic logical 

operation.    The critical dose for failure was defined as the total ionizing 

dose exposure resulting in the reduction of critical parameter values by 

67% of the initial value.     The critical parameters for the failure definition 

were the input voltage required to get to the 50% point in output voltage 

on the voltage transfer characteristic (i. e. , threshold input voltage),  and 

the output current in the static "0" and "1" states measured at the input 

threshold voltage.    The worst-case total dose failure levels observed 

are summarized in Table 2-3 with the appropriate bias conditions. 

2.1.2   CD4023A Narrow-Pulse Transient Photoresponse.    Four arrays, 

or 12 NAND gates,  of the CD402 3A triple 3-input NAND gate were exposed 

to the ionizing radiation environment of the NRTC 2 MeV flash x-ray. 

Two arrays each of the very-high-reliability and high-reliability micro- 

circuits were exposed under the static logic bias conditions as  shown below, 
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TABLE 2-3.    TEST CONDITIONS AND CRITICAL DOSE FOR 
CMOS Co-60 TOTAL DOSE SUSCEPTIBILITY 
CHARAC TERIZATION 

Critical Dose 
(Y  ) Rads (Si) 

c 

; 

.: 

In 
C 

put Signal                 t 
onditions 

Sample 
Types 

CD4023A 0 0 0 .   .600 

C .   .600 

1 .   . 600 

0 0 .   .600 

0 .   .   .600 

1 .   .   .600 

0 .   .   .891 

0 .   .   .891 

1 .   .   .891 

0 .   .   .891 

0 .   .   .891 

1 .   .   .891 

Dynamic 

1/0 .   .   .600 

1/0 .   .   .600 

1/0 .   .   .600 

1/0 .   .   .891 

1/0 .   .   .891 

1/0 .   .   .891 

2.2 - 2. 7 x 10 
i 

2.2 - 2. 7 x 10 

0. 7 - 1. 7 x 10 

5. 8 - 7. 9 x 10 

5. 8 - 7. 9 x 10 

0. 7 - 1. 7 x 10 

2.2 - 2. 7 x 10 

2.2 - 2. 7 x 10 

2. 2 - 2. 7 x 10 

M07 

5. 8 - 7. 9 x 10^ 

>io7 

2.2 - 2. 7 x 10 

2.2 - 2. 7 x 10 
( 

2. 2 - 2. 7 x 10 

>io7 

>io7 

>10 

6 
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Input Signal 
Conditions 

0 
1 
1 

0 
1 
1 

0 
0 
1 

Gate Types Exposed 
891-VHR ...600 HR 

2 
2 
2 

2 
2 
2 

The power supply voltage  (V       ) was +10V in all cases.    One of the three 

selected input bias conditions provided a "0" logic output,  while the two 

other input logic combinations provided a "1" logic output.    In this study, 

a transient logic error is defined as a transient output signal sufficient 

in magnitude to cause a logic error in a driven gate as based on the 50% 

output-voltage point in the dc transfer characteristic of the gate.     The 

test circuit used in the measurement of the transient photoresponse is 

presented in Appendix B. 

In general,  the "0"-state transient failure threshold was considerably 

less than that observed for the "1" output state.    The overall failure 

range in the worst-case is then determined as between 0. 9 to 1.5 

x 10    rads(Si)/s.    Specific results in the worst-case input logic condi- 

tion were as follows: 

I 

Input Signa 
Condition 

1 

1 

Gate Type 

...600 HR 

Critical Dose Rate 
rads(Si)/s 

1          1 
9 

0. 9  -   1. 0 x  10 

1          1 1 . ..600 HR 1.0  -   1.5  x  109 

1          1 1 ...891 VHR 1.0  -   1.5  x   109 

1          1 1 . ,.891 VHR 1. 0  -   1. 5  x   10 

Typical output waveforms are presented in Figure 2-2.    No latch-up or 
10 

anomalous photoresponse was observed for exposures up to 5x10 

rads(Si)/s. 
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m 
In addition to the measurement of the output transient photoresponse, 

the power supply photocurrent was measured on two samples in the 

2 MeV flash x-ray narrow-pulse environment.    The measurements were 
8 9 

taken at two radiation dose rates (5 x 10    and 2 x 10    rads(Si)/s) near the 

observed transient logic upset level,  for the three critical static input 

bias conditions.     The power supply voltage (VDD) was set at +10V.   Mea- 

sured results are sximmarized in Table 2-4.    It is interesting to note 

that the worst-case input bias condition for the power supply photocurrent 

(i, e. , all zero inputs) is different than that determined for the transient 

logic upset (i. e. ,  all one's input).    This can be a significant considera- 

tion in determining the transient upset level in a practical CMOS sub- 

system since logic upset could be the result of either the direct effect on 

the micro circuits,  or the result of a power supply voltage transient re- 

sulting from the cumulative power supply photocurrent surge. 

TABLE 2-4.    POWER SUPPLY PHOTOCURRENT WITH INPUT 
COMBINATIONS FOR TWO DOSE-RATE LEVELS 

Inpi 
Combin 

at 
a tic 

ii 
HIS 

Gamma Dose Rate 
(rads(Si)/s) 

5 x  108             2  x  109 

Sample 

0 0 
1 1 
1          1 
1          0 

0 
1 
0 
0 

50 mA                260 mA 
44 mA                  96 mA 
48 mA                 115 mA 
48 mA                 140 mA 

Sample #2 

0 0 
1 1 
1          1 
1          0 

0 
1 
0 
0 

46 mA                 155 mA 
40 mA                   82 mA 
45 mA                   96 mA 
23 mA                 105 mA 
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2. 1. 3   CD402 3A Wide-Pulse Transient Photo response.    Twelve gates 

from four CD4023A samples were exposed to the wide-pulse ionizing 

radiation environment of the IRT linear accfelerator.    The transient out- 

put photoresponse was measured for the same three static input bias 

conditions studied in the narrow-praise flash-x-ray measurements.     The 

purpose of these experiments was to determine the steady-state output 

photoresponse of the gates using the 4. 5 |js linac ionizing radiation pulse. 

It was determined that the worst-case for transient logic upset was the 

1-1-1 input condition which set the output in the 0-state in the flash x-ray 

experimental results.     The output photoresponse, however, was very 

complex, particularly at ionizing radiation levels above the worst-case 

failure threshold.    The results in terms of peak output photoresponse may 

be somewhat misleading since equilibrium or steady-state outputs were 

not generally obtained even with the 4. 5 (is wide ionizing radiation pulse. 

The worst-case transient upset level over the range of exposures for the 
Q 

four gates was approximately 2x10    rads(Si)/s.    Detailed results on the 

radiation exposures are summarized in Table 2-5.    Typical waveforms 

for the worst-case logic condition are shown in Figure 2-3 for the worst- 

case 1-1-1 input state and in Figure 2-4 for ^he 0-0-0 input state. 

2.2      CD4025A Triple 3-Input NOR Gate Study 

The CD4025A 3-input NOR gate is a junction-isolated CMOS array with 
2 

three independent gates on a single monolithic chip.    Ten samples of the 

CD4025A were obtained to RCA Specification 1970891-121 in addition to 

the ten samples obtained to RCA Specification 2260600-121. The sche- 

matic diagram of a single NOR gate is shown in Figure 2-5. 
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TABLE 2-5.    SUMMARY OF CD4023A WIDE-PULSE PHOTORESPONSE 
MEASUREMENTS 

Gate Input Output 
Peak Photoresponse 

Sample Bias State Ae   ,   V 
o 

Y,   rads(Si)/s Comments 

8A-1 1   1   1 0 9.0 
9 

2  x   107 See Figure 2-3 (c) 

8A-1 I   1   1 0 8.0 4. 3  x   108 

8A-1 1   1   1 0 4.4 3.4 x   108 

8A-1 I   I   1 0 1.8 1.6  x   108 

8B-1 I   1   1 0 9.0 1.4 x   109 See Figure 2-3 (d) 

8B-1 1   1   1 0 3.4 2.3  x   10 

9A-1 1   1   I 0 8.0 2.9 x   109 

9A-1 1   1   1 0 2.8 2.1  x   108 

9A-1 1   1   1 0 8.0 1.8 x   108 See Figure  2-3 (b) 

9B-1 1   1   1 0 9.0 5  x 108 

9B-1 1   1   1 0 8. 5 2. 5  x   108 

9B-1 1   I   1 0 4.4 2.5 x   108 See Figure  2-3 (a) 

9B-1 1   1   1 0 1.6 1.4 x   108 

8A-2 1   I   0 -4.4 1.3 x   109 See Figure 2-4  (c) 

8A-2 1   1   0 -2.8 4. 3  x   108 

8A-2 1   1   0 -0. 5 3.4 x  108 

8B-2 1   1   0 -5.2 1.4 x  109 

8B-2 1   1   0 -0.9 9.0 x   108 

9A-2 1   1   0 -4.8 1.8 x   109 

9A-2 1   1   0 -0.4 2.1  x   108 See Figure 2-4 (a) 

9A-2 1   1   0 -1.8 1.8 x   108 

9B-2 1   1   0 -5.6 2,5 x   109 

9B-2 1   I   0 -4.4 5. 0 x   108 
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Table 2-5.   Continued 

34 

Gate Input Output Peak Photo response 

Sample Bias State Ae  ,  V 
o Y,  rads(Si)/s Comments 

9B-2 1   1   0 -1.0 2.5 x  108 

9B-2 1   1   0 -0.4 1.4 x  108 

8A-3 0  0  0 -4.4 1.3 x  109 
See Figure 2-4 (d) 

8A-3 0  0  0 -3.0 4. 3 x  108 

8A-3 0  0  0 -0.6 3.4 x  108 

8A-3 0  0  0 -0.2 3. 4 x  108 

8B-3 0  0  0 -5.8 1.4 x  109 

8B-3 0  0  0 -0.9 2.3 x  108 

9A.3 0  0  0 -4.8 1.8 x  109 

9A-3 0  0  0 -0.6 2.1 x  108 
See Figure 2-4 (b) 

9A-3 0  0  0 -2. 0 1.8 x  108 

9B-3 0  0  0 -5.6 2.5 x  109 

9B-3 0  0  0 -4.8 5.0 x  108 

9B-3 0  0  0 -1.0 2.5 x  108 

9B-3 0  0  0 -0.4 1.4 x  108 

, 
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(a) 

(b) 

Sample //9B-1 

^  ^ 2. 5 x   108 rads(Si)/s 

9    H* 4. 4V 
o 

t  =   1 las/div. 

Sample #9A-1 

y ^ 1.8 x   10    rads(Si)/s 

^    s 8V 

(c) 

Ejssss:» 

wnaiiin 

t =   1 |js/div 

Sample   #8A-1 

Y 2= 2  x  109 rads(Si)/s 

^    s 9V 

(d) 

t =  2 |as/div. 

Sample #8B-1 

v  2= 1.4 x   109 rads(Si)/s 

Ö 9Y 

t  =  2 |Js/div. 

Figure 2-3.    CD402 3 O-state wide-pulse photoresponse wavefcrms. 
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Input Biae 

1 1 0 

0       0       0 MS (a) Sample #9A-2 

(b) Sample #9A-3 

Input Bias 

1 1 0 

0       0       0 

e     =   0. 5 V/div;   t  =  2 [as/div. o ^ 

(c) Sample #8A-2 

(d) Sample #8A-3 

eo   = 2 V/div;  t = 2 |as/div. 

Figure 2-4.    CD4023 1-state wide-pulse pho^oresponse waveforms. 
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A   O- 

B   O 

C   O 

-*—o 

SS 

■M 0 

SS 

vDD(+iov) 
o 

-> o   V DD 

-o    V DD 

-♦ o   V 
DD 

-O D 

-^—o 
V SS 

vss {ov> 

Figure 2-5.    CD4025A 3-input NOR gate schematic. 
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Observed results on total ionizing dose and transient photoresponse 

susceptibility are summarized in Table 2-6.    The range in data reflects 

the worst-case observations over all conditions of microcircuit static 

bias and dynamic operation. 

TABLE 2-6.    SUMMARY OF OBSERVED CD4025A 
RADIATION SUSCEPTIBILITY 

Pulsed Ionizing Radiation 

Narrow-Pulse Transient Failure Level (t    ^ 30 ns) 
P 

4 microcircuits/12 gates 
o 

1.5  S Y     ^ 2 x 10    rads(Si)/s 

Wide-Pulse Transient Failure Level (t    ^ 4. 5 us) 
P 

4 microcircuits/12 gates 

0.8  £ Y     ^  l.Ox 108 rads(Si)/s 
c 

Total Ionizing Radiation Dose 

Co-60 Exposure at 20 krads(Si)/hr 

6 microcircuits/18 gates 

1.2 x 105  ä Y     ^  107 rads(Si) 

2.2.1    CD4025A Total-Ionizing-Radiation-Induced Permanent Damage. 

A total of six samples of the CD4025A were exposed to the ionizing radi- 

tion environment of the NRTC Co-60 hot cell.     The six samples repre- 

sented 18 samples of the individual 3-input NOR gates.    Bias condition 

during exposure represented the three most critical static operating 
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conditions as well as dynamic operation as shown below, 

Input Signal 
Conditions 

0 0 0 
1 0 0 
1          1 1 

dynamic 

Gate Types Exposed 
. «qi-VHR .. .600 HR 

2 
2 
2 
3 

2 

2 
2 
3 

All 18 gates were exposed simultaneously with the logic inputs of 12 

samples under static bias and the inputs of the remaining 6 samples 

exercised with a 100 kHz square-wave signal.    Under the test matrix, 

as shown above,  the output logic level for one of the three static input 

bias conditions is a logical "1" and the two remaining static input bias 

give a logical "0" output level.    One output each from two clocked input 

gates were monitored during ionizing radiation exposure.    The total 

exposure time was divided into a number of shorter exposure intervals, 

after which static and dynamic measurements were made to determine 

the degradation of critical parameters.    Performance characterization 

tests consisted of the measurement of the dc voltage transfer character- 

istic,  dc output current-voltage characteristics,  and dynamic logic 

operation on each gate.     The critical ionizing radiation dose at failure 

in this study was defined as the total ionizing dose exposure resulting in 

the reduction of critical parameter values by 67% of the initial value. 

The critical parameters for the failure definition were the input voltage 

required to get to the 50% point in the output voltage on the voltage trans- 

fer characteristic,  and the output current in the static "0" and "1" states 

at that value of input voltage.    The worst-case total dose failure levels 

observed are summarized in Table 2-7 with the appropriate bias 

conditions. 
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TABLE 2-7.     TEST CONDITIONS AND CRITICAL DOSE FOR CMOS 
Co-60 TOTAL DOSE SUSCEPTIBILITY CHARACTER- 
IZATION 

In 
C 

put Signal 
Conditions 

Sample 
Types 

Critical Dose 
(V  ) Rads (Si) 

c 

CD4025A 0 0 0 ... 600 120 -    140K 

0 0 .   .   .600 120 -    140K 

1 1 .   .   .600 120 -    140K 

0 0 0 .   .   .600 120 -    140K 

0 0 ... 600 120 -    140K 

1 1 .   .   .600 120 -    140K 

0 0 0 ... 891 >io7 

0 0 ... 891 >io7 

I 1 .   .   .891 >io7 

0 0 0 ... 891 >io7 

0 0 .   .   .891 >io7 

1 1 ... 891 >io7 

Dynamic 

i/o .   .   .600 120 -    140K 

i/o .   .   .600 120 -    140K 

i/o .   .   .600 120 -    140K 

i/o .   .   .891 >io7 

i/o ... 891 >io7 

i/o .   .   .891 >io7 
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2.2.2   CD4025A Narrow-Pulse Transient Photoresponse.    Four micro- 

circuits,   or 12 NOR gates of the CD4025A triple 3-input NOR were ex- 

posed to the ionizing radiation environment of the NRTC 2 MeV flash 

x-ray.     Two arrays each of the very-high-reliability and high-reliability 

microcircuits were exposed under the static logic bias conditions shown 

below, 

Input Signal 
Conditions 

Gate Types Exposed 
891-VHR ...600 HR 

0 
1 
1 

0 
0 
1 

0 
0 
1 

2 
2 
2 

2 
2 
2 

The power supply voltage (Vj^-) was +10V in all cases.    One of the three 

selected input bias conditions provided a "high" of "1 "-state level output 

while the two remaining input logic combinations provided a low of "0"- 

state logic level at the output.    In this study,  a transient logic error is 

defined as a transient output signal sufficient in magnitude to cause a 

logic error in a driven gate ba&ed on the 50% output-voltage-point in the 

do transfer characteristics of the gate.     The test circuit used in the 

measurement of the transient photoresponse is presented in Appendix B. 

In general, the "0"-state transient failure threshold was considerably 

less than that observed in the "1" state. The failure range, as deter- 

mined from the "0"-state output photoresponses was in the range of 
9 

1. 5 to 2. 0 x 10    rads(Si)/s.     Typical output waveforms are presented in 

Figure 2-6.    No latch-up or anomalous photoresponse was observed for 

exposures up to 5 x 10      rads(Si)/s. 

In addition to the measurement of the output transient photoresponse, 

the power supply photocurrent was measured on two samples.    The 
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measurements were taken at a dose rate approximating the transient 

failure level (i. e. ,  2 x 10    rads(Si)/s) as well as at a dose rate a factor 

of four lower than the critical static input bias conditions at a power sup- 

ply voltage of +10V.    Measured results are summarized in Table 2-8. 

As was the case with the CD402 3,  the worst-case for logic upset is not 

the worst-case for power supply photocurrent. 

TABLE 2-8.   POWER SUPPLY PHOTOCURRENT WITH INPUT 
COMBINATIONS FOR TWO DOSE-RATE LEVELS 

Gamma Dose Rate 

Input 
Combinations 

irads(Si)/s) 

5 x 108          2 x 10 

Sample #1 

0         0 0 60 mA             310 mA 
1          1 1 33 mA                57 mA 
1          1 0 52 mA             120 mA 
1          0 0 60 mA             170 mA 

Sample #2 

0         0 0 72 mA             300 mA 
1          1 1 33 mA                48 mA 
1          1 0 44 mA             140 mA 
1          0 0 52 mA              180 mA 

2.2.3   CD4025A Wide-Pulse Transient Photoresponse.    Twelve gates 

from four CD402 5A samples were exposed to the wide-pulse ionizing 

radiation environment of the IRT linear accelerator.    The transient out- 

put photoresponse was measured for the same three static input bias 

conditions studied in the narrow-pulse flash x-ray measurements.     The 

purpose of these experiments was to determine the steady-state output 

photoresponse of the gates using the 4. 5 |js ionizing radiation pulse. 
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The transient output response was comparable in both the 0-output state 

and the 1-output state, unlike the CD4023A where the 0-state photore- 

sponse was definitely the worst-case.     The transient upset level was 
Q 

determined as approximately 0, 8 to 1. 0 x 10    rads(Si)/s with the 1-1-1 

input/0-output state the most sensitive by a slight margin.    Detailed re- 

sults of the radiation exposures are summarized in Table 2-9,  and 

typical output waveforms are illustrated in Figures 2-7 and 2-8. 

As with the CD4023 results,  the linac 4. 5 |as pulse was not long enough to 

establish the true steady-state photoresponse of the CD4025A gates.    As 

shown in Figure 2-7,  the output photoresponse has not reached steady 

state at the end of the 4. 5 |js pulse.    Thus,  the true steady-state logic 

upset threshold of the gates could be 10-20% less than those values ob- 

served in the linear experiments.    No definitive latch-up was observed 

in the course of the wide-pulse exposures,  but one electrical failure was 

observed and the output waveforms above the logic upset level are com- 

plex and suggest the possibility of anomalous photoresponse or incipient 

latch-up.     This is illustrated by the waveforms in Figure 8(a) where the 

output transient voltage is still increasing after the end of the radiation 

pulse. 

2. 3     CD4030A Quad Exclusive-OR Gate Study 

The CD4030A 2-input exclusive-OR gate is a junction isolated CMOS 
3 

array with four independent gates on a single monolithic chip.     Ten sam- 

ples of the CD4030 were obtained to RCA Specification 1970891-125,  in 

addition to the ten samples obtained to RCA Specification 2260600-125. 

The schematic diagram of a single exclusive-OR gate is shown in 

Figure 2-9. 
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TABLE 2-9.    SUMMARY OF CD4025A WIDE-PULSE PHOTORESPONSE 

MEASUREMENTS 

Gate 
Sample 

Input 
Bias 

Output 
State 

Peak F 

Ae  ,  V 
o 

'ho to response 

Y,   rads(Si)/s Comments 

8A-1 0 +8. 5 1. 1  x   109 

8A-1 0 +8. 0 3.8 x   108 

8A-1 0 +8.0 1.4 x   108 

8B-1 0 +8.0 1.6 x  109 

8B-1 0 +9.0 6.0 x   108 See Figure 2-8 (a) 

8B-1 0 +5.6 1. 1  x   108 See Figure 2-7 (a) 

8B-1 0 +0.7 4.0 x   107 

9A-1 0 +9.0 1.2  x   109 

9A-1 0 +8.0 3.3 x   108 

9A-1 0 +8.0 1.4 x   108 

9A-1 0 +3.6 6.2  x   107 

9B-1 0 +9.0 1.1   x  109 

9B-1 0 +9. 0 5.0 x   108 

9B-1 0 +7.0 1.4 x   108 

9B-1 0 +4.0 7. 8 x   107 

8A-2 1   0  0 0 +6.4 1.1  x   109 

8A-2 1   0 0 0 +6.2 3.8  x   108 

8A-2 1   0  0 0 +4.4 1.4 x   108 

8B-2 1   0  0 0 +6.5 1.6  x   109 

8B-2 1   0  0 0 +6.5 6.0 x   108 See Figure 2-8 (b) 

8B-2 1   0  0 0 +3.4 1. 1  x   108 See Figure 2-7 (b) 

8B-2 1   0  0 0 +0.7 4.0 x   107 

9A-2 1   0  0 0 +6.2 1.2  x   109 
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Table 2-9 Continued 

Gate Input Output Peak Photo response 

Sample Bias State Ae   .   V 
o Y,  rads(Si)/s Comments 

9A-2 1   0  0 0 +6.2 3.3 x   108 

9A-2 1   0  0 0 +4.6 1.4 x   108 

9A-2 1   0  0 0 +1.9 6.2  x  107 

9B-2 1   0  0 0 +6.4 
9 

1.1  x   107 

9B-2 1   0  0 0 +6.4 5.0 x  108 

9B-2 1   0  0 0 +2. 0 7.8 x   107 

8A-3 0  0  0 -4.4 3. 8 x   108 

SA-3 0  0  0 -4. 0 1.4 x  108 electrical fail- 

8B-3 0  0  0 -8. 0 1.1  x  109 

o.O x  108 

ure after next 
shot 

8B-3 0  0  0 -8.0 See Figure 2-8 (c) 

8B-^ 0  0  0 -3.6 1.1 x  108 See Figure 2-7 (c) 

aB-3 0  0  0 -0.2 4.0 x  107 

9A-3 0  0  0 -8.6 1.2  x  109 

9A-3 0  0  0 -8.2 3.3 x   108 

9A-3 0  0  0 -4.0 1.4 x  108 

9A-3 0  0  0 -2.6 6.2 x  107 

9B-3 0  0  0 -8.0 
9 

1.1  x  107 

9B-3 0  0  0 -8.4 5.0 x  108 

9B-3 0  0  0 -2.9 7.8 x   107 

1 

: 
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B 
Y e: 1. 1 x 10 

rads(Si)/s 

(a) Input State  1-1-1 (a) Sample #8B-1 

(b) Input State 1-0-0 

(c) Input State 0-0-0 

(b) Sample #8B-2 

(c) Sample //8B-3 

e     = Z V/div. ,   t  -  Z |as/div. 
o 

Figure 2-7.     CD4025A wide-pulse photoresponse at transient upset 
dose rate. 
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^ - 6 x 108 

rads(Si)/s 

(a) Input State 1-1-1 (a) Sample #8B-1 

(b) Input State 1-0-0 

(c) Input State 0-0-0 

(b) Sample #8B-2 

(c) Sample #8B-3 

e     =  2 V/div. ,   t = 2 ias/div. 
o 

Figure 2-8.    CD402 5A wide-pulse photoresponse above the 
upset dose rate. 
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V 
-» ODD 

V 
-< oSS 

DD 
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■O 

-<—oSS 

vss (0V) 

Figure 2-9.    CD4030A exclusive-OR gate schematic. 
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Observed results on total ionizing dose and transient photoresponse 

susceptibility are summarized in Table 2-10.    Ihe range in data reflects 

the worst-case observations over all conditions of microcircuit static 

bias and dynamic operation. 

TABLE 2-10.    SUMMARY OF OBSERVED CD4030A 
RADIATION SUSCEPTIBILITY 

Pulsed Ionizing Radiation 

Narrow-pulse Transient Failure Level (t    2: 30 ns) 
P 

4 microcircuits/12 gates 

1. 0  s: Y     s  3. 0  x   109 rads(Si)/s 

Wide-pulse Transient Failure Level (t    s; 4. 5 us) 
P 

4 microcircuits/12 gates 

0.7  s Y     ^  1. 0 x   108 rads(Si)/s 

Total Ionizing Radiation Dose 

Co-60 Exposure at 20 krads(Si)/hr 

6 microcircuits/18 gates 

0. I^Y     52.7x10    rads(Si) c 

2. 3. 1   CD4030A Total-Ionizing-Radiation-Induced Permanent Damage. 

A total of six samples of the CD4030A were exposed to the ionizing radi- 

ation environment of the NRTC Co-60 hot cell.    The six samples repre- 

sented 24 samples of the individual 2-input exclusive-OR gates.    Bias 

conditions during exposure represented all four possible static input bias 

conditions as well as dynamic operation.    Two samples each of the very- 

high-reliability and high-reliability gates were exposed under each static 
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input condition,  and three samples each were exposed under dynamic 

bias,   exercised with a 100 kHz square-wave signal.    One output each 

from the dynamically driven gates was monitored during the entire ion- 

izing radiation exposure.    The total exposure time was divided into a 

number of shorter exposfure intervals,  after which static and dynamic 

measurements were made to detetmine the degradation of critical param- 

eters.    Performance rharacteristization tests consisted of the measure- 

ment of the dc voltage transfer characteristic,  the dc output current- 

voltage characteristics,  and the dynamic logic operation of each gate. 

The critical-ionizing radiation dose at failure in this study was defined 

as the total ionizing dose exposure resulting in the critical parameter 

degradation of 67% of the initial value.    The critial parameters,   as be- 

fore, were the input voltage at the mid-point of the transfer character- 

istic,  and the output current in the static "0" and "1" state at the value 

of input voltage.    The worst-case total dose failure levels observed are 

summarized in Table 2-11 with the appropriate bias conditions. 

2.3.2   CD4030A Narrow-Pulse Transient Photo response.    Four micro- 

circuits,  or 16 samples of the CD4030A 2-input exclusive-OR gates were 

exposed to the ionizing radiation environment of the NRTC 2 MeV flash 

x-ray.     Two arrays each of the high-reliability and very-high-reliability 

types were irradiated under all four possible static, input bias conditions. 

The power supply voltage (Vnn) was +10V in all cases.    For the exclusive- 

OR,  the output is in the 1-logic state for two of the four input bias condi- 

tions,  and is in the 0-logic state for the other two input logic states.    No 

latch-up,  anomalous photoresponse or radiation-induced permanent 

damage was observed for exposure  exposure dose rates up to 
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TABLE 2-11. 

CD40^0A 

TEST CONDITIONS AND CRITICAL DOSE FOR 
CMOS Co-60 TOTAL DOSE SUSCEPTIBILITY 
CHARAC TERIZATION 

Input Signal 
Conditions 

0 0 

0 

Dynamic 

1/0 

1/0 

i/o 

i/o 

1/0 

i/o 

i/o 

i/o 

Sample 
Types 

. 600 

. 600 

. 600 

. 600 

. 600 

. 600 

. 600 

. 600 

. 891 

. 891 

. 891 

. 891 

. 891 

. 891 

. 891 

.891 

. 600 

. 600 

. 600 

. 600 

. 891 

. 8^1 

. 891 

. 891 

Critical Dose 
(y   ) Rads (.Si) 
 c  
2. ? 

2. 2 

2. 7 x 10 

2. 7 x 10^ 

2.2 - 2. 7 x 10 

2.2 - 2. 7 x ]0( 

2.2 - 2. 7 x 10 6 

2.2 - 2. 7 x 10 

2. 2 - 2.7 x 10 

2.2 - 2. 7x 10 

1. 1  - 1. 4x 10" 

1. 1 - 1.4x 10! 

1. 1 

1. 1 

1. 1 

1. 1 

1. 1 

1. 4x 10" 

1.4x 10'' 

1.4x 10f 

1.4x 10"* 

1. 4x 10" 

1. 1 - 1.4x 10' 

2.2 - 2. 7 x 10 

2 2 - 2 7x 10 

2 2 - 2 7x 10 

2. 2 - 2. 7x 10 

1. 1 -  1. 4x10 

1. 1 - 1. 4x10 

1. 1 - I. 4x 10 

1. 1 - 1. 4x 10" 
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5x10       rads(Si)/s.     The observed transient logic upset level for each 

of the gates characterized is summarized below. 

Sample Type 
Input Logic 

State 
Output Logic 

State 
Critical Dose Rate 

rads(Si)/s 

...600 HR 1 0 1.0 - 2. 0 x 109 

,..600 HR 1 0 2. 0 - 2. 5  x ioy 

...600 HR 0 1 1.0 - 2. 0 x ioy 

. . .600 HR 0 1 2.0 - 2, 5  x ioy 

. . . 891 VHR 1 0 2.0 - 2. 5  x 10V 

. . . 891 VHR 1 0 2. 5 - 3. 0  x 109 

.. .891 VHR 0 1 2.0 - 2. 5  x ioy 

...891 VHR 0 1 2.5 - 3. 0 x ioy 

The critical dose rate for transient logic upset threshold has been de- 

fined,  in this case,  as that required to produce a transient voltage at the 

output equal in magnitude to the 50% switching input voltage of the dc 

transfer characteristic.    In all cases,  the 1-state transient failure 

threshold was considerably less than that observed in either input condi- 

tions for the 1-output state.     The worst-case narrow-pulse logic upset 
9 

level was observed, then,  as approximately 1. 0 to 3. 0 x 10    rads(Si)/s. 

The upset threshold for the very-high-reliability gates was slightly higher 

than that observed for the high-reliability gates,  but the data is insuffi- 

cient to suggest that the very-high-reliability parts were significantly 

harder.     Typical waveforms of the transient output photoresponse are 

shown in Figure 2-10. 
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In addition to the measurement of the output transient photoresponse the 

power supply photocurrent was measured on two samples.     The measure- 

ments were at ionizing radiation dose rates of 5 x 108 and 2 x 10° rads(Si)/s 

representing the critical dose rate for logic upset,   as well as an exposure 

at a dose rate substantially lower than that of the logic upset level.   Mea- 

surements were conducted for four critical static input bias conditions 

at a power supply of +10V.    Measured results are summarized in 

Table 2-12.    Again,  the worst-case for the transient power supply photo- 

current (i. e. ,   inputs 0 - 0) is not the same as that for the logic output up- 

set (i. e, ,   either  1  - 0 or 0 - 1). 

TABLE 2-12.    POWER SUPPLY PHOTOCURRENT WITH INPUT 
COMBINATIONS FOR TWO DOSE-RATE LEVELS 

Gamma Dose Rate 

Input (rads(Si)/s) 

Combinations 5 x  10ö            2  x   109 

Sample #1 

1           1 29 mA                 54 mA 
1           0 34 mA                 64 mA 
0          1 35 mA                 60 mA 
0          0 50 mA               160 mA 

Sample #2 

1           1 26 mA                 48 mA 
1           0 30 mA                 70 mA 
0           1 30 mA                 65 mA 
0          0 36 mA               215 mA 

^ 3- 3   CD4030A Wide-Pulse Transient Pbotoresponse.    Twelve gates 

from four CD4030A samples were exposed to the wide-pulse ionizing 

radiation environment of the IRT linear accelerator.    The transient output 
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photoresponse was measured for the most critical three of the four 

possible input states (i.e. , input 0-0,  output 0; input 0-1,  output 1; 

and input 1-0,  output 1).    Unlike either the CD4023A or CD4025A gates, 

the worst-case output state was the 1-state,  with comparable suscepti- 

bility for the 0-1 and 1-0 input bias conditions.     The transient upset 

level was determined as approximately 0. 7 - 1. 0 x 10    rads(Si)/s. 

Detailed results of the radiation exposures are summarized in 

Table 2-13,  and typical output waveforms are illustrated in Figures 2-11, 

-12,  and -13. 

The transient output waveforms of the CD4030A gates were less complex 

than those observed on either the CD4023Aor CD4025A gates, but   the 

number of samples lost to permanent damage was much greater.    Nine 

of the 12 gates failed during the course of the experimental study.    It is 

not clear whether the failure was the result of radiation-induced latch- 

up or accumulated total-dose permanent damage affects.    No anomalous 

waveforms were observed that would definitively point to latch-up,  but 

the total dose on any gate did not exceed 100 kra.ds(Si) which is much 

less than the total-dose failure levels observed from the Co-60 expo- 

sures.   The transient output waveforms catching the moment of failure 

for one gate are illustrated in Figure 2-13.    Gate failure is definitive, 

but there is no way that failure due to either latch-up or total-dose 

permanent damage can be identified. 

2,4     CD4027A Dual J-K Master-Slave Flip-Flop Study 

The CD4027A J-K flip-flop is a junction-isolated CMOS array with two 

independent flip-flops on a single monolithic chip.4  Twenty samples of 

the CD4027A were obtained to RCA Specification 2260600-122.    No 
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TABLE 2 

Gate 
Sample 

.13.    SUMMARY OF CD4030A WIDE-PULSE PHOTORESPONSE 
MEASUREMENTS 

Peak Photoresponse 

Y,   rads(Si)/s Comments 

See Figure 2-11 (a) 

See Figure 2-12 (a) 

See Figure 2-13 (a) 

«Device  failure 

**Device failure 
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Table ?.-13 Continued. 

Gate 
Sample 

Input 
Bias 

Output 
State 

Peak PI 

Ae   ,   V 
o 

8B-2 0   1 -8.5 

8B-2 0   1 -10 

8B-2 0   1 ^ If, 

9A-2 0   1 -0.9 

9A-2 0   1 -9.0 

9A-2 0  1 ** 

9B-2 0  1 -1.8 

9B-2 0   1 -8.0 

9B-2 0  1 -9.8 

9B-2 0   1 -9.5 

9B-2 0   1 Tfjfc 

8A-3 1   0 -0.5 

8A-3 1   0 -3.0 

8A-3 1   0 -9.5 

8A-3 1   0 ] -9.0 

8A-3 1   0 »¥* '£ 

8B-3 1   0 -1.8 

8B-3 1   0 -9.0 

8B-3 1   0 -10 

8B-3 1   0 ** 

ho toresponse 

Y,   rad s(Si)/s Comments 

7. 5 x io7 Worst-case upset 
level; see Fig- 
ure 2-11  (b) 

1.4 x io8 See Figure 2-12 (b) 

2. 1  x io8 **Device failure; 
See Figure 2-13 (b) 

1. 1   X io8 

1.4 x io8 

5.6  x io8 **Device failure 

7.6  x iov 

1. 1   X io8 

1.4 x io8 

6.0 x io8 

1. 1   X ioy **Device failure 

1.0 x io8 

1.4 x io8 

1. 7 x io8 

7. 0 x io8 

2.5 x ioy **Device failure 

5.2  x 10 

7.5  x 10' 

1.4 x 10 

2. 1  x 10' 

8 
See Figure 2-11  (c) 

See Figure 2-12 (c) 

**Device failure; 
See Figure 2-13 (c) 
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Table 2-13 Concluded. 

Gate 
Sample 

9A-3 

9A-3 

9A-3 

9B-3 

9B-3 

9B-3 

9B-3 

9B-3 

Input 
Bias 

1 0 

1 0 

1 0 

1 0 

1 0 

1 0 

1 0 

1 0 

Output 
State Ae  ,  V 

o 

-1.0 

-9.0 

-2.0 

-8.0 

-9. 75 

-9. 75 
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totoresponse 

Y,   rad s(Si)/s Comments 

1.1    X io8 

1.4 x io8 

5.6  x io8 **Device failure 

7.6  x 10V 

1.1    X io8 

1.4 x io8 

6.0 x ioB 

1.1    X io9 * «Device failure 
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Y =  7. 5 x 107 rads(Si)/s 

(a)   Sample #8B-1 
Inputs 0-0 

e     =   0. 1 V/div. ,   t = 2 [js/div. 
o 

(b)   Sample #8B-2 

(c)   Sample #8B-3 

Inputs 0-1 

Inputs 0-1 

e     =5 V/div.,   t  =  2 (is/div. 

Figure 2-11.     CD4030A wide-pulse photoresponse at the transient 
upset level. 
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^   =   1.4 x 108 rads(Si)/s 

(a)   Sample #8B-1 

(b) Sample #8B-2 

(c) Sample #8B-3 

e     =   0. 1 V/div. ,   t  =  2 ^is/div. 
o 

e     =   5 V/div. ,   t  =  2 ^is/div. 
o 

Figure 2-12.    CD4030A wide-pulse photoresponse above the transient 
upset level. 
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^   =  2. 1 x 109 rads(Si)/s 

(a)   Sample //8B-1 

(b)   Sample #8B-2 

(c)   Sample #8B-3 

e     =5 V/div. ,   t  =  2 [as/div. 

Figure 2-13.    CD4030A radiation-induced failure. 
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samples of the very-high-reliability arrays were available at the time of 

procurement.    The schematic diagram of a single flip-flop is shown in 

Figure 2-14. 

Observed results on total ionizing dose and transient photoresponse sus- 

ceptibility are summaried in Table 2-14.    The range in data reflects the 

worst-case observations over all conditions of microcircuit static bias 

and dynamic operation. 

2. 4. 1   CD4027A Total-Ionizing-Radiation-Induced Permanent Damage. 

A total of six samples of the CD4027A were exposed to the ionizing radi- 

ation environment of the NRTC Co-60 hot cell.    The six samples repre- 

sented 12 samples of the individual J-K master-slave flip-flop.    All 12 

flip-flops were exposed simultaneously with the logic input of eight flip- 

flops under static bias and the inputs of the remaining four flip-flops 

exercised with a dynamic logic sequence.    Four flip-flops each under 

static bias were set in the Q = 1 and Q = 0 logic states with logic inputs 

in the worst-case condition.     The logic sequence for dynamic operation 

was evaluated with logic simulation with the goal that each of the gate 

elements of the flip-flop was switched with a 50% duty cycle at a 100 kHz 

clock rate.    For the dynamic logic inputs employed it was determined 

that 23 of the 24 gates was dynamically exercised and the remaining gate 

stayed in the "1" state.    It is felt that this is reasonably representative 

of full dynamic operation.  During the entire exposure,  one output each 

from the two dynamically operated microcircuits was continuously moni- 

tored.    Electrical performance characteristics of all the flip-flop sam- 

ples were measured at a series of increments during the total exposure. 

Performance parameters measured were the output cur rent-voltage 
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(a) Logic diagram and truth table. 

PKESENT   STATE 

CL* 

NEXT  STATE 

rNPUTS OUTPUT OUTPUTS 

J K s R 0 0 TJ 

1 K 0 0 0 y- 1 0 

K 0 0 0 1 y 1 0 

0 X 0 Ü 0 y 0 1 

X 1 0 0 1 y~ 0 1 

X X 0 0 X "\_ ■«— NO CHANGE 

K H I 0 X X 1 0 

X X 0 1 X x Ü 1 

X X I 1 X X * tf- 
tZCM- ITlKBRZ 

ALL p-DEVlCE        11 ^   I 
SUBSTRATES 

CONNECTED 

PI  '    T0 V0O CLOCK 
O— 

h—    CONNECTED IS/3 
ALL n-DEVICE        I  I h* 1    TO Vf;r 

SUBSTRATES      -It-      EXCEPT A 

**FFI-CF? TERMINAL  ASSIGNMENTS 

(b) Circuit schematic 

Figure 2-14.    CD4027A J-K flip-flop logic and circuit diagrams. 
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TABLE 2-14.    SUMMARY OF OBSERVED CD4027A 
RADIATION SUSCEPTIBILITY 

Pulsed Ionizing Radiation 

Narrow-Pulse Transient Failure Level (t   ^ 30 ns) 
P 

4 microcircuits/8 flip-flops 

0.6   £ Y     S  1.5 x  109 rads(Si)/s 
c 

Wide-Pulse Transient Failure Level (t    te 4. 5 us) 
P 

2 microcircuits/4 flip-flops 
Q 

-^0.9 x  10    rads(Si)/s 

Total Ionizing Radiation Dose 

Co-60 Exposure at 20 krads(Si)/hr 

6 microcircuits/12 samples 

1.5 s: Y     ^ 2. 9 Mrads(Si) 

characteristics,  the voltage transfer function and dynamic logic function. 

The critical ionizing radiation dose for failure definition was defined as 

that required to reduce the output current by 67% of its initial value for 

the logic "1" and logic "0" output states or overall failure of logic func- 

tion.    The worst-case total dose failure levels observed are summarized 

in Table 2-15 with the appropriate bias cor di^-ms. 

2.4.2   CD402 7A Narrow-Pulse  Transient Photoresponse.    Four micro- 

circuits,  or eight samples of the CMOS CD4027A dual J-K flip-flops were 

exposed to the gamma-mode environment of the NRTC 2-MeV flash 

x-ray.    All samples represented the high-reliability specification.     The 
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TABLE 2-15.    TEST CONDITIONS AND CRITICAL DOSE FOR 
CMOS Co-60 TOTAL DOSE SUSCEPTIBILITY 
CHARAC TERIZ ATION 

CD4027A 

Input Input Terminal 
Condition Log ic State 

CLK J   K   R   S 

I 1 10    10 

II I 10    10 

III 0 0   10    1 

IV 0 0   10    1 

v           r )ynamic  (£ ee test circ 

Input 
Condition 

I 

I 

II 

11 

III 

III 

IV 

IV 

V 

V 

V 

V 

Appendix A) 

Sample 
Types 

. 600 

. 600 

.600 

. 600 

. 600 

. 600 

. 600 

. 600 

. 600 

.600 

. 600 

. 600 

Critical Dose 
(Y   ) Rads (Si) 

1. 84 - 2.4 x 10 

1. 84-2.4 x 10 

1. 51 - 1.84 x 10^ 

1. 51 - l,84x 10 

1. 84 - 2.4 x 10 

1. 84 - 2,4 x 10 

1. 51  - 1.84 x 106 

1. 51  - 1.84 x 106 

2. 4 - 2.93 x 10 

2. 4 - 2.93 x 10 

2.4 - 2.93 x 106 

2.4 - 2. 93 x 106 
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2. 4. 3   CD4027A Wide-Pulse Transient Photo response.    Four flip-flops 

from two CD4027A samples were exposed to the wide-pulse ionizing radi- 

ation environment of the 1RT linear accelerator.     The transient output 

photoresponse was measured for the flip-flops as set both in the 1- and 

0-states,     The test circuit used in the experiment characterization is 

shown in Appendix B.     The transient photoresponse affects were domi- 

nated by the transient output rather than radiation-induced change-of- 

state.    No radiation-induced change-of-state was observed in the course 

of the study,   but anomalous photoresponse or incipient latch-up was 

observed on one sample.    The transient logic upset level,   based on the 
7 

output photoresponse was determined as approximately 9 x 10    rads(Si)/s. 

Detailed results of the radiation exposures are summarized in Table 2-16, 

and typical output waveforms are illustrated in Figures 2-16 and 2-17. 

The observed incipient latch-up on one of the flip-flops is illustrated in 

Figure 2-17.    In this case, both outputs of the flip-flop settle to the 

0-state for several minutes after radiation exposure and then the flip-flop 

returned to the normal Q = 1 output levels.   These results are repeatable. 

No permanent damage was observed as a result of the effect. 

2. 5     CD4046A Micropower Phase-Locked Loop Study 

The CD4046A micropo wer phase-locked loop is a junction-isolated CMOS 

array consisting of a low-power,  linear voltage-controlled oscillator (VCO) 

and two different phase comparators having a common single-input ampli- 
5 

fier and a common comparator input.     Twenty samples of the CD4046A 

were obtained to standard full-temperature military/commercial speci- 

fications.     The schematic diagram of the array is shown in Figure 2-18. I 

68 

■    ■-■-"       -..^^^^^^SiM^ iiLMüi ■ .^v.w..^.. 
■ ^■■-- ■ '■■'- ■        ^.^^_ _ . 



""-^"""»''WTr^T--'*'^^ 

TABLE 2-16.    SUMMARY OF CD4027A WIDE-PULSE PHOTORESPONSE 
MEASUREMENTS 

Flip-Flop 
Sample 

Logic State 
Q 

Peak F 

Ae  ,  V 
o 

hotoresponse 

Y,   rads(Si)/s Comments 

11-1 Q  =  1 -9.0 9.2  x   107 See Figure 2-16  (a) 

11-1 Q  =  1 -9.8 2.5  x  109 

11-1 Q  =  1 -9.8 2.9 x  109 

11-2 Q  -  1 -9.0 9.2  x   107 See Figure 2-16  (b) 

11-2 Q  =  0 +9.0 9. 2  x   107 See Figure 2-16  (c) 

11-2 Q  =  1 -2.1 3.7 x   108 

11-2 Q =  0 +0,8 3.7 x   108 

11-2 Q  =  1 -9.8 2.9 x   109 

11-2 Q =  0 +10 2.9 x   ID9 

12-1 Q  -  1 -0.3 4. 8 x   107 

12-1 Q  -  1 -9.2 9. 0 x  107 

12-1 Q  =  1 -9.5 1.4 x  109 See Figure 2-17 (a) 

12-2 Q  =  1 -0.3 4.8 x   107 

12-2 Q  =  0 +0.4 4. 8  x   107 

12-2 Q = 1 -9.2 9. 0 x   ID7 

12-2 0  =   0 +10 9. 0 x   107 

12-2 Q  =   1 -6.0 
9 

1.4 x  10 
* 

See Figure 2-17 (b) 

12-2 Q  =  0 +10 1.4 x  109 See Figure 2-17 (c)' 

Incipient latch-up 

GO 
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SIGNAL 
INPUT 

vDD (+10V) 

COMPARATOR 
IN 

PHASE 
COMPARATOR I 

'ARATOR J| >- •—•——r H^y 
P.C. I OUT 
 «v 

VCO 

PHASE 
COMPARATOR 

II 

P.C. II 
OUT. 

PHASE 
PULSES 

OUT 

VCO IN 

SOURCE 
FOLLOWER 

DEMOD-   -±i C 
ULATOR 
OUTPUT 

:R3 

LOW-PASS 
FILTER 

V ss 

INHIBIT 

vss (ov) 

Figure 2-18.    CD4046A phase-locked loop schematic. 

72 

' ■ 

in iiiii.imiiM"^^^^^--"^------- - ■^---  ^..^.^..-^^I^^I^ t     , ^.....^^;... . .jiiniiuk 



1*™*"'*--^-^»"-™«»»"^^^ 

The voltage-controlled oscillator uses an external capacitor in conjunction 

with external resistors to establish frequency range and frequency offset 

if desired.    The VCO signal input is the output signal if one of the two phase 

comparators is  selected via a low pass filter.     Phase Comparator I circuit is 

an implementation of the exclusive-OR logic function; that is,  there is 

an output only when the input signals are in opposite logical states.    With 

no signal or noise input to the exclusive-OR comparator,  the average 

output voltage is VDD/2 or one-half the VCO signal input dynamic range. 

An input voltage of V      /2 causes the VCO to oscillate at the center fre- 

quency.    This comparator is immune to disturbances with amplitudes 

less than CMOS critical threshold values.    Another characteristic of this 

comparator is that it requires a 90    phase difference between the input 

signals in the stable or locked condition.    The phase difference between 

input signals varies between 0° and 180° over the entire locked frequency 

range.    Phase Comparator 11 is an edge-controlled digital memory net- 

work.    It consists of four flip-flop stages,  controlled gating,  and a tri- 

state output circuit comprising n- and p-type transistors connected to a 

common output node.    When the p-type or n-type transistors are ON, 

they pull the output node to VDD or Vgg respectively.     This type of com- 

parator operates only on the positive going edge of the input signal.    If 

the signal-input frequency is higher than the comparator-input frequency, 

the p-type transistor is maintained ON.    If the comparator-input fre- 

quency is higher than the signal-input frequency,  the n-type transistor is 

maintained ON.    If the frequencies of the two input signals are equal and 

the signal-input lags the the comparator-input,  the n-type transistor 

remains ON.    If the comparator-input lags the signal-input,  the p-type 

transistor remains ON until the phases of the comparator-input and 

signal-input signals are equal.    There is,  therefore,  no phase shift 
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between the comparator's two input signals in the locked range of the 

VCO.    Under the locked or stable range of the P
TT .  the output of 

Phase Comparator 11 is in the high impedance (Hi-Z) state and holds 

voltage on the capacitor of the low pass filter constant.     The lock and 

capture ranges of Phase Comparator II are equal and independent of 

the low pass filter.    Since the comparator is in the Hi-Z state in the 

locked condition,  the comparator operates at very low power.    The 

VCO's low frequency point is adjusted during no signal-input. 

Observed results on total ionizing dose and transient photoresponse sus- 

ceptibility are summarized in Table 2-17.     The range in data reflects 

the worst-case observations over all conditions of microcircuit operation. 

TABLE 2-17.    SUMMARY OF OBSERVED CD4046A 
RADIATION SUSCEPTIBILITY 

Pulsed Ionizing Radiation 

Narrow-pulse Transient Failure Level (t    s: 30 ns) 

4 samples 
8 

1. 0  s: Y     ^5x10    rads(Si)/s 
c 

Wide-pulse Transient Failure Level 

2 samples 

Y     ~ 1  x  107 rads(Si)/s 
c 

Total Ionizing Radiation Dose 

Co-60 Exposure at 20 krads(Si)/hr 

4 samples 

6. 3  s: Y     s 7. 5 x  104 rads{Si) 
'c 
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2. 5. 1   CD4046A Total-Ionizing-Radiation-Induced Permanent Damage. 

Four samples of the CMOS CD4046A phase-locked loop were exposed to 

the ionizing radiation environment of the NRTC Co-60 hot cell.    All four 

samples were exposed simultaneously with two of the samples configured 

with the Phase Comparator I and the remaining two samples configured 

with Phase Comparator II.    The power supply voltage (VDD) was +10V. 

The four samples were operated at 100 kHz by synchronizing the phase- 

locked loop to an external 100 kHz square-wave signal source.    The 

samples were exposed at a dose-rate of 20 krads(Si)/s.    The nature of 

failure in all cases was a loss of synchronization followed by a rapid 

change of frequency until only a dc output resulted.    Failure occurred 

so rapidly that it could not be determined if the loss of synchronization 

was accompanied by a reduction in signal amplitude.    Observed levels 

of critical total ionizing radiation dose are summarized as 

Test Condition 

Critical 
Total Dose 

Samples (rads (Si)) 

Phase Comparator I 

Phase Comparator I 

Phase Comparator II 

Phase Comparator II 

1 75 k 

1 70 k 

1 63 k 

1 73 k 

2.5.2   CD4046A Narrow-Pulse Transient Photoresponse.    Four samples 

of the CMOS CD4046A micropower phase-locked loop were exposed to 

the NRTC 2-MeV flash x-ray environment.     The output photoresponse of 

the arrays was monitored with the circuit operating dynamically at a 

frequency of 100 kHr..    Critical transient effects were measured for the 

circuits using both type-I and type-II phase detectors.    The critical dose 
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rate, in this case,  was defined as either that required to cause a logic 

transition,  or a transient change in the phase-locked loop output fre- 

quency.    Results of the study are summarized in Table 2-18 in terms of 

critical dose rate for the worst-case of logic upset of frequency shift. 

The critical output photoresponse was lower with the output in the 0-state 

by approximately a factor of two for that observed with the output in the 

1-state.    The worst-case critical dose rate for the four samples was 
o 

approximately 1. 5 - 4. 0 x 10  .    Typical waveforms are shown in Fig- 

ure 2-19.    The transient failure level was approximately the same for 

either the type-I or type-II phase detector circuit configuration,  but the 

circuit configuration did have an effect on the observed waveforms at 

radiation levels well above the transient upset level. 

TABLE 2-18.    CD4046 NARROW-PULSE TRANSIENT 
FAILURE LEVELS 

Phase Comparator I 

Sample Output "0" Logic State "1" 
Number (rads(Si)/sj (rads(Si)/s) 

1 1.5 - 2 x 108 4. 0 - 5 x 108 

2 3.0 - 4x 108 4. 0 - 5 x 108 

3 1.5 - 2 x 108 2. 0 - 3 x 108 

4 1.5 - 2 x 108 4. 0 - 5 x 108 

Phase Comparator II 

Output "0" 
(rads{Si)/s) 

2.0 - 3 x 10 

2.0 - 3 x 10 

1. 5 - 2 x 10 

1.5 - 2 x 10 

Logic State "l1 

(rads(Si)/s) 

4. 0 - 5 x 10 

4. 0 - 5 x 10 

2. 0 - 3 x 10 

4. 0 - 5 x 10 

8 

8 

2. 5. 3 CD4046A Wide-Pulse Transient Photoresponse. Two samples of 

the CD4046A phase-locked loop were exposed to the wide-pulse ionizing 

radiation environment   of the IRT linear accelerator.    One of the 
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(a) 

Y =  2  x   10    rads(Si)/s 

(b) 

(c) 

Y  =  5 x  10    rads(Si)/s 

.10 
Y =   5 x   10       rads(Si)/s 

e     =   5V/div. ,  t  -  2 |js/div. 

Figure 2-19.    CD4046A narrow-pulse photoresponse waveforrrG, 

77 

 — 



IM   «.nmj»mmmmmm**iam 

phase-locked loops was set up using the I-type phase comparator,  ana 

the other sample was set up using the Il-type phase comparator.     Both 

samples were exposed while under dynamic operating conditions.     The 

nature of the observed transient photoresponse was substantially differ- 

ent under the two circuit conditions,  but the transient failure level was 
7 

approximately 1x10    rads(Si)/s in both cases.    Detailed results of the 

radiation exposures are summarized in Table 2-19,  and typical output 

waveforms are illustrated in Figures 2-2 0 and 2-21. 

TABLE 2-19.    CD4046A WIDE-PULSE PHOTORESPONSE 
MEASUREMEN TS 

Sample Test y 
Number        Conditions rads(Si)/s Result 

21 Phase Comp.  I      MO 

21 Phase Comp.  I      ^10' 

21 Phase Comp.   I      ^10 

2"' Phase Comp.  I 1.3 

21 Phase Comp.  I 1.4 

22 Phase Comp.   IE    ^1.2 

22 Phase Comp.  11       4.7 

22 Phase Comp.  11       7.6 

22 Phase Comp.  11       1.7 

Slight disturbance in a single 
output cycle 

Breakup during radiation pulse 
(see Figure 2-20 (a)) 

Hard breakup during radiation 
pulse 

Q 

x 10      Output clamped to +V during radi- 
tion pulse 

9 
x 10     Output clamped during and follow- 

ing Y   (see Figure 2-20 (b)) 
7 

x 10     Slight decrease in frequency dur- 
ing radiation pulse (see Fig- 
ure 2-21 (a)) 

Q 

x 10     Increase in frequency during radi- 
ation pulse 

Q 

x 10      Breakup during radiation pulse 
(see Figure 2-21  (b)) 

9 
x 10     Output clamped to +V during radi- 

ation pusle 
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(a)   y ^ 10    rads(Si)/s 

PLL Output 

(b)   Y  =   1-4x 10    rads(Si)/s 

PLL Output 

e     =  5 V/div. ,   t  =  .'. ^s/div. 
o 

e     =  5 V/div. ,   t =  2 |as/div. 
o 

Figure 2-20.    CD4046A wide-pulse photoresponse under Phase 
Comparator I circuit configuration. 
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(a)   -f   =-   l.Z x 10    rads(Sij/s 

PLL Output 

eo   =   5 V/div. ,   t  =  2 |as/div. 

(b)   Y  =   7. 6 x 10    rads(Si)/s 

PLL Output 

eo   =   5 V/div. ,   t = 2 |.is/div. 

Figure 2-21.    CD4046A wide-pulse photoresponse under Phase 
Comparator 11 circuit configuration. 
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The effects of the ionizing radiation pulse on the phase-locked loop are 

quite complex,  and it is not clear as to the variation in observed photo- 

response with change in circuit configuration.     The transient upset level, 

however,  is lower than for any of the other CMOS arrays considered in 

this study and should be investigated in greater detail.    No permanent 

damage or obvious latch-up effects were observed in the course of the 

characterization. 

Z. 6      Concluding Comments 

2.6.1    Total Ionizing Dose-Induced Permanent Damage.     The total-dose- 

induced permanent damage failure level varied widely through the five 

types of CMOS arrays.     The most susceptible was the CD4046A which 

had been procured to standard commercial specifications.     There was 

also a substantial variation in the susceptibility over the other four cir- 

cuit types,  as well as a substantial variation in the devices of the same 

type, but obtained to different reliability specifications. 

It is not clear that the higher radiation susceptibility of phase-locked 

loop was due to the relaxed specification,  or due to the specific perform- 

ance criteria and bias conditions unique to the analog-digital operation of 

the phase-locked loop.   Similarily,  while there was a significant variation 

in susceptibility between parts of different reliability specifications,  the 

pattern was not consistent between circuit types and no conclusions can 

be substantiated on variations with reliability screening. 

2. 6. 2   Transient Photo response.     The nature of the transient photoresponse 

and critical dose rates varied widely among the five CMOS circuit types. 
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All circuit types were in common,  however, with the increase in 

susceptibility with increasing radiation pulse width.     The critical dose 

rate, for all sample types,  decreased by approximately a factor-of-ten 

as the radiation pulse width increased from 30 ns to 4. 5 |js.    This is 

consistent   with an effect which is determined by substrate photocurrents 

with a minority carrier lifetime in the substrate which is on the order 

of 5-10 us. 

The worst-case logic states for the transient output photo response were 

generally the 0-output state.    The exception was the CD4030A exclusive- 

OR gate where the worst-case susceptibility was definitely the 1-output 

state.    The CD4030A, however,  is the only array that employs a trans- 

mission gate which could dominate the transient photoresponse and 

reverse the effect compared to those arrays whose photoresponse is 

dominated by the standard CMOS inverter. 

It is interesting to note that,   in the three array types in which the power- 

supply photocurrent was measured,  the worst-case logic input bias con- 

dition for the power-supply photocurrent was never the same as that for 

the output logic upset level.     This is potentially an important considera- 

tion in determining the worst-case test configuration for system harden- 

ing. 

Finally,  in the course of photoresponse characterization,   several samples 

were permanently damaged.    It is not clear if the damage was the result 

of total accumulated ionizing radiation dose (which seems unlikely) or the 

result of radiation-induced latch-up (which was not directly observed). 

Results of this study only indicate clearly that the possibility of perman- 

ent damage is much greater in a wide-pulse ionizing radiation environment 
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than it is in a narrow-pulse environment. Further study is requirad 

on the nature of CMOS latch-up in bulk CMOS arrays as a function of 

ionizing radiation pulse width. 

^ 

«Process parameters control for radiation hardening was not employed 
for the CMOS microcircuits characterized. Variations in the detailed 
process parameters during fabrication in late 1973 make it difficult to 
correlate effects between samples and the results reported should not 
be used as a quantative evaluation of the radiation susceptibility of 

CMOS fabricated with current,   controlled processes. 
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3. 0   I L TECHNOLOGY STUDY 

2 
Integrated Injection Logic (I L) is an emerging bipolar LSI technology 

that offers the potential of high density,  high reliability and very low- 

power digital arrays.    In some applications it is suggested that the over- 
2 

all performance capability of I  L is beyond that of any existing bipolar or 

MOS/LSI technology.    The purpose of this study has been to determine 
2 

the radiation susceptibility of available unhardened I L devices and logic 

cells with regard to the specified threat radiation environments of mili- 
2 

tary systems.    As I L technology advances,   spurred by intensive develop- 

ment for commercial applications,  performance parameters and radiation 
2 

effects of I L will be compared to hardened TTL and hardened CMOS for 

manned,   satellite and missile system applications.    Specific comparisons 

cannot be made at this time because data on basic unhardened inverters 

and logic cells is not sufficient to define the system functions in terms of 

operating speed,  power dissipation,  and noise margin.    It is hoped,  how- 
2 

ever,  that early discussion of radiation effects in I L will guide system 

application in relevant systems and avoid premature application in other 

systems.    Radiation effects considered are neutron displacement damage, 

total ionizing-dose surface effects,  and transient photoresponse. 

2 
3. 1      I  L Structure and Electrical Performance 

2 
The basic building block of an I  L array is the single-input,  multi-output 

inverter shown schematically in Figure 3-1.       The inverter consists of 

a pnp transistor current source that supplies the bias current to the 

switched multi-collector npn transistor.    When the npn transistor at the 

input of the inverter is turned on,  all the pnp collector current is absorbed. 
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Figure 3-1.    Basic I  L, inverter schematic. 

The input voltage is held near zero volts and the npn transistor of the 

inverter is turned off.    On the other hand,  when the npn transistor of the 

previous stage is turned off,  the pnp bias: current of the invext^r is di- 

verted to the npn transistor and the inverter output appears as a low 

voltage,  capable of sinking the bias current of all connected loading in- 

verters.    Application of the I  L inverter in an array requires the connec- 

tion of multiple logic signals to the single input of the inverter,  forming 

a "wired AND" at each inverter input.    Thus,  to transmit the same logic 

signal to a variety of cells in the array it is necessary to isolate each of 

the connections.   This is accomplished in the I L inverter by the use of 

the multiple-collector npn transistor. 

2 
The principal advantages of I  L are the realization of the inverter as a 

compact semiconductor device,   a^. shown in Figure 3-2,  and the complete 

elimination of large-geometry diffused or thin-film resistor elements. 

As shown in Figure 3-2,  the pnp transistor is realized as a lateral 
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Figure 3-2.    I L inverter structure. 

structure merged with the npn transistor.    The npn structure itse1f is 

"inverted" from the structure familiar in other bipolar arrays with the 

collector outputs as the top n    regions and the emitter as the "substrate" 

n-n    region.    An additional advantage of the structure is the use of the 

back contact on the chip as the ground metallization,   simplifying the 

surface metallization {      ern and allowing increased cell density in an 
2 

LSI array.    Compact geometry of the I  L inverter is illustrated by an 
-5        2 area of 2. 3 x 10      cm   for a two-output inverter using state-of-the-art 

design rules of conventional microcircuit processing. 

2 
The basic I L structure as shown in Figure 3-2 is referred to as non- 

2 + 
isolated I L since all inverters are realized on a common n    substrate. 

2 + 
It is also possible to realize the digital I L array as an n   pocket of a 

p-substrate such that linear and high-power digital elements can be 

realized in other parts of the junction-isolated microcircuit.    This more 

—'^^  5iaÄÄii^^-.„     .   ji 



^.,..„..„,.^...»1. ,,,„  ,,. .><i<"UiW<M.JHipi.!inK^^^ 

m 

complex form is referred to as isolated-I  L and has not been character- 

ized in this study. 

The disadvantages of the high-density inverter structure are the low gain 

of the lateral pnp transistor and the low gain of the "inverted" npn tran- 

sistor. Gain of both elements is improved somewhat by the use of the n 

collar surrounding the inverter and the n-n doping "substrate" profile. 

The n collar reduces unwanted carrier injection from the outside side- 

walls and the n-n "substrate" doping profile reduces the unwanted car- 

rier flow from the pnp emitter (sometimes referred to as the injector) 

and increases the emitter efficiency of the npn transistor.    Even with the 

low-gain structures of the transistor elements,  it is possible to realize 
2 

high performance of the I L inverter.    The common-base current gain of 

the lateral pnp transistor can be interpreted as the inefficiency of trans- 

forming the power supply current to the inverter bias current.   Typically, 

the common-base gain of the lateral pnp transistor is on the order of 0. 5 

to 0. 8.    The input bias current to the inverter,  in turn, basically deter- 

mines the maximum switching speed of the inverter in low-power opera- 

tion.     The power dissipation of the inverter is essentially independent of 

the frequency of operation until the majdmum operating frequency is ap- 

proached and is approximately 

VEEIEE (1) 

where V       is the base-emitter voltage of the pnp transistor and I       is 
EE JiiJii 

the dc bias current.    For typical operation,  the bias current wauld be 

100 nA or less,  with an input voltage of less than IV for a power dissi- 

pation of 0. 1 mW.    Under these conditions,  the inverter switching time 
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is typically less than 10 ns for an overall speed-power product of 

less than 1 pj. 

■ 

It should be noted at this point that like other bipolar LSI technologies, 
2 

the power dissipation of an I  L array is essentially independent of oper- 

ating speed and quite unlike MOS/LSI technologies where frequently the 

power dissipation is proportional to the frequency of operation.    Unlike 

other bipolar technologies, however,  the power dissipation of I2L can 

be adjusted by system variation of the power supply current for the 

maximum speed of operation required by that system. 

Current gain of the npn transistor element in the I2L inverter is particu- 

larly critical in determining the maximum fan-out.     The maximum fan- 

out capability of the inverter is approximately equal to the common- 

emitter transistor gain of the npn transistor element.     The maximum 

fan-out required in a typical 1 L array is on the order of 4, which 

compares favorably to the measured gains that typically range from 8 

to 20, 

The final concern of the I  L structure is that of the possibility of 

current-hogging between two inverters whose inputs are connected to 

the same logic output.    This effect is virtually eliminated in the I2L 

structure because of the low output offset voltage of the "on" inverter 

(typically less than 10 mV).     The low output offset voltage is due to the 
2 

high inverse gain of the I  L output transistor (typically 40-100) which 

is,  of course,  the forward gain of a more familiarly connected npn 

microcircuit transistor. 
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In summary,  I  L is a practical,  realizable LSI technology whose elec- 

trical performance compares favorably with any other LSI technology 

for low-power,  medium-speed digital applications.    Commercial LSI 

arrays are not yet available,  but several major semiconductor manu- 

facturers have let it be known that they have intensive development 

programs under way and commercial arrays are expected in 1975. 

3. 2      Radiation Effects Study.  Neutron Displacement Damage 

2 
Samples of basic I  L logic cells have been obtained for evaluation of 

radiation susceptibility.    These samples were fabricated in the course 

of the Northrop development of an I L/LSI frequency synthesizer under 

an ECOM contract.—   Radiation hardening has not been a consideration 

in this development.    Even under these circumstances,   samples have 

been very limited,  and since the logic cell design is still evolving, 

those samples characterized do not represent a mature production 

technology. 

In the characterization to this point, principal emphasis was initially 

placed on the evaluation and analysis of neutron-induced displacement 

damage and transient photoresponse.    Damage resulting from total 

ionizing radiation dose-induced surface effects has l.een considered in 

more recent studies. 

The principal effect of neutron displacement damage in I L arrays is 

the familiar degradation of the minority carrier lifetime.    At first 

glance,  the susceptibility of I L to neutron damage would be expected to 

be high because of the well-known susceptibility of lateral pnp transis- 

tors in bipolar operational amplifiers,  and the familiar low gain and 

89 

mmtm iaüiii^i .■:.... .^^HEl^^^.... w«—^. 



'f^^WS^f^^ 

low gain-bandwidth product (f   ) of planar bipolar transistors operated in 

the inverted mode.    Results indicate that the neutron-damage suscepti- 
2 

bility in I L is modest because of the nature of the gain-limiting effects 

in the structure as well as because of the low gain requirements on the 

elements in a practical array. 

Gain of the pnp transistor element is limited primarily by the injection 

of carriers vertically into the substrate rather than laterally to the col- 

lector junction.    Neutron degradation of the substrate lifetime will in- 

crease this diode current as the minority carrier diffusion length de- 

creases.    Since the diffusion length varies as the square-root of the 

lifetime,  the degradation is less severe with increasing neutron fluence 

than the gain degradation of a transistor that is limited by base-width- 

associated recombination.    Similarly,  the gain of the npn transistor ele- 
2 

ment in the I L. structure is limited primarily by the emitter efficiency 

and the current flow through the base overlap diode.    The overlap diode 

current consists of hole current fow in the emitter region,  and electron 

flow to the base ohmic contact and surface of the base region.     The elec- 

tron current is not very sensitive to minority carrier recombination, but 

is sensitive to surface recombination velocity as will be discussed later. 

Hole current   in the base overlap diode is degraded as the minority 

carrier diffusion length decreases,  as well as the hole current flow in the 

transistor which degrades the transistor emitter efficiency.    Neutron- 
2 

induced gain degradation in the transistor elements of an I  L inverter are 

presented in Fig.  3-3 and 3-4.    The calculated result was obtained by using 

typical values of geometry and bulk semiconductor parameters for the 

inverter structure,  as described in a previous report.    Experimental 

results,  as shown,   represent the measured degradation on elements of 
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Figure 3-3.    XL pnp transistor element gain degradation. 
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Figure 3-4.    I L npn transistor gain degradation. 
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two samples of an early test chip.    Degradation of the pnp transistor 

gain would result in a degradation of the speed-power product by a fac- 
12 2 

tor of two at a neutron fluence of 5x10      n/cm    (1 MeV equivalent),  and 
13 2 

an order-of-magnitude degradation at about 5x10      n/cm  .    Degradation 

of the npn transistor gain,  on the other hand, has little effect on the over- 

all inverter performance until the value of the gain approaches the re- 

quired fan-out ratio.    In this case,  the gain degradation to a fan-out 
ir.13 

requirement of four would occur in the decade between 10      and 
14     .      2 

10      n/cm  . 

Neutron-induced degradation was measured on four samples of the  R-S 

fiip-flop.    The purpose of the characterization was to obtain a prelimin- 

ary estimate of the critical neutron fluence on the operation performance 

of a functional logic ceD.    The lour flip-flops were exposed to the TRIGA 

neutron/gamma environment while operated dynamically at a clock rate of 

approximately 1 kHz.    The bias current of the flip-flops was set at approx- 

imately 200 |iA,  or 40 |aA per inverter.    Operation of the flip-flops was 

monitored during exposure.     The most susceptible sample failed after 

10 minutes of exposure,  the next after 14 minutes of exposure,   and the 

last two after approximately 20 minutes of exposures.    Critical neutron 
13 2 

fluences were 2. 4 to 4. 7 x 10      n/cm    (1 MeV equivalent). 

3. 3      Total Ionizing Radiation Dose Effects Study 

2 
Surface effects resulting from total ionizing dose in I L structures can 

degrade the gain of both the pnp and npn transistor elements.     The lateral 

pnp transistor is sensitive to surface recombination in carrier transport 

from emitter to collector,  and the current gain of the npn transistor is 

sensitive to the surface recombination current of the emitter overlap 
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diode.    In an unhardened I L. structure,   surface effects could be aggre- 

vated by routing positively-biased metallization lines over critical base 

regions.    Studies at NAD (Crane) on preliminary samples provided by a 

major semiconductor manufacturer indicate degradation of the pnp and 
4 

npn transistor gains at total ionizinf; doses as low as 10    rads/(Si) with 
5 

significant degradation at total dose of 10    rads/(Si).-   The observed 

effect was most severe at very low bias currents as would be expected 

from surface effects.    The effect of surface recombination on the npn 

transistor element can be illustrated analytically with the results as 

shown in Figure 3-5.    The gain of an npn transistor element of typical 

geometry,  doping profile,  and bulk semiconductor parameters is calcu- 

lated as a function of the excess base length.    In this case,  the zero 

excess base length represents the geometry of a minimum size single- 

output inverter,  and the maximum excess base length corresponds to 

that necessary if it were required to pass four metallization lines over 

the base to get metallization cross-overs.     The highest gain is obtained 

with a surface recombination velocity of 10 cm/s or less which is repre- 

sentative of that observed in vinirradiated structures.    A surface recom- 
5 

bination value of 10    cm/s is a very large value,  even accounting for 

radiation enhanced effects. 

2 Preliminary evaluation of I L total-ionizing-radiation-dose suscepti- 

bility was investigated experimentally with the exposure of four R-S 

flip-flop samples to the radiation environment of the Northrop Co-60 

hot cell.     The flip-flops were each biased to 200 |iA power supply cur- 

rent and the output voltage of both the Q and Q outputs was monitored 

continuously up to a total-dose exposure of 1 Mrad(Si).    Results of the 

test are summarized in Table 3-1 showing the total power supply current 
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Figure 3-5.    Npn transistor-base surface effects. 
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TABLE 3-1.    I L FLIP-FLOP TOTAL-DOSE-EFFECTS 
MEASUREMENTS 

Flip-Flop 
Sample 

Q 

Y = 0 

-Output,  V 

Y = 1 Mrad(Si) 

Q 

Y = 0 

-Output,  V 

Y = 1 Mrad(Si) 

Al 3 0. 817 
0. 026 

0.801 
0.038 

0. 020 
0. 817 

0.026 
0.801 

B21 0.810 
0.026 

0.792 
0.048 

0. 019 
0.808 

0.026 
0.790 

A29 0.811 
0.021 

0.802 
0. 032 

0. 017 
0. 810 

0. 026 
0.802 

A41 0.813 
0. 023 

0.797 
0.033 

0. 017 
0. 805 

0.022 
0.797 

for the four flip-flops as well as the "one" and "zero" state output volt- 

ages for pre-irradiation and after exposure to  1 Mrad(Si).    These results 

demonstrate virtually no change in dc output levels of the flip-flop at radi- 

ation levels of up to 1 Mrad(Si).    It must be pointed out, however,  that the 

loading on the flip-flop cells is very modest since the fan-out requirement 

is only unity,   and operation was well above the minimum operating bias 

current levels.     The operating bias current was,  however,   representative 

of that used in an LSI array design to obtain the required switching re- 

sponse.    More extensive characterization of total-dose-induce performance 

degradation is planned in follow-on studies of this program. 

3. 4      Transient Photoresponse Study 

2 
Transient photoresponse of I L arrays has been considered in terms of 

logic error as a function of radiation pulse width,  and operational sur- 

vivability at exposure levels above the transient upset level.    In the initial 
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characterization,  the transient photoresponse of samples of a five-stage 

ring counter was measured in the 30 ns 2-MeV flash x-ray environment. 
Q 

Observed waveforms for peak radiation levels of 5 x 10    and 5 x 

10       rads(Si)/s are presented in Figure 3-6.    At the exposure level of 
g 

5x10    there definitely is an effect,  but because of the feedback nature 

of the ring counter the effect cannot be interpreted as a logic upset. 
2 

Analysis of the I L structure indicates that the first-order effect is the 

photocurrent of the npn transistor emitter diode.    This photocurrent,  if 

it were to exist as a dc current,  acts just as the collector current of the 

pnp transistor,  that is,  to provide bias current for the switched npn 

transistors.    Thus,  as we irradiate the ring counter,  the operating bias 

current is increased, decreasing the stage propagation delay and caus- 

ing a transient increase in the oscillation frequency.    This is dramat- 

ically illustrated by the waveform resulting from the exposure to 5 x 

10       rads(Si)/s as shown in Figure 3-6.     The high level exposure also 

illustrates recovery in a few microseconds without latch-up or anoma- 

lous photoresponse. 

2 
Transient photoresponse of I  L was investigated by the measurement of 

the pulsed-ionizing-radiation-induced change-of-state upset threshold on 

a sample set of R-S flip-flops.    Five flip-flop samples were exposed to 

the narrow-pulse (30 ns) ionizing radiation environment of the NRTC 

2-MeV flash x-ray.    Three of these five samples were then subsequently 

exposed to the wide-pulse (4 |is) ionizing radiation environment of the 

IRT Linac.    The logic state of the flip-flop was monitored with minimum 

electrical loading to determine the pre-shot/post-shot condition and 

detect a radiation-induced change of state.    For two of the samples in 

the FXR experiments,  the flip-flop bias current was varied by a factor 
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A) Pin Diode Output 
1.0V,   1.0 ^s/div. 

B) Ring Counter Output 
0.2V,   1.0 ^s/div. 

"^=5 x 108 rads(Si)/s 

T—i—i—i—i—i—i—r 

j i L J I I I L. 

Ring Counter Output Photoresponse,   2 MeV 
Flash X-Ray, ^ = 5 x 108 rads(Si)/s 

A) Pin Diode Output 
20V, .2.0 p,s/div. 

B) Ring Counter Output 
0.2V,   2.0 ^s/div. 

^=5 x 1010 rads(Si)/s 

1      1      1      1      1      1      1     1      1 
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Ring Counter Photoresponse,  2 MeV Flash 
X-Ray,   Y = 5 x 1010 rads(Si)/s 

Figure 3-6.    I  L five-stage ring counter photoresponse. 
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of two above and below the design bias current to determine possible 

variations of the radiation-induced upset level. 

2 
The schematic diagram and composite mask layout of the I  L R-S flip- 

flop are shown in Figures 3-7 and 3-8.     The flip-flop is essentially two 

inverters connected regeneratively with a gated inverter for clocking of 

the Set and Reset inputs.    The test circuit used for the measurement of 

the radiation-induced logic upset is shown in Figure 3-9.    The input state 

of the flip-flop is determined by the resistors at the Set and Reset inputs 
2 

that simulate "on" or "off" I  L logic outputs.    During ionizing radiation 

exposure the clock input (C.) is in the high impedance state setting the 

drive inverter "on" and the parallel gates of the flip-flop "off" such that 

the state of the flip-flop is unrestrained.     The outputs of the flip-flop 

were monitored through 10 k Q series resistance to minimize the loading 

effects of the instrumentation cable drivers.    This also meant that the 

waveform transmitted by the cable drivers was essentially just the inte- 

grated output response of the flip-flop and no data could be obtained con- 

cerning the time-dependent output voltage response.    It was felt that it 

was of critical importance to minimize the loading on the basic flip-flop 

cell since it was not designed to drive off-chip loads, at the sacrifice of 

measuring the output waveform. 

No electrical or radiation-induced latch-up has been observed on any 
2 2 I  L samples.    Latch-up is eliminated from the non-isolated I  L array 

because the input supply voltage (one base-emitter diode voltage drop) is 

less than the sustaining voltage of any known latch-up mechanism. 
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Figure 3-7.    I L R-S flip-flop schematic. 
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Figure 3-8.    Simplified layout of the I L R-S flip-flop. 
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Figure 3-9.    Test circuit for monitoring I L flip-flop radiation- 
induced change of state. 
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1 

Results of the transient photoresponse experiments are summarized in 

Tables 3-2 and 3-3.    In Table 3-2,  the result of all radiation exposures 

is summarized for samples biased at a power supply current of 80 |aA 

(which is the design operation value).    As shown,  the radiation-induced 
9 

upset level varied from 0. 3 to 5 x 10    rads(Si)/s for the five samples 
9 

exposed in the flash x-ray,  and varied fiom 1. 8 to 2. 5 x 10    rads(Si)/s 

for those three of the five subsequently exposed to the wide LINAC pulse. 

The photoresponse of sample A41 is significantly different from the other 

samples in that the upset level in the narrow-pulse flash x-ray was much 

lower than that of the other four samples,  and in that the upset level in- 

creased when exposed to the wide-pulse ionizing radiation environment 

rather than decreasing as did the other samples.    In all other digital 

microcircuit photoresponse studies on devices of virtually all technologies, 

the logic upset level decreases with increasing ionizing radiation pulse 

width.    Without considering sample A41,  the narrow-pulse upset level 
9 

would be 3 to 5 x 10    rads(Si)/s compared to the wide-pulse upset level 
9 

of 2 to 3 x 10    rads(Si)/s. 

Variation in radiation-induced upset level with flip-flop bias current is 

summarized in Table 3-3.    While results on only two samples in the 

narrow-pulse flash x-ray environment are too limited to make general 

conclusions,  the effect of power supply bias current seems to be very 

small. 

Analytical simulation of the flip-flop photoresponse requires the develop- 
2 

ment of a non-linear radiation-inclusive I L model not yet available. 

Intuitively, however, it can be assumed that the first-order effect is the 

photocurrent of the emitter-base diode of the npn transistor.    Also, it 
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TABLE 3-3.    VARIATION  OF I L R-S FLIP-FLOP CHANGE-OF- 
STATE THRESHOLD WITH BIAS CURRENT 

SAMPLE Al 3 

SAMPLE B21 

EE=     40^A 

80 ^ A 
EE 

EE 

EE 

160 |iA 

40 (iA 

EE=     80^A 

leoiaA EE 

Yc  =   5 x  107 rads(Si)/s 

Y    =   5 x  109 rads{Si)/s 

5 x 107  rads(Si)/8 

Yc = 4 x 107 rads(Si)/s 

Yc = 4 x 109 rads(Si)/s 

Y     =   5 x  109 rads(Si)/s 

would be expected that this photocurrent is proportional to the emitter- 

base junction area.    From the composite mask diagram 

it can be seen that the junction area of the inverter on the reset side of the 

flip-flop is 5% greater than that on the &et side of the flip-flop.    This 

was done for the convenience of laying out the metallization pattern. 

This slight asymmetry has little effect on the electrical performance of 

the flip-flop and radiation-hardness was not a consideration in the cell 

development.    The photocurrent generators of the I  L inverter,  as added 

to the flip-flop schematic in Figure 3-7,  are in the direction to increase 

the normal bias current and should actually improve flip-flop performance. 

As a practical matter, however, there will be some radiation level at 

which the voltage drops in the substrate due to the excess current will 

obscure the logic voltage levels and result in logic upset.    For the I2L 

flip-flop under study, however, the first-order effect seems to be the 

unbalance in photocurrents.  All observed radiation-induced upsets were 

transitions from the Q = 0 st ite to the Q = 1 state with no transistions 
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observed in the opposite direction.    This is consistent with increased 

bias currents on the Q side of the flip-flop as is the case in the mask 

layout.    The observed transient upset levels,  therefore,  are a worst- 

case estimate for those that could be anticipated from a radiation- 

hardened flip-flop cell. 

Results on the observed transient upset level,   even in light of the inverter 

symmetry are quite impressive, however.    It must be remembered that 
2 

the I L flip-flop is a low-power LSI logic cell.    These results indicate 
9 

transient upset levels of 4 x 10    rads(Si)/s even with the cell biased at 

a power level of 32 |iW.    This upset level is significantly greater than 

that observed in any other bipolar or MOS microcircuit technology with 

the exception of CMOS/SOS or radiation-hardened TTL operated at 

approximately 1000 times the power level. 
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F. - 
4. 0   OPTICAL COUPLER STUDY 

Application of data communication systems linked by fiber optics is under 

consideration for several avionics,   shipboard,  and ground tactical sys- 

tems. The purpose of this study was to investigate the radiation 

susceptibility of the source and receiver electronics independent of the 

transmission media.    The semiconductor devices selected for study were 

three types of optical couplers: 1) a light-emitting diode with a PIN diode 

sensor output; 2) a light-emitting diode with a bipolar amplifier output; 

and 3) a light-emitting diode with an amplifier and digital gate output. 

Most of the effort in this study was devoted to the characterization of 

electrical response,  transient photoresponse,  and neutron-induced per- 

manent damage in the Hewlett-Packard HP 5082-4360 diode/digital-gate 

coupler. 

Characterization of the optical couplers is somewhat of a change of scope 

from the general study of digital MSI/LSI arrays which has been the prin- 

cipal effort of this program.    The effort, in this case,  is intended to sup- 

plement studies in other laboratories on the radiation effects in fiber-optics 

material to gain insight into the overall fiber-optics digital communication 

system susceptibility.10"11   In addition,  the combination of the PIN sensor 

diode to a bipolar microcircuit requires a combination of circuit and proc- 

essing parameters not encountered in other MSI arrays. 

Results of the study showed that the radiation susceptibility of the diode/ 

diode optical couplers was   straightforward and reasonable to model and 

simulate analytically.    Results of the diode/amplifier and diode/digital- 

gate couplers were,  on the other hand, quite complex and exhibited 
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non-linearity, high sensitivity,  and some anomalous permanent damage 

which may have been the result of either electrical operation or ionizing- 

radiation -do s e - rate -indue ed effects. 

4, 1      MCD2 Diode/Diode Optical Coupler Characterization 

The Monsanto MCDZ is a diffused planar silicon PIN photodiode optically 

coupled to a diffused planar gallium arsenide light-emitting diode.    Sam- 

ples were obtained mounted in a six-lead plastic DIP package.     The 

coupler is intended for applications where high input/output isolation is 

required with fast switching response,  at the penalty of relatively low cur- 

rent transfer gain.    Four samples of the couplers were characterized in 

terms of dc performance,  electrical switching response,  and radiation- 

induced transient photoresponse.   Results of the experimental characteri- 

zation are presented in terms of parameter values derived for a radiation- 

inclusive mathematical model.    Analytical simulation of observed effects 

were verified with computations using the NET-2 computer program. 

Extra effort is required to take the results ^ an experimental character- 

ization and transform them into a quantitative mathematical model.     The 

advantage,  however, is that the experimental results can be used in ana- 

lytical simulation for test conditions other than those of this specific 

char acte rization. 

The mathematical model used for the diode/diode coupler is shown in 

Figure 4-1,    Diode D    is the gallium arsenide light-emitting input diode, 

and diode D   is the planar silicon PIN output diode.    Coupling between 

the diode is accomplished,  in the mathematical model,  by a voltage- 

controlled current source where the dependence current generator is 

proportional to the voltage across the small resistor R..    The proportionality 
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Figure 4-1.    NET-2 diode/diode coupler model. 

constant between the input current and output current generator is fixed 

at a single value in the model. 

The dc characteristics of the diodes are defined by the diode equation, 

i = is I exp(eV) - 11 , (1) 

the shunt conductance,   G  ,  and the bulk resistance R, .    Electrical switch- 
c b 

ing response is represented by adding the voltage-dependent depletion 

capacitance given by, 

:t = c [i - (v/vz)] -N, (2) 

and the diode diffusion capacitance given by, 

=     HI  exp(fc)V)    /tl). (3) 

Radiation-induced transient photoresponse in the diode/diode coupler is 

represented by the output diode photocurrent generator.     The output photo- 

current is defined in terms of prompt and delayed components.    The current 
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I   1  represents the photocurrent directly proportional to the time-dependent 

ionizing radiation intensity in units of mA/rads(Si)/ns.    The current com- 

ponent I _ represents the steady-state value of the delayed or diffusion 

component of the diode photocux rent which varies with a single-time- 

constant exponential with the time constant T in ns. 

Dc electrical characteristics of the MCD2 samples were measured in the 

test circuit shown in Figure 4-2.    The most critical aspect of the dc 

characterization is the current transfer characteristic.    Experimental 

results for one sample on the current transfer characteristic,  input 

diode current-voltage characteristic,  and output current-voltage character- 

istic are shown in Figures 4-3,   -4,  and -5,  with the results as simulated 

using the model and NET-2. 

Characterization of the electrical switching response of the diode/diode 

coupler must include the switching response of the input diode as well as 

the overall switching response to the output.    One of the principal advantages 

Figure 4-2.    MCD2 dc test set-up. 
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Figure 4-3.    Measured and calculated MCD2 diode/diode coupler 
input I-V characteristics. 
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Figure 4-4.    Measured and calculated MCD2 current-current 
transfer characterics. 
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Figure 4-5.    MCD2 output current-voltags characteristic. 

of the diode/diode coupler is its fast switching response.     The test circuits 

used to measure the input diode and overall switching response are shown 

in Figure 4-6.     The input electrical pulse was adjusted for a rise time of 

15 ns and a fall time of 10 ns.    Capacitance of the scope probe was 7 pF. 

Electrical switching response of the input diode and NET-2 simulation is 

shown for one example in Figure 4-7.     The overall electrical switching 

response was measured for all samples as a function of source resistance, 

Rs,  output load resistance,  R   ,  and input drive current levels.    Experi- 

mental lesults and analytical' simulation are shown in Figures 4-8 and 4-9 

for values of load resistance 1,   5 and 10 kU and drive currents of 20 mA 

and 50 mA. 

Model parameters for the do and electrical switching response of the four 

diode/diode coupler samples are summarized in Table 4-1. 
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LED 

(a)   Input switching response circuit. 
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!t'2-Ä 20V 
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SCOPE 

(b)   Output switching response circuit. 

Figure 4-6.     Test circuits for MCD2 switching response measurements. 
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Figure 4-7.    MCD2 input switching response. 
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Figure 4-8.    MCD2 output switching response, pulsed input 
current,  I.    = 20 mA. 
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Figure 4-9.    MCD2 output switching response,  pulsed input 
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TABLE 4-1.    SUMMARY OF MCD2 NET-2 MODEL PARAMETERS 

SAMPLE #1 SAMPLE #2 
Dl (LED) D2 (PIN) Dl (LED) D2 (PIN) Units 

c 50 30 50 37 pF 

GC IxlO-6 2xl0-6 1 x lO-6 2xl0-6 (kfi)"1 

IS 
-14 

8. 6 x 10     * 8.02 x 10"8 -14 
7.02 x 10 4. 17 x 10"8 mA 

N 0.5 0.5 0.5 0.5 — 

RB 1.8x 10"4 5 x 10"3 8x 10"4 8 x 10"3 kfi 

(e)TH 27.5 25.9 27.4 27.7 (v)-1 

VZ 1.0 0.55 1.0 0.55 — 

(UJ)W 0.1 0.1 0. 1 0.1 (ns)"1 

K 2.1  x  10"3 1.92 x  10"3 mA/v 

SAMPLE #3 SAMPLE #4 
Dl (LED) D2 (PIN) Dl (LED) D2 (PIN) Units 

C 53 45 50 40 pF 

GC IxlO-6 2xl0-6 1 x lO-6 2xl0-6 (kfi)"1 

IS 1.73x lO'1' l1.85xl0"8 1.64x 10"12 1. lOx 10"8 mA 

N 0. 5 0.33 0.5 0. 33 — 

RB 2.8x 10"4 1 x 10~2 8 x 10"4 1 x 10'2 kn 
(e)TH 28.8 29.1 24.7 29.6 (v)-1 

VZ 1. 0 0.55 1.0 0.55 — 

(IJU)W 0. 1 0.05 0.1 0. 05 (ns)"1 

K 1.86 x  10"3 1.12 x  10"3 mA/v 
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The transient photoresponse of the MCD2 diode/diode coupler was deter- 

mined through a series of measurements on two samples  in the ionizing 

radiation environment of the NRTC 2-MeV flash x-ray.    The general test 

set-up for the photoresponse measurements is shown in Figure 4-10.    The 

output detector diodes were reverse-biased at 10V through a load resistor 

that was varied from 100 U to 1 kW.    Initially,  the output photoresponse 

was measured on one sample as a function of bias conditions on the input 

LED diode as well as with variations in load resistance.    It was found that 

the output photoresponse was essentially independent of the bias conditions 

on the input diode including forward-bias,  zero-bias (i. e. ,   short-circuit), 

and reverse-bias.    The measured unsaturated output photoresponse was 

that of the output diode photocurrent through the output load resistance and 

shunt capacitance.    Time dependence of the diode photocurrent was approxi- 

mately that of the ionizing radiation pulse as would be expected from a 

fully-depleted PIN diode.    At high ionizing radiation dose rates,  the out- 

put diode was saturated and the output waveform increased in pulse width. 

In the exposure of the second coupler sample,  only the variation with out- 

put load and radiation dose rate was included with independence of the 

input diode bias assumed from the first test results.    Measured photo- 

response on the MCD2 diode/diode couplers is summarized in Table 4-2. 

Results of the photoresponse measurement suggest that the total photo- 

response can be simulated by a prompt diode photocurrent added to the 

output PIN diode.    The magnitude of the prompt photocurrent is approxi- 

mately 1 x 10"      A/rads(Si)/s,  or a constant of 100 mA/rad(Si)/ns for 

IPl of the NET-2 model,    in saturation,  the radiation-induced storage 

time can be represented approximately as. 
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TABLE 4-2.    SUMMARY OF MCD2 OPTICAL COUPLER 
PHOTORESPONSE,  V        =10V 

out 

Test Conditions 

I,     = 0,  RT   = 1 k« 
in L 

I.     = 50 mA,  RT   = 1 kß 
in L 

V.    = -2V, RT  = 1 kn 
in L 

I.    = 0,  RT   = 100 n 
in L 

I.     = 0,  RT   = 1 kfi 
in L 

i.   = o, RT = loo n 
in L 

Output 

? AAe transient 
o 

pulse width 
(rads( Si)/s) 

io7 

(volts) 

1.2 

(ns) 

2  x 50 

5 x 10« 11.0 200 

1    X iolü 11.0 2300 

2 x io7 
1.1 50 

5 x 10« 10.5 200 

1    X iolü 11.0 2300 

2  x io7 
1.1 50 

5 x ioB 11.0 220 

1    X iolü 11.0 2300 

2  z io7 0.25 30 

5 x io8 5.5 30 

1    X iolu 11.0 440 

2  x io7 1.0 50 

5 x io8 11.0 200 

1    X iolü 11.0 20C0 

2  x io7 0.2 30 

5 x io8 4.7 30 

1    X iolü 11.0 400 
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PP 
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with a value of 500 ns for T  .    In the NET-2 model,  the storage time con- 

stant must be included in the constant,  W,  for the diode diffusion 

capacitance. 

4.2     Hewlett-Packard 5082-4360 Optically-Isolated Gate 

The Hewlett-Packard 5082-4360 optically-isolated gate is the combination 

of a galiium-arsenide-phosphide (GaAsP) light-emitting input diode with 

an optically-coupled output network which consists of a PIN photodiode, 

a high-gain linear amplifier and a Schottky-clamped open collector out- 

put transistor.    The output circuit also has a DTL-type enable input to 

provide strobing of the detector.   The coupler design enablep high dc and 

ac isolation between input and output with DTL/TTL circuit compatibility. 

The schematic diagram of the 4360 is shown in Figure 4-11.    Complex- 

ity of the output circuitry is on the same order as that found in small 

digital MSI arrays. 

Five samples of the diode/gate coupler were characterized initially in 

terms of dc transfer characteristics,  dc output characteristics and elec- 

trical switching response.    Results of the dc transfer and output charac- 

teristics on a typical sample are shown in Figures 4-12 and 4-13. 

Electrical switching response was determined by measurement of the 

propagation delay between the output and input and enable signals.    It 

was noted in the switching response characterization that the bypass 

capacitor on the supply voltage was critical.    Its purpose is to stablize 

122 

'^:V:i;,j:/r ,.; _•■":— 

IMM ■   — m ttAam  



ifi.ii.iiM< *>><iin»nwiiJ<wjpijP«.<><wj«<HJiivi«MM<m^^ 

w 
IN 

IN, 

Vcc(+5V) 

f-AAAr 

E 7 
rv_AAAr 

i 

IX 

OUT 

Figure 4-11.    HP 5082-4360 optically-coupled gate. 

123 

HMiÜI^Mfrte|^iiMaMy<|aB^illlli      1 



-. ! ^'WfPPP'WSP^^ 

•1 

6  1— I      I  r   T   i 1     I     1 11     1 -—r* 

- vcc: :   +5V - 

5 

~ - 

" ^^^'V 

S\ - 

4 
> 

- \\V = 350 n 
J-i - 

\         \        \   ^RT     =    1   kn 

1     \>\      i 
to - r>RL=5ka - 

i—i 
o 

0 

6 

ur 
- 

■ 

- 

u 
Q 

- - 

2 

1 

I 

- 

; 

- - 

- L^ - 

- 
0 1     1     1 _, 1     II 1     1     1 1     1     1 i 

1 2 3 

DC Input Current,  mA 

Figure 4-12.    HP 4360 diode/gate coupler dc transfer 
characteristic. 
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Figure 4-13.    HP 4360 output current-voltage characteristics. 
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the operation of the high-gain linear amplifier.    Failure to provide 

sufficient bypassing may impair the transfer and switching response. 

Measured propagation delays on the diode/gate couplers are summarized 

in Table 4-3. 

Characterization of radiation effects on the diode/digital-gate couplers 

included measurement of the transient photoresponse in the narrow- 

pulsed ionizing radiation environment of the NRTC 2-MeV flash x-ray, 

measurement of total-dose-induced permanent damage by exposure to 

the NRTC Co-60 ionizing radiation environment,  measurement of 

neutron-induced permanent damage by exposure to the NRTC TRIGA 

neutron/gamma radiation environment,  and measurement of the wide- 

pulse transient photoresponse by exposure to the ionizing radiation 

environment of the IRT linear accelerator.    Overall results of the radi- 

ation effects study are summarized in Table 4-4. 

4. 2. 1   HP4360 Narrow-Pulse Transient Photoresponse.    The initial 

series of experiments was the measurement of the photoresponse in the 

2-MeV flash x-ray environment.    Six samples were included in the tests. 

Two of the six samples were substantially damaged after a few low-level 

exposures and two more were somewhat degraded.    Permanent damage 

effects were noted in measurement of the dc transfer characteristics 

after each series of exposures.    Two additional samples were exposed 

to the complete series of exposures, which ranged from dose rates of 
7 10 , 

10   to 5 x 10      rads{Si)/s, without damage.    The cause of the damage 

could have been either a destructive oscillation resulting from insuf- 

ficient power-supply bypassing, a radiation-induced dose rate effect, or 

permanent damage resulting from total ionizing dose. 
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TABLE 4-3.    SUMMARY OF MEASURED HP4360 SWITCHING 
RESPONSE 

Input/output 

Sample No. 

I 

2 

i 

4 

5 

Pi 
(ns) 

60 

50 

60 

50 

50 

(ns) 

50 

80 

60 

60 

60, 

Enable /output 

Pi 
(ns) 

20 

25 

30 

20 

25 

p2 
(ns) 

80 

340 

200 

90 

100 

m in 

V 
E 

5 mA 

5V 

P2 
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TABLE 4-4,    SUMMARY OF OBSERVED HP5082-4360 
RADIATION SUSCEPTIBILITY 

Transient Photoresponse 

Narrow Pulse (t   = 30 ns) 
P 

4 samples 

6 x 105   s Y     
s 6 x 106 rads(Si)/s 

c 

Wide Pulse (t    ^4.5 [is) 
P 

Z samples 

Y    ^=10    rads(Si)/s 

Permanent Damage 

Total Ionizing Dose 

5 samples 

Y     >  1.9 Mrad(Si) c 

Neutron Displacement Damage 

5 samples 

I. 1 x 1013  s   * <: 4. 9 x 1013 n/cm2 (1 MeV equiv) 

Transient photoresponse as measured on those four samples that were 

not damaged is summarized in Figures 4-14 to -17.    Four test conditions 

are represented in the results shown.    Defining zero input current and 

zero enable voltage as logic "0" and 5 mA input current and +5V enable 

voltage as logic "1", the test conditions were: 

• 
Test Input           Enable Test Input Enable 

Condition Current       Voltage Condition Current Voltage 

. 1                       1 m 1 0 
- II C                       1 IV 0 0 
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I For each of these test conditions, the output voltage of the gate is in the 

"on" or logic "0" state which was determined, with additional measure- 

ments,   as the worst-case.    For three of the four samples the worst-case 
5 

logic upset level was on the order of 6-8 x 10    rads(Si)/& for the test 

conditions of zero input current and +5V on the enable input.    In one 

case, however,  the log. c ' pset level was substantially greater at 6 x 

10    rads(Si)/s and the worst-case te^t condition was with both high input 

current and enable voltage. 

Worst-case Test 

Sample No. critical dose-rate C( audition 

1 6x10    rads(Si)/s I 

3 6 x 105 rads(Si)/s II 

5 6 x 105 rads(Si)/s II 

6 8 x 105 rads(Si)/s II 

Typical waveforms observed in the narrow-pulse flash x-ray exposure 

are illustrated in Figure 4-18.     The response at low radiation dose rates 

appears straightforward in a single output pulse that produces the 

radiation-induced logic upset.    At high ionizing radiation dose rates, 
Q 

(i.e.,  above 10    rads(Si)/s),   the output photoresponse becomes quite 

complex.     The complexity of the output photoresponse suggests com- 

plex interactions in the recovery of the digital gate and high-gain linear 

amplifier sections of the output microcircuit.    No sample showed an 

anomalous photoresponse that would suggest latch-up for exposures up 

to 5 x 10       rads(Si)/s.    Even those devices lhat exhibited damage,   ap- 

parently as a result of the ionizing radiations exposure,  the waveforms 

showed no anomalous response in the measurement of the transient 

photoresponse. 
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Figure 4-18.    HP4360 narrow-pulse photoresponse waveforms, 
1=5 mA,  V^ = +5V,  RT   = 1 kQ 
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In order to further explore the transient photoresponse of the HP5082- 

4360,  a limited effort was spent on the photoresponse measurement of 

a similar diode/gate coupler.    The HP5082-4364 diode/gate coupler con- 

sists of a pair of inverting optically isolated gates each with a GaAsP 

light-emitting diode and a detector consisting of a detector diode,  high- 

gain amplifier,  and open-collector Schottky-clamped output transistor 

as shown schematically in Figure 4-19.     The principal difference be- 

tween the 4364 and the 4360 which was characterized extensively is the 

lack of the digital enable gate.    The purpose of including the 4364 in the 

study was to verify that the complex photoresponse of the 4360 was due 

to the photoresponse of the digital gate.    A single sample was exposed 

in the NRTC 2-MeV flash x-ray environment to radiation doses from 

2. 8x10    to 1x10      rads(Si)/s.    The measured peak output response is 

shown in Figure 4-2 0 and the output waveforms.   Figure 4-21,   are in 

fact similar to those of the 4360 diode/gate coupler as shown in Fig- 

ure 4-18,   and strongly suggest that the photoresponse is due principally 

to that of the high gain amplifier. 

(+5V) 
CC O 

O 

▼^zs 
o- 

-o 

Figure 4-19.    HP5082-4364 diode/gate coupler schematic. 
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Figure 4-21.    HP4364 narrow-pulse photo response waveforms, 
I      = 5 mA,  RT   = 350 fi. 
in -LJ 
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4. 2. 2   HP436Q Total-Ionizing-Radiation Dose Study.    In order to investi- 

gate possible total-ionizing-dose permanent damage susceptibility of the 

diode/gate couplers,  five unirradiated samples were exposed in the 

environment of the NRTC Co-60 source.    All samples were under nomi- 

nal supply voltage bias of +5V.     Three of the five samples were operated 

dynamically during exposure with a sine wave input voltage of 50 Hz 

frequency applied at the input.     The amplitude of the input signal was 

adjusted to a peak input current of 10 mA.     The fourth sample was ex- 

posed with a static bias of 5 mA input current and +5V enable signal. 

The fifth sample was exposed with a static bias of 5 mA input current 

and with the enable input open-circuited.    All samples were exposed to 

a total ionizing radiation dose of 1. 9 Mrads(Si),  with electrical per- 

formance checked at periodic intervals during the exposure through 

measurement of the input cur rent/output voltage dc transfer character- 

istic.     The result of the characterization was that there was very little 

radiation-induced permanent damage at exposures up to 1.9 Mrads(Si) 

and negligible effect at flash x-ray total dose levels of Z0 krads. 

4. 2. 3   HP4360 Wide-Pulse Photoresponse.        Two samples of the HP4360 

optically coupled gate were tested in the 4. 5 |is wide ionizing-radiation 

pulse of the IRT LINAC facility.    As previously mentioned,  the micro- 

circuit contains an LED,   a PIN diode detector,   a linear amplifier,   and 

a TTL-compatible output gate,   adl connected in series from input to 

output.    Although the output photoresponse is obviously a net result of 

the photoresponses of the individual components,  a plausible (by no 

means conclusive) separation of the susceptibilities of the individual 

components can be obtained from the composite output response to the 

wide-pulse LINAC enviroment shown in Figure 4-22.    Part (a) of the 
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figure shows the RF noi^e level on the active dosimetry channel that must 

be subtracted from the radiation pulse level shown in part (b) which was 

the lowest level tested to.    The photoreponses shown in parts  (c) and (e) 

of Figure 4-22 can be rationalized as follows.     The experiment shown was 

performed with no bias current flowing through the LED,  and therefore 

no light impinging on the PIN diode detector.    It has been shown that the 

photoresponse of the LED is negligible,     and if,  for the moment,  we 

assume that the amplifier and output gate are  "hard" to ionizing radia- 

tion,  we would expect the radiation to be "detected" by the PIN diode, 

thereby driving the output to the "low" state as it would if it (the PIN) 

were irradiated with light, from the LED.    It is believed that this re- 

sponse determines the leading edges of the photoresponse shown in 

parts (c) and (e),  and it is estimated that this transient failure occurs at 
5 

radiation intensities on the order of 10    rads(Si)/s. 

However,  as can be seen from the photoresponse shown in part (c),  the 

output returns to the "high" state when the radiation intensity increases 

to levels above about 1.5x10    rads(Si)/s.    It is suggested that this 

behavior is caused by the linear amplifier being driven into saturation 

by the "higher" radiation intensities,  the photoresponse of the amplifier 

masking-out the PIN response at the input of the amplifier.    From the 

photoresponse shown in part (e) of the figure,  it can be seen that at 
o 

radiation intensities on the order of 10    rads(Si)/s that the output again 

tends toward the "low" state.     This behavior is probably caused by the 

inherent photoresponse of the output gate,   which in turn masks the 

photoresponse of the amplifier. 
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In conclusion,   we find that the vulnerability of the HP4360 optically- 
5 

coupled gate is extremely low,   about 10    radsfSD/s,  with the "weakest- 

link" component being the PIN diode detector.     The worst-case shift in 

the transfer characteristic is illustrated in Figure 4-23.    The test 

sample in this case was operated statically with 5 mA input current and 

+6V on the enable input. 

4. 2. 4   HP436 0 Neutron Displacement Damage Study.    In order to deter- 

mine the neutron-damage susceptibility of the diode/gate couplers,   six 

samples were exposed to the neutron/gamma environment of the NRTC 

TRIGA.    Since the total dose exposure to  1. 9 Mrads had produced negli- 

gible effects,   the same five samples and bias conditions were used for 

the TRIGA exposures.    An additional sample was added and exposed 

under the bias conditions determined to be worst-case from the tota] 

dose exposure (i. e. ,   static bias,  I.     =5 mA,   V"     = 5V).    Electrical 
m E 

performance characteristics were measured on five of the six samples 

at seven intervals through exposure to a maximum fluence of 1. 3 x 
14 2 

10      n/cm    (1 MeV equivalent).     The first-order effect observed in the 

performance degradation was the degradation of the input-current/ 

output-voltage transfer characteristic.    While there was significant vari- 

ation between samples in performance degradation,  there was no appar- 

ent correlation to the bias conditions under exposure.  Degradation of the 

transfer characteristics is illustrated for two samples in Figure 4-24. 

Assuming the electrical specification of minimum input current of 5 mA 

required to ensure a logic "0" output as  recommended by the manufac- 

turer,  the critical neutron fluence for five samples was determined as. 

■ 
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Figure 4-23.    Worst-case total dose permanent damage 
effects in HP4360 diode/gate coupler. 
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Sample No. 

7 

8 

10 

9 

18 

Critical 
Neutron Fluence 

(n/cm2) 

1. 1 - 1.8 x    10 

,„13 
1. 1  x  10 

1. 8 - 3.8 x   10 
,„12 

7. 3 x  10 

3.4 - 4.9  x   10J 

13 

13 

13 

Characterization of the sixth sample at the end of the total exposure 

indicated failure with the output voltage only down to 4 volts with an xn- 

put current of 10 mA,   with exposure to 1. 3 x 10     . 

Results of the neutron damage characterization cen be presented more 

quantitavely by defining the degradation in the threshold current required 

to produce an output voltage of 0. 8V with the power supply voltage,   V^, 

and enable voltage,   V^   at +5V.     The threshold current is plotted against 

neutron flue.ce in Figure 4-25.    Interestingly,   the observed results are 

,  „„o nf threshold current on neutron fluence, 
very close to a linear dependence ot tnresnu 

where the constant of proportionality is also proportional to the initial 

threshold current.     That is. 

IT(4>) 

IT(0) 
1   +  K    • * 

c 

where,  based on the observed results,  the value of Kc is 6. 9 x 

This linear expression is plotted with the experi- 

Figure 4-2 5 and seems to be an accurate approximation 

d bias conditions encountered.    No 

-14 ,   ,      2,-1 
10 (n/cm   ) 

mental data in Fig 

over the range of exposures an 
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detailed analysis has been attempted to justify the mathematical form of 

the results, but it is likely that the degradation is principally due to the 

gain degradation of the linear amplifier driving the digital gate output. 
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5. 0   COMBINED EFFECTS STUDY 

Effects of combining electrical pulse overstress and pulsed ionizing 

exposure have been investigated on discrete semiconductor devices 

(i. e. ,  diodes and transistors).   Synergistic effects have been observed 

but not to the degree that clearly defines the effect compared to the un- 

certainty in either the pulsed overstress or photoresponse characteri- 

zation.    In this study,   combined effects have been considered for CMOS 

circuits that have demonstrated latch-up from either electrical over- 

stress or ionizing radiation exposure.    In this case,  permanent damage 

is the result of excess current flowing from the power supply after the 

array has latched into a low-voltage,  high-current mode.     The critical 

energy is not that required for burn-out,   since burn-out results from 

the infinite-power voltage supply with whatever time interval required, 

but rather that required to induce latch-up.     This study,   then considered 

possible synergistic effects in CMOS latch-up under simultaneous elec- 

trical overstress and pulsed ionizing radiation exposure.     The obberved 

results suggest that a synergistic effects exist,  but are not a first-order 

effect. 

Latch-up in CMOS integrated circuits have been reported by B. L.   Gregory 
12 

and B.D.   Shafer. They observed latch-up in bulk CMOS types CK4007A, 

CD4009A,  CD4010A,  CD4011A,  and CD4041A,  but none in CD402 0A.    It 

was triggerable either electrically or by flash x-ray pulsed radiation.   A 

detailed study of the phenomenon in types CD4Ü07A and CD4041A was made. 

In the work reported here,   the results of Gregory and Shafer on the type 

CD4007A were duplicated,   and then the effects of a combined electrical 
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pulse overstress and pulsed x-radiation were examined.     Electrical 

latch-up was easily demonstrated on a Tektronix 575 Curve Tracer.    In 

the normal inverter configuration a holding current of approximately 

4J mA is observed with input high and 65 mA with input low.    For the 

combined electrical pulse overstress and radiation effects,  an 0.8 |jsec 

pulse was applied to the VDD terminal as shown in Figure 5-1.     The sup- 

ply voltage was applied to V^ rather than to V in order to separate 

it from the overstress voltage so as to avoid loss of some of the over- 

stress energy in the power supply.     These latch-up tests did not include 

stressing the input or output terminals,   because latch-up occurred only 

when the VDD terminal was stressed.    Application of the pulse to the in- 

put terminal was found only to produce damage at levels of overstress 

comparable to those observed in previous bulk CMOS studies.     The elec- 

trical pulse overstress generator was triggered by the flash x-ray trig- 

ger,   and the delay adjusted so that the radiation pulse occurred near the 

middle of the 0.8 jjsec overstress pulse.    Both the amplitude of the over- 

stress pulse and the intensity of the x-radiation were variable during 

these tests.    Latch-up was indicated by a current-reading meter in the 

power supply. 

The results of these tests are plotted in Figure 5-2 for two CD4007AD 

CMOS inverters with inputs high.     The points plotted are the critical 

electrical pulse overstress voltage versus x-radiation dose-rate for 

latch-up.     The curves show some interaction between the two environ- 

mental factors,   especially in Device #1.    Latch-up is triggered by radia- 

tion alone at a dose-rate of 6 x 108 rads(Si)/s and above. 
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Figure 5-2.    Threshold for latch-up in combined EPO- 
radiation environment. 
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Figures 5-3,   -4,  and -5 show the time-dependent waveforms of latch-up 

when triggered by EPO alone,   EPO plus radiation,   and by radiation alone. 

When EPO is present,   the supply current pulse shows an initial direct 

response to the overstress pulse,   followed by a delayed response of 

higher amplitude.     The direct response varies in amplitude with the EPO 

amplitude and may be a charging current through the substrate for the 

p-well to substrate junction capacitance.     The delayed response is about 

600 mA at peak independent of the EPO amplitude or radiation dose-rate. 

This is latch-up,   and the delay is probably due to the motion of minority 

carriers released by the pulse stress.     The large amplitude is not under- 

stood at this point.     The power supply was set to limit at 100 mA,  but 

this limit takes about a millisecond to take effect as was observed on 

slow-sweep. 

It is of interest to determine if latch-up is a problem in other CMOS 

microcircuits.    In particular,   some of the other CMOS devices studied 

in this LSI Vulnerability Study were examined.     The CD4024 7-stage 

binary counter and the Motorola MC 14021 8-bit shift register were ex- 

amined for electrically induced latch-up.    All terminals were examined 

on a curve-tracer,  but no evidence of latch-up was observed.     Electrical 

pulse overstress also failed to produce any latch-up.     The absence of 

latch-up in any circuit can be attributed to geometrical factors which 

prevent the formation of high gain npn structures in the substrate,   and 

in these more complex microcircuits the small geometries and the close- 

ness of the individual inverters is apparently offset by careful overall 

layout of the microcircuit. 

Latch-up tests were performed on two microcircuits of medium com- 

plexity - a type CD4023A (triple 3-input NAND gates) and a type CD4024A 
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Supply Current 

2 00 mA/div. 

Inverter Output 

IGV/div. 

PIN Diode 

No  Radiation 

EPO Monitor 

10V/div. 

-i—i—i—i—i—i—i—i—r 

IV 
I       1       I       I I I I I L 

1  (isec/div. 

0.2 |isec/div. 

Figure 5-3.    Latch-up in CD4007AD due to EPO alone. 
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Supply Current 

200 mA/div. 

Inverter Output 

10V/div. 
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iV 
J 1 \ I I I I I  , I 

1 p-sec/div. 

PIN Diode 

IV/div. 
Q 

4x10     rads(Si)/s   (peak; 

EPO Monitor 

lOV/div. 

0.Z usec/div. 

Figure 5-4.    Latch-up in CD4007AD in combined 
EPO and radiation. 
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■ 
1 

1 p,sec /div. 

"T—i—i—i—i—i—i—i—r 

L 

J i i i i  i i i i 

0,Z (.isec /div. 

Figure 5-5.    Latch-up in CD4007AD due to radiation alone. 

(triple 3-input NOR gates).    Examination of the bias terminal,   V       ,  on 

a curve-tracer showed no evidence of latch-up.    Combined EPO and flash 

x-ray tests were also performed on these devices with no evidence of 

latch-up. 
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6. 0   CONCLUSIONS AND RECOMMENDATIONS 

Electrical performance potential of bulk CMOS is of substantial advantage 

in many system applications,   particularly those with severe power limi- 

tations.    In many of these system applications,   the total-dose suscepti- 

bility,   transient photoresponse,   and potential latch-up of the bulk CMOS 

arrays are of significant concern.    Results of this study present effects 

on a small sample of microcircuits and point out critical total-dose, 

photoresponse,  and latch-up effects.    Additional study is required,  how- 

ever,  in hardness assurance of CMOS microcircuits of SSI-MSI levels 

of complexity. 

2 
In contrast to the mature CMOS technology,   I  L is in the earliest stage 

of LSI development.     Results presented on radiation susceptibility of the 
2 

basic I   L logic cells  represent a very preliminary evaluation.     Results 

on neutron-damage,   total-dose,   and transient photoresponse effects 

seem to be consistent with the well-known basic semiconductor radiation 

effects.     Further effort is required to evaluate permanent damage and 

transient photoresponse effects with support of radiation-inclusive mathe- 
2 

matical models.     As I  L technology matures,   spurred primarily by ex- 

tensive international development for commercial applications,   more 

complex arrays will become available.     Evaluation of the complex arrays 
2 

is a key step in evaluation of I   L susceptibility since the design of both 

the internal cells and interface circuits may vary significantly from the 

basic cells  considered in this  study. 

Radiation susceptibility of the detectors of the optical communication 

system may be an important consideration in overall system hardening. 

As shown in the results of this study,   those techniques necessary to 

transform the optical signal to an output logic level,   even without the 
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losses of effects of the fiber optics,  are intrinsically sensitive to pulsed 

ionizing radiation.     On the other hand,  the recovery times of the elec- 

tronics are not extraordinarily long and could be accommodated in the 

system design.     Permanent damage levels resulting from neutron dis- 

placement damage are not inconsistent with those of high-gain operational 

amplifiers.    It is hoped that remits of this study will be useful in perfor- 

mance evaluation of overall optical communication systems.    In terms of 

future development,  the technology of LSI will impact optical system with 

the development of integrated optics.    At the moment, however,   complex 

integrated-optics arrays are still in early research development and no 

continuing effort is suggested at this time. 

In terms of the overall program,  it is suggested that that the emphasis be 

placed on the radiation susceptibility of basic LSI technologies and com- 

plex LSI arrays.    As pointed out in earlier studies,   the most unique prob- 

lem associated with MSI/LSI radiation effects is that of accurately deter- 

mining the worst-case susceptibility in light of the array complexity.    In 
2 

terms of newly developing LSI technologies,  I  L and CCD arrays offer 

substantial promise and are receiving extensive development.    In terms 

of microcircuit complexity,   developments in MSI/LSI technology seem to 

be concentrating on the microprocessor as a very complex LSI array with 

widespread application in modern systems. 
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APPENDIX A 

MSI/LSI RADIATION EFFECTS,  CHARACTERIZATION 
AND TESTING*!" 

James P.   Raymond 

Northrop Research and Technology Center 
Hawthorne,  California 90250 

ABSTRACT 

Results are presented on the permanent damage and transient photoresponse 
of complex monolithic MSI/LSI arrays representing a variety of both bipolar 
and MOS technologies.    Unique aspects of MSI/LSI vulnerability are princi- 
pally in the nature of the basic logic cells and the complexities of overall 
array performance evaluation.    Considerations illustrated in permanent 
damage evaluation are complete performance evaluation,   electrical bias 
conditions during radiation exposure,   selection of sample sii-es,  and elec- 
trical pulse overstress effects.    Considerations illustrated in the transient 
photoresponse are the dependence on ionizing radiation pulse-width,  deter- 
mination of worst-case logic operating conditions,  and power-supply photo- 
current.    Analytical techniques are suggested as an essential aid in MSI/LSI 
characterization and testing. 

*This work has been supported by the Defense Nuclear Agency under 
Contracts DASA 01-70-C-0093 and DNA 001-73-C-0154. 
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INTRODUCTION 

Characterization of radiation effects on microcircuits has become a routine 
aspect of component qualification for hardened systems.    As microcircuit 
technology has evolved,   complex MSI/LSI digital arrays have been developed 
to supplement the single-function microcircuits as system components. 
These complex arrays are the blend of semiconductor device technology with 
the performance capability of digital subsystems.    As a direct evolution of 
microcircuit technology there are many similarities in radiation vulnerability 
between the simpler SSI (Small-Scale-Integration) and MSI/LSI (Medium- 
Large-Scale-Integration) devices.     There are, however,  unique aspects that 
critically distinguish MSI/LSI.     These are principally the technology,   circuit 
performance,  and radiation response of the basic logic, cells,  and the re- 
quirement for evaluation of overall array performance and radiation vulner- 
ability assessment without access to direct measurements on the interna] 
logic cells. 

The basic MSI/LSI logic cell,   free from the constraints of external loading 
and noise margin,  has evolved .nto circuit realizations that have little or no 
correspondence to a single-function microcircuit.     This is illustrated most 
strongly by the development of memory cells of both bipolar and MOS mem- 
ories,   and in the logic cells of dynamic-logic MOS arrays.    With the evolution 
in the circuit realization of the basic logic cell the nature and critical failure 
levels must also change.    Results are presented on radiation effects of DTL, 
TTL,   ECL and Schottky-clamped TTL arrays of bipolar technology as well 
as the static p-MOS,   dynamic p-MOS,   C/MOS and C/MOS/SOS arrays of 
MOS technology.     These represent the major technologies of MSI/LSI up to 
the development of high-speed n-MOS,   charge-coupled-devices,  and bipolar 
integrated injection logic.     The results are presented for unhardened arrays, 
focusing more on the nature of radiation effects rather than on the levels of 
radiation hardness attainable. 

Given the measured radiation vulnerability of the logic cells of a digital sub- 
system,   the subsystem vulnerability can be determined with little difficulty, 
subject to a few confirming experiments at the overall subsystem level. 
Application of MSI/LSI arrays as system components, however,  makes a 
vital difference in the component characterization due to the lack of access 
to the performance characteristics and radiation vulnerability of the basic 
logic circuits  (cells).     This distinction might seem fairly subtle,  but it has 
a first-order impact on the experimental characterization; particularly in 
the required analytical techniques and mathematical models necessary to 
support the experimental study.     Techniques of simplified modeling and 
logic simulation,  which are useful but not necessary for microcircuit study 
become critical in support of MSI/LSI experimental characterization. 
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Study of radiation effects on MSI/LSI arrays has included the measurement 
of transient photoresponse as a function of ionizing radiation pulse width, 
as well as the permanent damage effects resulting from neutron/gamma 
exposure and externally applied electrical pulsed overstress.    Results indi- 
cate that the basic radiation-induced failure mechanisms in complex devices 
are essentially the same as those well known for single-function digital micro- 
circuits1, 2

>  that is,   1) p-n junction photocur rents in the transient photo- 
response,  Z) neutron-induced gain degradation in bipolar transistor elements, 
3) total-ionizing-dose-induced threshold voltage shift in MOS transistor 
elements,  and 4) increase in the p-n junction thermal leakage currents. 
Critical failure levels observed are consistent with those expected from 
studies on basic semiconductor elements and mic -ocircuits,   but as reflected 
through the specific logic cell technology and overall a -ray performance 
characteristics.    Pulsed ionizing radiation-induced latch-up has not heen 
observed in any of the MSI/LSI arrays tested for exposures up to 5 x 10 
rads(Si)/s,  and despite the increase in element densi'.y,  multi-layer metal- 
lization and functional complexity,  latch-up does not seem to be any more 
(but not necessarily any less) likely than latch-up in a single-function micro- 
circuit. 

Radiation-Induced Permanent Damage 

The principal considerations in evaluating radiation-induced permanent 
damage effects on MSI/LSI arrays are:    1) comprehensive evaluation of pre-/ 
post-electrical performance characterization, 2) selection of electrical bias 
conditions during neutron/gamma irradiation,  and 3) determination of the 
number of samples that must be characterized to insure adeqtiate statistical 
representation for component system qualification.    In addition to the charac- 
terization of radiation-induced permanent damage it also may be necessary 
to characterize the component electrical pulsed overstress susceptibility. 
In this case,  the problem is to determine a test sequence that defines the 
worst-case vulnerability with a minimum number of samples. 

Electrical performance characterization of MSI/LSI arrays is a well doc- 
umented problem even without considering radiation-induced damage effects. 
The most straightforward method of verifying the overall logic function of 
the array is simply to compare the outputs of a damaged device to those of 
a good reference device under the same input signal sequence for all possible 
input conditions.    The array interface,   typically outputs,  must also be char- 
acterized in terms of the terminal current-voltage characteristic to assure 
performance for specified external loads.    In some cases it is more con- 
venient to simulate the reference "good" device logically with a minicomputer 
programmed to direct the input sequence and compare the output results. 
If the array is very complex and a large number of samples must be tested 
the total number of input combinations can be reduced to the set just suffi- 
cient   to detect the failure of any logic cells.    Generation of test sequences 
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can also be used to isolate the radiation-induced failure to a single cell for 
subsequent detailed failure analysis and possible hardening.    Application of 
the test sequences to a given array can be implemented analyucally with 
logic simulation computer programs that consider the array as a network of 
idealized logic functions. " 

Pre-/post-evaluation of array performance must also include the system- 
defined temperature range.    Bipolar transistor gain degradation becomes 
most critical when the gain is low at low temperatures.       Junction leakage 
currents,  increased by displacement damage or surface effects,  on the other 
hand,  become most critical at high temperatures.       Variation in the damage 
failure level due to both transistor gain degradation and junction leakage 
currents over a wide range of case  temperature was observed in the neutron/ 
gamm?-induced degradation of the SMS 8228 4, 096-bit Schottky-clamped TTL 
Read-Only-Memory.    In this case,  the room temperature evaluation was 
the best-case compared to either low- or high-temperature operation. 

Damage assessment of MSI/LSI arrays is sufficient to assure adequate per- 
formance of internal logic cells,  but not the safety margin to the threshold 
of failure.     The safety margin of the internal cells must be determined 
experimentally.    Damage effects at the interface cells, however,   can be 
measured quantitatively and a safety margin estimated for given load re- 
quirements by extrapolating slightly to higher exposure levels.    Observed 
neutron / gamma failure levels for a variety of MSI/LSI arrays are sum- 
marized in Table I.    Neutron fluence is considered as critical for the bipolar 
arrays and total ionizing dose is considered as critical for the MOS arrays. 
Total dose exposure of the hardened TTL 6-bit adder,  indicating negligible 
degradation to greater than 10 Mrads(Si) is a supporting verification of this 
assumption. 

The failure levels as shown in Table I represent the results of a system- 
independent laboratory characterization and do not include any worst-case 
system requirements (e. g. ,  power supply tolerance,  termperature range, 
switching speed,  and noise margin).    Relative failure levels in the bipolar 
arrays of the interral logic function or the external drive capability is a 
function of the relative design margin and,  as   sh^wn in Table I,   either might 
be the critical failure mode for a given array toe 

Total ionizing dose failure levels for a few MOS arrays have also been 
included in Table I.    In this case,  because of the variations in basic tran- 
sistor effects with variations in processing technology and electrical bias 
curing exposure,  the minimum critical total dose is probably more signi- 
ficant than the apparent spread in failure levels between samples.     The test 
conditions in the MOS arrays are also critical in defining a failure level 
since the arrays can be operated over a wide range of power supply voltages 
with a substantial variation in electrical performance parameters. 
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TABLE J 

SUMMARY OF MSI/LSI PERMANENT DAMAGE LEVELS 
Critical Neutron Fluence,  fr,  n/cm   (1 MeV equivalent), 

TRIGA ~ n/Y= 3 x 108 n/cmZ/rad(Si); 
Critical Totai Ionizing Radiation Dose,   Y.   rads(Si), 

Co-60 - 105 rads(Si)/hr. 

Samples 
Technology Array Type 

DRA2 001 

F9344 

5f = range,  (mean) 

5-6 x 1014(5.7) 

1.5-2.9 x 1015(2.2) 

Tested 

3 

3 

Test Conditions 

TTL 

TTL 

V^   =2.5V 
BB 

S/C TTL 13101 0.7-1.4x 1015(1.1) 3 
vcc=5V 

S/C TTL I3101A 1.4-2 x 1015(1.7) 3 
[all   TTL. 

S/C TTL SMS8228 2-6.6 x 1014(4.9) 10 room temp. 

S/C TTL SN54S181 2.1-4.5 x 1014(3.1) 6 max.   fan out 

S/C TTL SN74LS139 0.78-1.2 x 10i5 2 max.   fan out 

S/C  TTL SN74LS155 1.0-1.2 x 1015 2 max.   fan out 

S/C TTL SN74LS194 
14 

5.7-7.8 x 10 2 max.   fan out 

ECL MC1678 1.9-2.6 x 1015(2.2) 3 V^^ -5.2V 
EE 

Samples 
Technology Array Type y: range, (mean) Tested Test Conditions 

Si gate 
p-MOS 

11402 1.4-15 x 104(4.0) 5 
VDD^10V' 
Vcc=+5V 

Si gate 
p-MOS 

11101 2-4 x 104(3.0) 4 
VDD=-10V' 
Vcc=+5V 

C/MOS CD4024A 3 x 105(min) 

>io7 

5 VT^T,= 5V, 
DD 

f =  1 kHz 

DI TTL HB6A 2 Vcc^5V 
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Selection of electrical bias conditions during neutron/gamma irradiation is a 
very important consideration for MOS arrays and important,  but less critical, 
consideration for bipolar arrays.    It is well known that the threshold voltage 
shift on MOS transistor elements is a function of dc bias during ionizing 
radiation exposure.4   This effect is illustrated in Figure 1 by the performance 
degradation of the CD4024 junction-isolated C/MOS counter exposed either 
under static dc bias,   or under dynamic operation with a 50% duty cycle.     The 
performance parameter shown is the minimum supply voltage required for 
operation at 1 kHz.    Other system-component performance parameters, 
maximum frequency of operation,  power-supply current,  and output current- 
voltage characteristics showed similar results. 

The number of samples to be included in an experimental characterization of 
component qualification must be determined in terms of system application. 
There are,  however,   some system-independent observations that might be 
useful.    First,   the number of arrays implemented in the system is typically, 
at least for a while,  much smaller than the number of microcircuits or 
discrete transistors used in older systems,  principally because of the limited 
variety, high cost,  and substantial qualification effc "t required.     Thus,   a 
much smaller sample s1'   3 can be a respectable percentage of the system 
requirement.    Second,  it has been shown that much of the variation among 
a sample of discrete elements is related to the statistical distribution of 
displacement damage in the bulk semiconductor material. ^    Thus,  the prob- 
ability of at least one fatal set of damage clusters in a large bipolar LSI 
chip is more representative of the number of transistor elements on the chip 
rather than the number of arrays exposed.     The statistical spread in neutron 
displacement damage between samples of MSI/LSI arrays would then be 
determined by the variation in the electrical parameters that determine the 
margin for transistor gain degradation before failure.     The results sum- 
marized in Table I give some insight into the possible spread,  but generally 
only for small sample sizes. 

Considering the problem in a different perspective,   the distribution of dam- 
age in the cells of a complex array is shown in Table II for the SMS 8228 
4, 096-bit ROM.    In this case,  the performance of the internal cells was 
measured in groups of 4-bit words.     The statistical spread in critical 
neutron fluence seems to be on the order of two-three,   and the requirement 
of complete performance evaluation to determined overall array failure is 
re-emphasized.    This variation in damage is consistent with the expected 
variations considering both the distribution of damage (2 0-40%) and electrical 
parameters  (100%). 5 

In addition to the considerations of radiation-induced permanent damage in 
MSI/LSI arrays,  damage due to e'ectrical pulse overstress (possibly 
resulting from system-generated EMP) has been investigated.    Here,  the 
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TABLE n 

NEUTRON-INDUCED FAILURE.  SMS8228.  S/C TTL 
4, 096-BIT READ-ONLY-MEMORY.  T^ 80  F 

Fraction of Bad 4-bit Words _  

Neutronjlaence, ^/cm^l MeV eguiv. )   ,. 

Sample 

1 

# 2. IxlO14 

0 

2 0.01 

3 0 

4 0 

5 0 

6 0 

7 0 

8 0 

4. 5 x 10 

0.08 

0.08 

0 

0.01 

0.01 

0 

0 

0 

1 4 
6.6 x lO1^ 

0.46 

0.69 

0.03 

0.76 

0.21 

0.11 

0.12 

0.08 
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problem is in defining a test sequence to determine the worst-case suscepti- 
bility with a minimum number of samples.    Also,   since this study was 
independent   of system applications,   the pulsed overstress was in terms of 
rectangular pulses of varying pulse width,  peak level,  and polarity.    Observed 
failure levels on a variety of MSI/LSI arrays are summarized in Table III in 
terms of the pulsed overstress energy for the polarity and terminal application 
observed as worst-case.     The number of samples involved in the study was 
small (usually 6 or less) and no statistical or absolute worst-case vulnera- 
bility is suggested.    Pulse-widdi at failure has been normalized to 1 \i,s, 
assuming in some cases,   a square-root dependence of failure on overstress 
pulse-width.    In all cases,  the array was biased under normal operating 
conditions in terms of supply voltage and ground return.     Fortunately,   it is 
possible in many cases to measure the overstress vulnerability of some 
terminals of the array without destroying overall array performance,   allowing 
additional terminal-stress characterization.    In most cases,   the array fail- 
ure was a dramatic breech in overall array performance,  but in some cases, 
the failure was a degradation of the current-voltage characteristics at the 
stressed terminal.    Array operation in the case of terminal I-V damage 
could be sustained,  but only with prohibitively high loading of the external 
circuit.    Results of the EPO vulnerability measurement on the bipolar arrays 
are consistent with the results on planar transistor damage for elements of 
comparable geometry and considering energy sharing when several elements 
are connected to the input or output terminal.    Failure levels for the MOS 
arrays are determined principally by the input protection networks which, 
as shown in Table III,   can be very adequate for junction-isolated arrays,  but 
are more sensitive for arrays fabricated on an insulating substrate. 

Damage energy for all the arrays listed in Table III was delivered by the 
external electrical pulse overstress.    Electrically-induced latch-up,  not 
observed in any of these devices but reported on some junction-isolated SSI 
devices, '   could cause damage through the energy drawn from the dc power 
supply.     The critical overstress energy,   in this case thien,   is that required 
to induce latch-up and may be quite different from that required to induce 
damage directly. 

Transient Photoresponse 

The transient photoresponse of MSI/LSI arrays is the result of radiation- 
induced p-n junction photocurrents.    In junction-isolated arrays the principal 
effect is the substrate junction photocurrents ( i. e. ,  collector-substrate in 
bipolar structures and drain/source-substrate in p-MOS structures).     The 
magnitude of the junction photocurrent is determined by the junction area, 
the substrate lifetime and the radiation pulse-width.    The effect in the array, 
however,  also involves the time-dependent current-noise tolerance in each 
logic cell as well as the overall electrical switching requirements.     Transient 
failure (or radiation-induced upset) can be either the distortion of an external 
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TABLE III 

SUMMARY OF MEASURED MSI/LSI EPO  SUSCEPTIBILITY 

"TO' Stressed 
Array Technology/Function MJ/s/pi Terminal 

Fairchild 4501 DTL Quad LSI Gate Cell 6 Input: + pulse 

T.I.  SN5420 TTL Dual NAND Gate 13 Input: + pulse 

Fairchild 9344 TTL 2 x 4-bit Multiplier 100 Input: + pulse 

T.I.   DRA2001 TTL 506-bit Shift Reg. 90 Input: + pulse 

Mot.   MC315 ECL 5-input NOR Gate 8 Input: - pulse 

Mot.  MC1678 ECL 4-bit Counter 200 Input:  - pulse 

Intel 13101 S/C TTL 64-bit RAM 100 Input: + pulse 

T.I.  SN54S181 S/C TTL Arith.   Logic Unit 5 Input: +/- 

SMS 8228 S/C TTL 4, 096-bit ROM 8 Input: +/- 

RCA 045B p-MOS 2-bit Adder 60 Input: + pulse 

Intel 1101 p-MOS 2 56-bit RAM 12 R/W Input: + pulse 

Intel 1402 p-MOS 1024-bit Shift Reg. 41 Input:  - pulse 

RCA CD4024 C/MOS 7-stage Counter 
1600 

190 

Input: +/- 

Output: - pulse 

Inselek INS4007 C/MOS Triple Inverter (SOS) 
17 

0.1 

Output: +/- 

Input: +/- 

Susceptibility was measured for rectangular pulse input at pulse widths 
ranging from 0. 1 to 10 |is.    The energy constant at 1 |i,s does not neces- 
sarily represent experimental results. 

A-10 



'"^m^mmmwmmmmm^^K^^wmmm^: mmm WPPSPiPPPIf (LII  .IIIIIIJ<P.IUL ii iiiuiiii.mppMi 

I 

M 

k. "••"— ■ -- 

logic signal to an undefined or erroneous voltage level,  or an internal effect 
that prevents normal electrical response of the overall array.    If the logic 
cells that are influenced are non-memory cells (e. g. ,  gates) the radiation- 
induced effect is transient.    If memory logic cells are influenced, however, 
the logic upset will remain until cleared by correct input data. 

Variation of the magnitude of the substrate photocurrents with radiation pulse 
width can be observed directly when the electrical response of the array is 
fast compared to the time constants of the photocurrent.    In this case,  the 
transient failure occurs when the substrate photocurrents just exceed the 
current-noise margin in the logic cells.    The time dependence of the substrate 
photocurrent to a step turn-on radiation pulse is 

=    ^Vo* L e 
s 

rf(t) 
1/2 

+   x 
mj 

where A.    is the substrate junction area 

.13 go is the carrier generation constant (4x10     carriers/rad(Si)) 

Y is the dose rate {rads(Si)/s) 

L    is the substrate minority carrier diffusion length 

T   is the substrate minority carrier lifetime 

and,  x    . is the substrate junction depletion layer width.    For a given current- 
noise margin in a fast MSI/LSI array,  the critical failure level dose rate 
will decrease as the radiation pulse width increases until the radiation pulse 
width is substantially greater than the substrate minority carrier lifetime. 
An example of this effect is shown in Figure 2 as the transient failure level 
of a Schottky-clamped TTL Random-Access-Memory.    The substrate minor- 
ity carrier lifetime,  in this case,  was on the order of 2 us.    The relatively 
long substrate lifetime in S/C TTL over earlier TTL is a direct result of 
eliminating transistor saturation.    Saturated storage time limitations in TTL 
switching response required lifetime-limiting gold-doping.    As a result of 
the long substrate minority carrier lifetime,  the critical radiation dose rate 
as determined in a 30 ns 2 MeV flash x-ray pulse may be a factor-of-ten 
greater than that determined in a 4 M,S LINAC x-ray pulse. 

Transient failure levels measured for a wide variety of arrays are summa- 
rized in Table IV for narrow- and wide-pulse ionizing radiation environments. 
The critical dose rates for the TTL arrays are approximately equal,  re- 
flecting the lower substrate lifetime due to gold-doping.    The critical dose 
rates for all the S/C TTL arrays are much lower in the wide-pulse 
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TABLE IV 

MSI/LSI TRANSIENT SUSCEPTIBILITY 

Y, rads(Si)/s 

A-13 

Array Type 
Narrow-pulse 

^=-30 ns 

2 - 4 x 108 

Wide-pulse 
tpa' 4ias Technology 

DRA2 001 2 - 2.5 x 108 TTL 

F9344 ' 2  - 5 x 108 8 
4x10 TTL 

MC1678L 3 - 5 x 108 1  - 1.5 x 108 ECL 

13101 1.9 - 2.2 x 108 1.7 - 2.2 x 107 S/C TTL 

I3101A 1.9 - 2.2 x 108 3.4 - 3.7 x 107 S/C TTL 

SMS8228 2  - 3 x 107 -^2x10 S/C TTL 

SN54S181 1.5 - 4x 108 ^2x10 S/C TTL 

SN74LS139 5 - lOx 108 - 3 x 107 S/C TTL 

SN74LS155 1.5 - 3x 108 ~ 3.5 x 107 S/C TTL 

SN74LS194 1.5 - 2 x 108 ~ 1.5 x 107 S/C TTL 

RCA045B 
9 

2 - 5 x 10 1.1  - 2.2 x 108 p-MOSiStatic) 

11101 2 - 3x 108 1.7 x 108 p-MOS (static) 

CD4024 1.4 - 1.7 x 108 ^ 5 x 10 C/MOS 

MC14021 3 - 10 x 10 2 - 4x 107 C/MOS 
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environment,  reflecting relatively long substrate lifetimes,  illustrating the 
effect most dramatically.     The ECL and p-MOS arrays also have long- 
lifetime substrates and illustrate a decreasing critical dose rate with increas- 
ing radiation pulse width.    The substrate photocurrent effect is somewhat 
obscured in the ECL valnerability due to the influence of the fast collector- 
base photocurrent,   and in the p-MOS arrays by the relatively slow electrical 

switching response. 

Another aspect of the pulse-width dependence of the photoresponse is illus- 
trated by the dynamic-logic MOS array.    Information is stored in the dynamic 
array by charge on p-n junction and gate capacitances of the individual 
elements.    This is in contrast to the static-logic bipolar and MOS arrays 
where the digital information is stored in dc currents of the gate and flip- 
flop cells.    In. the dynamic array,  the effects of the junction photocurrents 
is simply to discharge the stored information.    Information in the dynamic 
logic array must,  in any event be refreshed periodically because of the 
charge loss due to the thermal junction leakage currents.     The presence of 
steady-state ionizing radiation at low levels,   in this case,   requires that the 
data stored be refreshed more frequently,  or in other words,  the minimum 
frequency of operation must be increased.    In radiation exposure of the 
Intel 1406 dynamic shift register to the ionizing radiation environment of a 
cobalt-60 cell,   the measured minimum frequency of operation was increased 
from ^ 0. 2 Hz with no radiation,  to 4 Hz with an exposure of 11 rads(Si)/s. 
This is a transient effect and has no influence on the ionizing radiation in- 
duced transistor threshold voltage shift that will cause array failure if the 
exposure is continued too long.    When the dynamic array is exposed to a 
pulsed ionizing radiation environment the critical dose rate for transient 
upset is a strong function of the radiation pulse width and the data refresh 
rate ( e. g. ,   clock rate).    If the radiation pulse width and subsequent photo- 
current time constant (on the order of the substrate lifetime) are both short 
compared to the array clock rate (typically 100 kHz maximum) then the crit- 
ical capacitor discharge is determined only by the total photocharge and the 
observed failure level depends only on the total dose of the radiation pulse 
and not the dose rate.     This is illustrated in Figure 3 for the effects as 
observed in three types of dynamic MOS/MSI arrays. b    This pulse-width 
dependence of transient upset is characteristic of the nature of the logic 
cell of dynamic arrays in general and should be considered in the transient 
photoresponse of emerging charge-coupled-device (CCD) logic arrays and 

image sensors. 

Another critical aspect of the transient photoresponse in MSI/LSI arrays is 
the selection of biasing and input signal conditions to be employed in the 
experimental determinant of array vulnerability.    In terms of the overall 
array performance,  the transient photoresponse can be critical either in an 
observable output photoresponse,  or by the photoresponse of an internal 
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cell(s) that compromise normal array logic function.     Transient failure of an 
internal logic function will compromise the dynamic performance of the array, 
but is not necessarily observable in a measurement of output photoresponse 
under all operating conditions.     Bias conditions on the array during exposure 
can either be static,  in which the array is exposed for a specific, set of dc 
input logic states,   or dynamic in which the array is sequenced through a series 
of switched input combinations.     The observed effect is a complex function of 
the operation during radiation exposure,   radiation pulse width,   and electrical 
switching response of the array. 

As an example,   consider a 2 x 4-bit multiplier (Fairchild 9344) photoresponse. 
The array is an interconnection of gate cells with no memory elements 
(combinatorial).    Under static bias conditions any of the six outputs can be 
set to either logic state by many input combinations.    If the output photore- 
sponse were due only to the output gate the 1- and 0-state transients would be 
independent of the input logic combinations used to define the output state. 
Experimentally,  the output photoresponse of the 9344,  as shown in Figure 4, 
shows a substantial statistical distribution of ovitput photoresponse as a func- 
tion of the input combination selected to produce either a 1- or 0-state output. 
This statistical output photoresponse can be interpreted as either the tran- 
sient photoresponse of internal gate cells propagating to the output,  or that 
the influence of the input bias conditions on the output photoresponse.    In 
order to thoroughly evaluate the output photoresponse of an n-input combina- 
torial logic array (assumed irredundant) it would be necessary to measure 
the photoresponse under 2n input conditions parametrically with radiation 
intensity,   searching for the worst-case condition of logic upset.    For ther 
14-input 9344,  the data shown in Figure 4 represents less than 10% of the 
total possible static input conditions.    Also, under static input bias conditions 
in a narrow-pulse ionizing radiation exposure,  the critical upset of an inter- 
nal iogic cell may not propagate to the outpx.it and therefore not be observed. 
This logic upset would,  however,   compromise the normal logic operation of 
the overall array. , 

Experimental evaluation of the transient photoresponse of complex arrays 
must,  therefore, be supplemented by exposure under dynamic operating 
conditions as well.    For arrays containing memory elements,   such as shift 
registers,  this can be done in a narrow-pulse environment by the sequential 
flow of input data and output result.    The effects in combinatorial arrays can 
be further investigated by dynamic input sequencing and output observation 
during exposure in a wide-pulse ionizing radiation environment.    Results of 
the critical transient upset levels for a bipolar TTL LSI shift register as a 
function of input sequence pattern are shown in Table V.    The variation in 
critical dose rate with input pattern is not dramatic,  but does show a signi- 
ficant effect.    The transient photoresponse of an MSI array under dynamic 
operation in a wide-pulse ionizing radiation environment is shown in 
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TABLE V 

DRA 2001 DUAL 256-BIT TTL SHIFT REGISTER, NARROW-PULSE 
TRANSIENT FAILURE LEVEL, 

2 MeV Flash X-Ray 

r 

Observed Transient Failure Level,  Peak Dose Rate 
Stored Data Pattern 

Sample 
Number All "Ones" All "Zeros" Alternating I's and O's 

1 .4-.5 rads(Si)/ns .4-,5 rads(Si)/ns .4-.5 rads(Si)/ns 

2 .8-1.0 rads(Si)/ns .5-.6 rads(Si)/ns .3-.4 rads ^   \'ns 

3 .7-.8 rads(Si)/ns .4-.5 rads(Si)/ns .2-.3 rads(Si)/ns 

4 .5-.6 rads(Si)/ns .7-.8 rads{Si)/ns .4-.5 rads(Si).'ns 

5 .6-.7 rads(Si)/ns .5-.6 rads(Si)/ns .4-.5 rads(Si)/ns 
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Figure 5.     It is very difficult to sep   rate out the possible effects of an internal 
logic cell failure from the simpler pulse-width dependence of the photoresponse. 
It is clear,  however,  that a generalized worst-case experimental determinal 
of the transient photoresponse in complex MSI/LSI arrays must include char- 
acterization under both static and dynamic logic operating conditions in both 
narrow- and wide-pulse ionizing radiation environments. 

Because of the complexity of transient photoresponse characterization without 
recourse to direct measurement of logic cell photoresponse,  the futility of 
the completely-experimental characterization is becoming obvious.    It is 
clear,   then,   that analytical techniques must be used to restrict the experi- 
mental investigation to those test conditions that will include the case of 
worst-case array vulnerability.     Techniques of logic simulation of digital 
arrays,   and simplified modeling of microcircuit functions must be applied 
to the time-dependent transient upset problem as they have already been 
applied to test-sequence-definition and fault-isolation for permanent damage 
effects in complex digital systems and MSI/LSI arrays. 

A radiation-induced transient error can be introduced in a digital system by 
a voltage transient on the dc power supply as well as from the direct photo- 
response of the logic signal outputs.     The power supply voltage transient is 
the result of the surge current resulting from the combined component power 
supply photo cur rents.    The power supply photocurrent of a junction-isolated 
MSI/LSI array is the sum of the substrate junction photocurrents and the 
primary/secondary photocurrents of the active or parasitic transistor ele- 
ments.    In other words,  the response is the sum of the substrate response 
and the circuit response.    The potential effects of the circuit photoresponse 
and power supply photocurrent,  must,   as a practical matter, be evaluated 
independently.    The circuit transient vulnerability is measured first in terms 
of the input/output logic signals with a well-regulated power supply.     The 
power supply photocurrent is then measured for a range of radiation expo- 
sures below the transient logic failure level.     The variation of the power 
supply photocurrent with ionizing radiation dose rate is generally non-linear 
in the range of the logic failure level.     The dose-rate dependence of the 
substrate photoresponse is relatively linear,  but that of the circuit response 
is typically non-linear. 

The normalized power supply photocurrent measured on several types of 
bipolar and MOS arrays in a narrow-pulse (~ 30 ns) ionizing radiation envir- 
onment are plotted in Figure 6 as a function of the total chip area.     The 
measurement reflects the circuit condition of the worst-case photoresponse 
at the critical dose rate.    Empirically,  the measured power supply photo- 
current is roughly proportional to chip areas with different scale factors 
for bipolar and p-MOS arrays.    The scale factor for the bipolar arrays is 
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on the order of 7 x 10      A/rad(Si)/s/cm    and is on the order of 1 x 1 0 
A/rad(Si)/s/cm  .    Extensive variations in chip area were not included for 
the C/MOS arrays,  but the limited data fall between the bipolar and p-MOS 
scale factors.    For reference,  the photocurrent expected for a single diode 
whose area is equal to the entire chip area also has been plotted on Figure 6. 

Conclusions 

The unique aspects of MSI/LSI vulnerability characterization have been 
emphasized with the principal intent of demonstrating the solution of an im- 
portant problem that is more complex than complicated.    Adjustment to the 
complexity of the arrays is principally a natural requirement of the increased 
complexity of the system electrical performance.    Basic radiation-induced 
failure mechanisms are all familiar as well as the bias-dependence of effects 
resulting from neutron/gamma exposure.    Even these familiar effects, how- 
ever,   must be interpreted in terms of new logic cell technologies in ways 
that are not necessarily obvious from studies on basic elements and micro- 
circuits.     The most formidable problem of MSI/LSI characterization is that 
of transient effects such as the photo response or short-term annealing.    It 
is clear that there is a level of system-component complexity beyond which 
a completely experimental characterization is clearly impractical.    Ana- 
lytical techniques,   conventionally used to quantitatively predict and correlate 
experimental results must now be used to qualitatively identify the array 
response to supplement the experimental determination of the worst-case 
transient failure. 
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Figure B-l.    CD4023A,  triple 3-input NAND gate, 
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Figure B-2.    CD4023A, triple 3-input NAND gate, 
dynamic input test circuit. 
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Figure B-7.    CD4027A,  dual J-K flip-flop, 
static input test circuit. 

B-8 

' r~  —. 1 r^, —__ 

HI  —— 



***>®mm*mgmmmmi^immmmtm. 

OUTPUT 

©■ 

CLOCK 

50. 

©- 
GND 

Q2 

ff2 

CLK, 

R2 

K, 

SS 

Q 

CJ 

CLK 

R 

K 

J 

16 

15 

14 

13 

12 

11 

10 

+ 10V 

0. 001 uF 

<«) 
OUTPUT 

YD) INPUT 

Figure B-8.    CD4027A,  dual J-K master slave flip-fop 
dynamic input test circuit. 

B-9 

tirtii^iiMfir^'-—•--'■-^- ..,■. .._    . .. .. , 



• WWWWVm.»p. .^..u,..!!,..! l>...v.»..i.^.,w.^U|i>.v..„j,li    ,.  i   u .•iwJiiiiiaiinuwiHMilinWIIJP 

OUTPUT 

Figure B-9.    CD4046A, phase-locked loop.  Phase Compara- 
tor I,  test circuit. 
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Commander 
U.S. Army Missile Command 

ATTN 
ATTN 
ATTN 
ATTN 

AMCPM-PE-EA, Wallace O. Wagner 
AMCPM-MDTI,  CPT Joe A.  Sims 
AMSMI-RRR,  Faison P. Gibson 
AMSMI-RGD,  Vic Ruwe 

Commander 
U.S. Army Nuclear Agency 

ATTN:   ATCN-W,   ETC Leonard A.  Sluga 

Project Manager 
U.S. Army Tactical Data Systems, AMC 

ATTN:   Dwaine B,  Huewe 

Commander 
U.S. Army Test & Evaluation Command 

ATTN:   AMSTE-EL,   Richard I, Kolchin 
ATTN:   AMSTE-NB,   Russell R. Galasso 

Commander 
White Sands Missile Range 

ATTN:   STEWS-TE-NT,  Marvin P.  Squires 

DEPARTMENT OF THE NAVY 

Chief of Naval Research 
ATTN:   Code 427 

Commanding Officer 
Naval Ammunition Depot 

ATTN:   Code 7024, James Ramsey 
ATTN:   Code 70242,  Joseph A. Munarin 

Commander 
Naval Electronic Systems Command 

ATTN 
ATTN 
ATTN 

Code 5032,  Charles W. 
Code 50451 
PME 117-21 

Neill 

Commanding Officer 
Naval Intelligence Support Center 

ATTN:   NISC-45 

Director 
Naval Research Laboratory 

ATTN 
ATTN 
ATTN 
ATTN 
ATTN 
ATTN 
ATTN 

Code 2627, Doris R. Folen 
Code 4004,  Emanual L. Brancato 
Code 6631, James C. Ritter 
Code 7701, Jack D. Brown 
Code 6460, Dean L. Mitchell 
Code 5210, John E. Davey 
Code 5216,  Harold L. Hughes 

Commander 
Naval Sea Systems Command 

ATTN:   SEA-9931,  Riley B, Lane 
ATTN:   SEA-9931,  Samuel A.  Barham 

Commander 
Npval Ship Engineering Center 

ATTN:   Code 0174D2,   Edward F. 

Commander 
Naval Surface Weapons Center 

Duffy 

ATTN 
ATTN 
ATTN 
ATTN 

Code WX-21,  Tech. Lib. 
Code WA-501, NavyNuc. Prgms. 
Code WA-50, John H. Malloy 
Code 431,   Edwin B. Dean 

Off. 

DEPARTMENT OF THE NAVY (Continued) 

Commander 
Naval Weapons Center 

ATTN:   Code 533,  Tech.  Lib. 

Commanding Officer 
Naval Weapons Evaluation Facility 

ATTN:   Code ATG,  Mr. Stanley 

Commanding Officer 
Nuclear Weapons Training Center, Pacific 

ATTN:   Code 50 

Director 
Strategic Systems Project Office 

ATTN:   NSP-2701,  John W.  Pitsenberger 
ATTN:   NSP-27331,  Phil Spector 
ATTN:   NSP-2342,  Richard L.  Coleman 

DEPARTMENT OF THE AIR FORCE 

AF Cambridge Research Laboratories, AFSC 
ATTN 
ATTN 
ATTN 

J. Emery Cormier 
LCD,  STOP 30,  Freeman Shepherd 
LQR,  Edward A.  Burke 

AF Institute of Technology,  AU 
ATTN:   ENP, Charles J.  Bridgman 

AF Materials Laboratory,  AFSC 
ATTN:   LTE 

AF Weapons Laboratory, AFSC 
ATTN 
ATTN 
ATTN 

ELA 
SAB 
SAT 

Air Force Avionics Laboratory,  AFSC 
ATTN:   AFAL, TEA,  Hens J. Hennecke 

Headquarters 
Electronic Systems Division,  AFSC 

ATTN:   YSEV, Lt Col David C.  Sparks 

Commander 
Foreign Technology Dii/ision,  AFSC 

ATTN:   ETET, Capt Richard C. Husemann 

Commander 
Rome Air Development Center, AFSC 

ATTN:   RBRAC,   I.   L.   Krulac 

SAMSO/DY 
ATTN:   DYS, Maj Larry A. Darda 

SAMSO/IN 
ATTN:   IND, I. J. Judy 

SAMSO/MN 
ATTN:   MNNG, Capt David J. Strobel 

SAMSO/RS 
ATTN:   RSE 
ATTN:   RSSE, Lt Col Kenneth L. Gilbert 

SAMSO/SZ 
ATTN:   SZJ, Capt John H. Salch 
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DEPAHTMENT OF THE AIR FORCE (ContlnuBd) 

Commander in Chief 
Strategic Air Command 

ATTN:   NH1-STINFO,  Library 
ATTN:   XPFS, Maj Brian G. Stephan 

ENERGY RESEARCH & DEVELOPMENT ADMINISTRATION 

University of California 
Lawrence Livermore Laboratory 

ATTN;   Joseph E.  Keller, Jr. 
ATTN:   Hans Kruger,  L-96 
ATTN:   Lawrence Cleland,  L-15() 
ATTN:   Ronald L,  Ott,  L-531 
ATTN:   Tech. Info.,   Dept.  L-3 

Los Alamos Scientific Laboratory 
ATTN:   Doc. Con. for J. Arthur Freed 
ATTN:   Doc. Con.  for Bruce W. Noel 

Sandia Laboratories 
ATTN:   Doc. Con.  for Org.  2110, J, A.  Hood 
ATTN:   Doc. Con.  for 3141,  Sandia Rpt. Coll. 

U.S.  Energy Research & Development Administration 
Albuquerque Operations Office 

ATTN:   Doc,  Con.  for WSSB 

OTHER GOVERNMENT AGENCIES 

Department of Commerce 
National Bureau of Standards 

ATTN:   JudsonC.   French 

DEPARTMENT OF DEFENSE CONTRACTORS 

Aerojet Electro-Systems Co. Div. 
Aerojet-General Corporation 

ATTN:   Thomas D.  Hanscome 

Aeronutronic Ford Corporation 
Aerospace &• Communications Ops. 

ATTN 
ATTN 
ATTN 

E. R. Poncelet,  Jr. 
Ken C. Attinger 
Tech. Info. Sec. 

Aeronutronic Ford Corporation 
Western Development Laboratories Division 

ATTN:   Edward R.  Hahn, M.S. X-22 
ATTN:   Samuel R. Crawford, M.S.  531 

Aerospace Corporation 
ATTN 
ATTN 
ATTN 
ATTN 
ATTN 
ATTN 

Julian Reinheimer 
Irving M.  Garfunkel 
Donald A. McPherson 
Melvin J.  Bernstein 
L. W. Aukerman 
Library 

Analog Technology Corporation 
ATTN:   John Joseph Baum 

The BDM Corporation 
ATTN:   T. H.  Neighbors 

Bell Aerospace Company 
Division of Textron, Inc. 

ATTN:   Carl B. Schoch,  Wpns. Effects Grp. 
ATTN:   Martin A.  Henry 

DEPARTMENT OF DEFENSE CONTRACTORS (Continued) 

The Bendix Corporation 
Communication Division 

ATTN:   Doc.  Con. 

The Bendix Corporation 
Research Laboratories Division 

ATTN:   Donald J. Niehaus, Mgr.,  Prgm. Dev. 

The Boeing Company 
ATTN:   David L. Dye,  M.S. 87-75 
ATTN:   Aerospace Library 
ATTN:   Howard W.  Wicklein,  M.S. 17-11 
ATTN:   Robert S. Catdwell,  2R-00 

Booz-Allen & Hamilton,  Inc. 
ATTN;   Raymond J. Chrisner 

Charles Stark Draper Laboratory, Inc. 
ATTN;   Kenneth Fertig 
ATTN:   Paul R.  Kelly 

Cincinnati Electronics Corporation 
ATTN;   C.  R. Stump 
ATTN:   Lois Hammond 

Computer Sciences Corporation 
ATTN:   Richard H.  Dickhaul 

' 

Cutler-Hammer, Inc. 
AIL Division 

ATTN;   Anne Anthony, Central Tech.  Files 

The Dikewood Corporation 
ATTN;   L. Wayne Davis 

E-Systems,  Inc. 
Greenville Division 

ATTN:   Library,  8-50100 

Effects Technology,  Inc. 
ATTN:   Edward John Steele 

Exp.  & Math Physics Consultants 
ATTN:   Thomas M. Jordan 

Fairchild Camera & Instrument Corporation 
ATTN:   Sec. Dept. for 2-233, David K. Myers 

Fairchild Industries,  Inc. 
ATTN:   Mgr., Config. Data & Standards 

The Franklin Institute 
ATTN;   Ramie H. Thompson 

Garrett Corporation 
ATTN:   Robert E. Weir,  Dept. 93-9 

General Dynamics Corporation 
Electronics Division, Orlando Qierations 

ATTN:   D. W. Coleman 

General Electric Company 
Space Division 

ATTN:   JosephC. Peden, CCF-8301 
ATTN;   Larry I, Chasen 
ATTN;   John R. Greenbaum 
ATTN:   John L. Andrews 
ATTN:   James P.  Spratt 
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DEPARTMENT OF DEFENSE CONTRACTORS (Conlmued) 

General Electric Company 
Re-Entry &• Environmental Systems Division 

ATTN:   Robert V. Benedict 
ATTN:   John W. Palchefsky, Jr. 

General Electric Company 
Ordnance Systems 

ATTN:   Joseph J,  Reidl 

General Electric Company 
TEMPO-Center for Advanced Studies 

ATTN:   Royden R, Rutherford 
ATTN:   DASIAC 
ATTN:   M. Espig 

General Electric Company 
ATTN:   CSP 0-7,  L. H. Dee 
ATTN:   CSP G-7,  Richarde.  Fries 

General Elec'ric Company 
ATTN:   John A. Eilerhorst,  E-2 

General Electric Company 
Aerospace Electronics Systems 

ATTN:   Charles M. Hewison,  Drop 624 
ATTN:   W, J. Patterson, Drop 233 

General Electric Company 
ATTN:   David W.  Pepin, Drop 160 

General Electric Company-TEMPO 
ATTN:   DASIAC for William Alfonte 

General Research Corporation 
Washington Operations 

ATTN:   David K. Osias 

Grumman Aerospace Corporation 
ATTN:   Jerry Rogers, Dept. 533 

GTE Sylvania, Inc. 
Electronics Systems Group-Eastern Division 

ATTN:   Charles A. Thornhill,  Librarian 
ATTN:   Leonard L. Blaisdell 
ATTN:   James A. Waldon 

GTE Sylvania,  Inc. 
ATTN:   Herbert A. Ullman 
ATTN:   Charles II, Ramsboftom 
ATTN:   Mario A.  Nurefora,  H & V Group 

Culton Industries,  Inc. 
ATTN:   Eng. Magnetics Div. 

Harris Corporation 
Harris Semiconductor Division 

ATTN:   Wayne E. Abare, M.S.  16-111 
ATTN:   T. L. Clark,  M.S. 4040 
ATTN:   Carf F. Davis, M.S.  17-320 

Hazeltine Corporation 
ATTN:   M. Waite,  Tech. Info. 

DEPARTMENT OF DEFENSE C ONTRACTORS (Continued) 

Honeywell, Incorporated 
ATTN:   R.   J.   Kell,   M.S.  S-2572 
ATTN:   Ronald R. Johnson, A-l(;22 

Honeywell, Incorporated 
Aerospace Division 

ATTN:   Harrison H. Noble,   M.S.  725-5A 
ATTN:   Stacey H. Graff,  M.S.  725-,] 
ATTN:   James D. Allen,  M.S.  775-D 

Honeywell,  Incorporated 
ATTN:   Tech.  Lib. 

Hughes Aircraft Company 
ATTN:   Dan Binder,  M.S. 6-D147 
ATTN:   Billy W.  Campbell,  M.S.  6-E110 
ATTN:   Kenneth R. Walker,  M.S. Dl.r)7 

Hughes Aircraft Company 
Space Systems Division 

ATTN:   EdwardC.  Smith,  M.S.  A-620 
ATTN:   William W.  Scott, M.S.  A-10R0 

IBM Corporation 
ATTN:   Harry W. Mathers, Dept.  M-41 
ATTN:   Frank Frankovsky 

Intelcom Rad Tech 
ATTN:   Ralph H.   Stahl 
ATTN:   R.   L.  Mertz 
ATTN:   Leo D. Cotter 
ATTN:   MDC 

Ion Physics Corporation 
ATTN:   Roberto.  Evans 

Johns Hopkins University 
Applied Physics Laboratory 

ATTN:   Peter E. Partridge 

Kaman Sciences Corporation 
ATTN:   Walter E. Ware 
ATTN:   Albert P.   Bridges 
ATTN:   Donald H. Bryce 

Litton Systems,  Inc. 
Guidance & Control Systems Division 

ATTN:   John P.  Retzler 
ATTN:   Val J. Ashby,  M.S. 07 

Lockheed Missiles & Space Co.,  Inc. 
ATTN:   Benjamin T. Kimura, Dept. 81-14 
ATTN:   George F.  Heath, Dept. 81-14 
ATTN:   Hans L.  Schneemann, Dept   81-64 
ATTN:   D.  M.  Tellep,  Dept. 81-01 
ATTN:   Edwin A.  Smith, Dept.  85-85 

Lockheed Missiles & Space Co. 
ATTN:   Tech.  Info.  Ctr., D/Coll. 

LTV Aerospace Corporation 
Vought Systems Division 

ATTN:   Technical Data Center 

LTV Aerospace Corporation 
ATTN:   Technical Data Center 1 
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DEPARTMENT OF DKFKNSK CONTRACTOKS (Continued) 

M.I.T.  Lincoln Lalxjratory 
ATTN:   Leona Loughlin,  Librarian,  A-0S2 

Martin Marietta Aerospace 
Orlando Division 

ATTN:   William W. Mras,  MP—11.') 
ATTN;   MonaC. Griffith,  Library,  MP-30 
ATTN;   Jack M. Ashford, MP-537 

Martin Marietta Corix>ration 
Denver Division 

ATTN:   J.  E. Goodwin,   Mail 0452 
ATTN:   Jay R.  McKee,  Research Library, OlilY 
ATTN:   Paul G. Kase,  Mail 8203 
ATTN:   Ben T.  Graham,  M.S.  PO-454 

McDonnell Dojglas Corporation 
ATTN:   Tech. Lib. 
ATTN:   Tom Ender 

McDonnell Douglas Corporation 
ATTN;   Stanley Schneider 
ATTN:   Raymond J. DeBattista 

McDonnell Douglas Corijoration 
ATTN:   Tech.  Lib.,  01-290/36-84 

Mission Research Corporation 
ATTN:   WilliamC.  Hart 

The Mitre Corporation 
ATTN:   Library 
ATTN:   M.  E.  Fitzgerald 

National Academy of Sciences 
ATTN:   National Materials Advisory Board for 

R. S. Shane,  Nat. Materials Advsy. 

Northrop Corporation 
Electronic Division 

ATTN:   Boyce T.  Ahlport 
ATTN:   George 11. Towner 
ATTN:   Vincent R. DeMartino 
ATTN:   John M. Reynolds 

Northrop Corporation 
ATTN:   David N. Pocock 
ATTN;   Orlie L. Curtis, Jr. 
ATTN:   James.P.  Raymond 
ATTN: "T-Y 7 Wong  
ATTN:   J. E.  Ashe 
ATTN:   C. W.  Perkins 

Northrop Corporation 
Electronic Division 

ATTM;   Joseph D.  Russo 

Palisades Inst. tor Research Services,  Inc. 
ATTN:   Records Supervisor 

Power Physics Corporation 
ATTN:   Mitchell Baker 

R S D Associates 
ATTN:   S. Clay Rogers 

DEPARTMENT OF DEFENSE CONTRACTORS (Continued) 

Raytheon Company 
ATTN;   Harold L. Flescher 
ATTN:   James R. Weckback 

RCA Corporation 
ATTN:   George J. Brucker 

RCA Corporation 
ATTN:   E.  Van Keuren,  13-5-2 

Rensselaer Polytechnic Institute 
ATTN:   Ronald J. Gutmann 

Research Triangle Institute 
ATTN;   Sec. Officer for Eng. Div., 

Mayrant Simons, Jr. 

Rockwell International Corporation 
ATTN:   George C. Messenger,   FB-61 
ATTN;   James E. Bell, HA-10 
ATTN:   Donald J. Stevens, FA-70 
ATTN;   K.  F.  Hull 

Rockwell International Corporation 
ATTN:   T,  B. Yates 

Rockwell International Corporation 
Electronics Operations 

ATTN:   Dennis Sutherland 
ATTN;   Alan A.  Langenfeld 
ATTN:   Mildred A.  Blair 

Sanders Associates,  Inc. 
ATTN:   MoeL. Aitel,   NCA 1-3230 

Science Applications,  Inc. 
ATTN;   Larry Scott 
ATTN:   J. Robert Beyster 

Science Applications,  Inc. 
Huntsville Division 

ATTN:   Noel R.  Byrn 

The Singer Company,  Data Systems 
ATTN;   Tech. Info. Center 

Sperry Flight Systems Division 
Sperry Rand Corporation 

ATTN:   D. Andrew Schow 

Sperry Rand Corporation 
UN1VAC Division 

ATTN:   James A. Uda, M.S. 41T25 

Sperry Rand Corporation 
Sperry Dividion 

ATTN:   Paul Maraffino 
ATTN:   Charles L. Craig,  EV 

Stanford Research Institute 
ATTN;   Robert A. Armistead 
ATTN;   Philip J. Dolan 

Sundstrand Corporation 
ATTN:   Curtis B. White 

Raytheon Company 
ATTN:   Gajanan II. Joshi, Radar Sys. Lab. 
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DEPARTMENT OF DEFENSE CONTRACTORS (Continued) 

Systron-Donner Corporation 
ATTN:   Harold 0. Morris 
ATTN:   Gordon B. Dean 

Texas Instruments, Ire. 
ATTN:   Gary F.Hanson 
ATTN:   Donald J.  Manus,  M.S. 72 

Texas Tech University 
ATTN:   Travis L. Simpson 

TRW Semiconductors 
Division of TRW, Inc. 

ATTN:   Ronald N. Clarke 

TRW Systems Group 
ATTN- R. D.Loveland,  Rl-1028 
ATTN Lillian D. Singletary,  Rl-1070 
ATTN: A. A. Witteies,  Rl-1120 
ATTN: Tech.  Info.Ctr.,  S-1930 
ATTN; A. M.  Liebschutz,   Rl-1162 
ATTN: Richard H. Kingsland, Rl-2154 
ATTN: Jerry I. Lubell 
ATTN: Aaron H. Narevsky, Rl-2144 

DEPARTMENT OF DEFENSE CONTRACTORS (Continued) 

TRW Systems Group 
San Bernardino Operations 

ATTN:   H.   S.  Jensen 
ATTN:   John E. Dahnke 

United Technologies Corporation 
Hamilton Standard Division 

ATTN:   Raymond G. Giguere 

Victor A. J.  Van Lint, Consultant 
ATTN:   V. A. J. Van Lint 

Varian Associates 
ATTN:   D.  C. Lawrence,  Rad.  Safety 

Westinghouse Electric Corporation 
ATTN:   Henry P. KalapacaM.S. 3525 
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