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PRETACE

Results presented in this report are part of a continuing effort to study
radiation effects on the components and technologies of medern 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.

L ETIE AT

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,

Characterization 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.

O ] wﬁwﬁ-
v

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

¥
T T T T T T

g

Characterization of Schottky—qlamped 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,

| i B I e . Bt TR RN ST e
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4. ''Study of Radiation Effects in MSI/LSI Technologies, '
J. P. Raymond, J. E. Ashe, C. W. Perkius, T. Y. Wong, "
and J. T. Fujii; Contract DNA 001-73-C-0154, Report No.
DNA 3517F; 26 March 1975,

ey

i
i

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).

i s it S

4’ Key results of these earlier studies have been summarized in a paper
written for the 1974 IEEE Radiation Effects Conference and is included,

d 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 IZL

technology. Studies presently underway will emphasize th~ modeling and A
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

i
5 1.1 Overall Program Summary
B ]
] 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 fr.m 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
' . a3 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-

1 dardized design, 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
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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 LSIis 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 failurelevels in the arrays, but there are no
indications that the basic failure mechanisms are any different than those
familiar in simple microcircuits. A more subtle, but equally important
distinctica 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-casée subsystem test condition which was then
verified by additional testing. The requirement of vulnerability of the
overall MSI/LSI array perforimance 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




i

f?

e =

EES e - e + e EE

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. i

e ]

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

-3

transistor elements because of the process and control difficulties in the

development of n-channel enhancement MOS transistor elements. The

i
£
g
j
|
|

A o nieen

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

improvement of approximately a factor of three in channel conductance

A Ciyrrg, -

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

e

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

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

Fir 4. s e 3

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

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

1 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 S
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

RN T TR Ry

=

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

- e e s e o T

substantial advantage in eliminating electrical- and radiation-induced

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

D

The advantage of silicon gate technology developed initially for p-MOS

s
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"\ { ﬂ 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

et b b I

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 cousidered in two raain 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-
f work with some additional modifications in the output driving network
(totem-pole outputs). TTL, developed primarily as a logic family of SSI

i ruicrocircuits provided medium-high speed switching performance at

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

1 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 improvement of the bipolar transistor elements and in the value of
1 the resistor elements in determining the switching speed and power dis-

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

e
e

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

P UG SN

in transistor element design and performance resulting from saturated

switching operation. Saturation of the transistor element is eliminated
1 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

E | characterized in this program.

The newest development in bipolar MSI/LSI technology is the develop-
ment of Integrated Injection Logic (IZL) which is based on & logic cell
consisting of merged pnp and npn transistors. Although IZL has not yet
been developed to production technology, it seems clear that it will be

1 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 t; signal transmission between chips; much like

‘5' 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-

medium-speed applications. No production-qualified samples of IZL
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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-clarnped TTL and ECL arrays; and in the long
range will be dominated by IZL 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 thosc
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.

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

17
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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
approximately 8 x 104 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

typically on the order of 108 - 109

rads(Si)/s. In the wide-pulse (4.5 us)
linear accelerator environment, however, the logic upset levels were on
the order of 107 - 108 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

18
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mechanism was due to total-dose or radiation-induced latch-up. In one %

&
4
4

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

i were not conclusive.

Y
S

L]

Results on radiation effects in basic IZL 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

ettt

permanent damage and transient photoresponse on basic gate and flip-flop
cells of developmental IZL LSI. Results suggest that the critical neutron
‘ fluence levels for IZL arrays are on the order of 1013 - 1014 n/cm ,ﬁ
E | (1 MeV equivalent). Total-dose effects characterization was limited to
an overall performance evaluation of R-S flip-flop samples up to an
l 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,
were on the order of 5 x 108 to 5 x 109 rads(Si)/s for both narrow-pulse
and wide-pulse ionizing radiation environments. These results present

a preliminary evaluation of IZL 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 E

basic diode/diode optical coupler as well as a coupler in which the input
1 light-emitting diode is coupled to an MSI analog/digital microcircuit. ;
Electrical characteristics and transient photoresponse of the diode/ El
diode coupler are presented in terms of a radiation-inclusive model g
since a transient logic upset failure level would be very system dependent. Z‘;

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 4

19
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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

6

was approximately 10~ - 107 rads(Si)/s in the narrow-pulse flash x-ray,

A and approximately 105 - 106 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 S . -

5 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

of 1 to 5x 1013 n/crnz.

Results on synergistic effects of simultaneous electrical pulsed over-

siress 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.
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2.0 HIGH RELIABILITY CMOS STUDY *

Five types of junction-isolated CMOS microcircuits were selected for
characterization of total-dosc-induced permanent damage and transient
photoresponse. Four of these were selected from a group suggested by
the Technical Monitor at the Air Force Weapons Labdratory 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:

CD4023A Triple 3-input NAND Gate
CD4025A Triple 3-input NOR Gate
CD4030A Quad Exclusive-OR Gate
CD4027A Dual J-K Flip-Flop

CD4046 A Micropower Phase-Locked Loc;p

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.




{ 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

S

establish any convincing trend.

Characterization of total ionizing dose permanent damage effects in

CMOS microcircuits is complex because of the number of inaependent

e R ot Y,

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-

R ol S

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-

3 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-
1 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 measured under all meaningful

static logic input bias conditions in the flash x-ray to determine the
i 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 (VDD) for

22
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{ 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

{
!
5' was observed in any of the samples in the flash x-ray environment for
1 10
3 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 worsi-case logic state as well as the power supply
photocurrent. It is interesting to note that the worst-case logic state

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

- photocurrent.

Results 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

ol e Tt a o Sl L et il L

1
with three independent gates on a single monolithic chip. Ten samples
of the CD4023A were obtained to RCA Specification 1970891-120 in ad-
4 dition to the samples obtained to RCA Specification 2260600-120. The 2

E i 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

2 bias and dynamic operation.
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Figure 2-1. CD4023A 3-input NAND gate schematic.
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! TABLE 2-2. SUMMARY OF OBSERVED RADIATION
SUSCEPTIBILITY - CD4023A

el

Transient Photoresponse )

o

Narrow Radiation Pulse (tp = 30 ns)

4 samples, 12 gates

0.9 x 109 < :{c < 1.5 x 109 rads(Si)/s

.., SR AP

Wide Radiation Pulse (’cp = 4,5us)
| 4 samples, 12 gates

“{c =2 x 108 rads(Si)/s

Total Ionizing Radiation Dose

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

6 samples, 18 gates

0.7 x 106 Sy, ® 5.8 x 106 rads(Si)

- B
st i

2.1.1 CD4023A Total-Ionizing-Radiation-Induced Permanent Damage.

A total of six samples of the CD4023A were exposed to the ionizing radi-
ation environment of the NRTC cnbalt-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 Gate Types Exposed
Conditions 891-VHR 600 HR

0 0 0 2

w NN

2
i 1 1 1 2
3




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

|
H

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

!

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

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

ST

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 CD4023A 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-

5 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 ) 4
CMOS Co-60 TOTAL DOSE SUSCEPTIBILITY
CHARAC TERIZATION
,.’ j‘ .
-, Input Signal Sample Critical Dose
:;* } Conditions Types (YC) Rads (Si)
{
: 1 CD4023A 0 0 O .. .600 2.2 -2.7x%10° ;
3 | 1 1 ¢ .. .600 2.2 -2.7x% 10°
i 1 1 1 .. .600 0.7-1.7%10°
. 1‘ 0 0 0 . 600 5.8-7.9%10°
| 11 ¢ . 600 5.8 - 7.9 x 10° |
| 1 1 1 . 600 0.7-1.7x%10° |
0 0 0 . 891 2.2 - 2.7%10° 9
1 1 0 . . 891 2.2 -2.7%10°
1 1 1 . 891 2.2 -2.7x% 10°
0 0 0 . 891 >10" nE
! 1 1 0 .. .891 5.8 - 7.9 x 10° |4
7 11 1 .. .891 >10° . |
4 Dynamic
1/0 . . .600 2,2 -2.7% 106
] 1/0 .. .600 2.2 - 2. 7% 10° _
1/0 .. .600 2.2 -2.7%10° (i
1/0 .. .891 >10° -'
1/0 .. .891 10" M
1/0 .. .891 ~107 |
| 3
|
,
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Input Signal Gate Types Exposed
Conditions ...891-VHR ...600 HR

2 2
2 2
2 2

The power supply voltage (VDD) 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. 9tol.5

x 109 rads(Si)/s. Specific results in the worst-case input logic condi-

tion were as follows:

Input Signal Critical Dose Rate
Condition Gate Type rads(Si)/s

1 ...600 HR 0.9 1.0 x 10
1 ...600 HR 1.0 1.5 x 10
1 ...891 VHR 1.0 1.5 x 10
1 ...891 VHR 1.0 1.5 x 10

Typical output waveforms are presented in Figure 2-2. No latch-up or
0

1
anomalous photoresponse was observed for exposures up to 5x10

rads{Si)/s.
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Ll 5 = 9 x 10° rads(si)/'s

e = 1V/div.

<]

o
il

0.1 us/div.

(b)
T vy=1x 10'° rads(Si)/s

5 V/div.

(1]
1]

0. 5 ps/div.

‘ Figure 2-2. CD4023A narrow-pulse photoresponse
B waveforms, input bias 1-1-1, 0-
1 : output state.
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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
taken at two radiation dose rates (5 x 108 and 2 x 109 rads(Si)/s) near the
observed transient logic upset level, for the three critical static input
bias conditions. 7The power supply voltage (VDD) was set at +10V. Mea-
sured results are summarized 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 microcircuits, 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

Gamma Dose Rate

Input (erS(SI)/S) .
Combinations 5 x 10 2 x 10
Sample #1
0 0 0 50 mA 260 mA
1 1 1 44 mA 96 mA
1 1 0 48 mA 115 mA
1 0 0 48 mA 140 mA
Sample #2
0 0 0 46 mA 155 mA
1 1 1 40 mA 82 mA
1 1 0 45 mA 96 mA
1 0 0 23 mA 105 mA
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| 2.1.3 CD4023A Wide-Pulse Transient Photoresponse. Twelve gates

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

i radiation envircnment of the IRT linear accélerator. The transient out-

P | put photoresponse was measured for the same three static input bias

e

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

3 purpose of these experiments was to determine the steady-state output
; photoresponse of the gates using the 4.5 us 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 O-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 us wide ionizing radiation pulse.
The worst-case transient upset level over the range of exposures for the
. four gates was approximately 2 x 108 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 Figurc 2-4 for the 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

l CD4025A were obtained to RCA Specification 1970891-121 in addition to
i | 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,

i SUMMARY OF CD4023A WIDE-PULSE PHOTORESPONSE
MEASUREMENTS
' ‘ Cate Input | Output Peak Photoresponse
h it Sample Bias State Aeo, v ¥y, rads(Si)/s Comments
- 9
- 8A-1 111 0 9.0 2 x 10 See Figure 2-3 (c)
- 8A-1 111 0 8.0 | 4.3 x 10°
; 8A-1 111 o 4.4 | 3.4 x 10
8A-1 111 0 1.8 i & L0
; | 8B-1 111 0 9.0 1.4 x 10° See Figure 2-3 (d)
8B-1 111 0 3. 4 2.3 x 10°
9A-1 111 0 8.0 2.9 x 10°
9A-1 111 0 2.8 2.1 x 10°
;, 9A-1 111 0 8.0 1.8 x 10° See Figure 2-3 (b)
i | 9B-1 111 0 9.0 5 x 10
| 9B-1 111 0 8.5 2.5 x 10°
9B-1 111 0 4.4 2.5 x 10° See Figure 2-3 (a)
9B-1 111 0 1.6 1.4 x 108
8A-2 110 1 -4. 4 1.3 x 109 See Figure 2-4 (c)
8A-2 110 1 -2.8 4.3 = 10°
8A-2 110 1 -0.5 3.4 x 108
| 88-2 | 110| 1 5.2 | 1.4 x 10’
8B-2 110 1 0.9 | 9.0 x 10°
- 9A-2 110 1 -4.8 1.8 x 10°
9A-2 110 1 -0.4 2.1 x 108 See Figure 2-4 (a)
‘ 9A-2 110 1 -1.8 1.8 x 10°
: 9B-2 110 1 -5.6 2.5 x 10°
: 9B-2 110 1 -4.4 5.0 x 10°

——
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Table 2-5. Continued

Gate Input | Output Peak Photoresponse

Sample | Bias State Aeo, \' Y, rads(Si)/s Comments
9B-2 110 1 -1.0 2.5 108

9B-2 110 1 -0.4 1.4 108

8A-3 000 1 -4.4 1.3 109 See Figure 2-4 (d)
8A-3 000 1 -3.0 4,3 108

8A-3 000 1 -0.6 3.4 108

8A-3 000 1 -0.2 3.4 108

88-3 | 000 1 5.8 | 1.4 x 10°

8B-3 000 1 -0.9 2.3 108

94-3 | 00 o0 1 4.8 | 1.8 x 10’

9A-3 000 1 -0.6 2.1 108 See Figure 2-4 (b)
9A-3 000 1 =2.0 1.8 108

9B-3 000 1 -5.6 2.5 109

9B-3 000 1 -4, 8 5.0 108

9B-3 | 000| 1 -1.0 | 2.5 x 108

9B-3 000 1 -0.4 1.4 108
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(b)

(c)

(d)

Figure 2-3.

Sample #9B-1

2.5 x 108 rads(Si)/s

<
I

14

4.4V

1 us/div.

o+
I

Sample #9A-1

y = 1.8 x 10° rads(Si)/s

4 = 8V

o+
n

1ps/div

Sample #8A=-1

V=2 x 109 rads(Si)/s

8 =9v

o+
I

= 2 us/div.

Sample #8B-1

Yy=14x 109 rads(Si)/s

o>
s

9v

2 pus/div.

o+
1]

CD4023 0O-state wide-pulse photoresponse wavefcrms.
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Input Bias (@) Sample #9A-2

T 1 1 0 (b) Sample #9A-3
0 0 0
e, = 0.5 V/div; t = 2 us/div.
Input Bias (c) Sample #8A-2
1 ! 0 (d) Sample #8A-3
»
0 0 0

i e, =2 V/div; t = 2 us/div.

Figure 2-4. CD4023 l-state wide-pulse photoresponse waveforms.
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Figure 2-5. CD4025A 3-input NOR gate schematic.




/ Observed results on total ionizing dose and transient photoresponse

1 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.
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TABLE 2-6. SUMMARY OF OBSERVED CD4025A
RADIATION SUSCEPTIBILITY

Pulsed Ionizing Radiation

{ Narrow=Pulse Transient Failure Level (tp 2= 30 ns) E

4 microcircuits/12 gates

1.5y s2x 10” rads(Si)/s
Wide-Pulse Transient Failure Level (tp =4,5us)

4 microcircuits/12 gates

0.8 < {,C <1,0x 10% rads(Si)/s

Total Ionizing Radiation Dose

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

6 microcircuits/18 gates

1.2 x 105 sy, ¥ 107 rads(Si)

2.2.1 CD4025A Total-Jonizing-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

AR T s 4 3 z 2 . . L : : . 2 > 2
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conditions as well as dynamic operation as shown below,

Input Signal Gate Types Exposed
Conditions ...891-VHR ...600 HR

dynamic

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 ciocked input
pates 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 t‘he 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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1_ TABLE 2-7. TEST CONDITIONS AND CRITICAL DOSE FOR CMOS
] Co-60 TOTAL DOSE SUSCEPTIBILITY CHARACTER- :
{ 1ZATION
s 3 | Input Signal Sample Critical Dose ’
; ! Conditions Types (YC) Rads(Si)
3 } CD4025A 00 0 0 .. . 600 120 - 140K
i 1 0 0 .. .600 120 - 140K
] 1 1 1 . 600 120 - 140K
0 0 0 . 600 120 - 140K :
! 1 0 0 . 600 120 - 140K
i 1 1 1 . 600 120 - 140K E
1 0 0 0 . 891 510"
1 0 0 . 891 >107
1 1 1 . 891 >10"
0o 0 0 . 891 >107
1 0 0 . .891 >107 "
1 1 1 . . .891 >107 3
i Dynamic - |
1/0 .. .600 120 - 140K
1 1/0 .. .600 120 - 140K
1/0 .. . 600 120 - 140K
1/0 . . .891 >107
: 1/0 .. .891 >107
1/0 . . .891 >1o7
f
i ¥ “
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B
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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 Gate Types Exposed
Conditions ...891-VHR ...600 HR
0 0 0 2 2
1 0 0 2 2
1 1 1 2 2

The power supply voltage (VDD) 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 based on the 50% output-voltage-point in the
dc 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
1.5t0 2.0 x 109 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 1010 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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Input State 0-1-1

e, el

Input State 1-0-0

4
1{ : (a) ? =1 x 109 rads(Si)/s
{
: e = 2 V/div.
. o
t = 0.1 us/div.

Input State 1-0-0

Input State 0-1-1

’ b) y=1x 1010 rads(Si,/s

e = 5V/div.

o

o
i

0.5 us/div.

Figure 2-6. CD4025A narrow-pulse photoresponse waveforms.
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measurements were taken at a dose rate approximating the transient
failure level (i.e., 2 x 109 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 CD4023, 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
(rads(Si)/s)

Input 9
Combinations 5 x 10° 2 x 10
~Sample #1
o0 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 i 0 44 mA 140 mA
1 0 0 52 mA. 180 mA

2.2.3 CD4025A Wide-Pulse Transient Photoresponse. Twelve gates

from four CD4025A 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 us ionizing radiation pulse.
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p The transient output response was comparable in both the 0-output state
4 and the 1-output state, unlike the CD4023A where the 0O-state photore-
sponse was definitely the worst-case. The transient upset level was -

determined as approximately 0.8 to 1.0 x 108 rads(Si)/s with the 1-1-1

& Ll

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.

3
RN

As with the CD4023 results, the linac 4.5 us 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 us 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 L
output transient voltage is still increasing after the end of the radiation

pulse.

2.3 CD4030A Quad Exclusive-OR Gate Study

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

| array with four independent gates on a single monolithic chip.3 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

Cate Input |Output Peak Photoresponse

Sample | Bias | State | Ae_, V ¥, rads(Si)/s Comments

8A-1 111 0 +8.5 1.1 x 109

8A-1 111 0 +8.0 3.8 x 108

8A-1 111 0 +8. 0 1.4 x 108

8B-1 111 0 +8.0 1.6 x 109

8B-1 111 0 +9.0 6.0 x 108 See Figure 2-8 (a)

8B-1 111 0 45,6 1.1 x 108 See Figure 2-7 (a)

8B-1 111 0 +0. 7 4.0 x 107

9A-1 111 0 +9.0 121 109

9A-1 111 C +8.0 3.3 x 108

9A-1 111 0 +8.0 1.4 x 108

9A-1 111 0 +3.6 6.2 x 107

9B-1 111 0 +9.0 1.1 x 109

9B-1 111 0 +9.0 5.0 x 108

9B-1 111 0 +7.0 1.4 x 108

9B-1 111 0 +4. 0 7.8 x 107

8A-2 100| o $6.4 | 1.1 x 10°

8A-2 1 00 0 +6.2 3.8 x 108

8A-2 100 0 +4. 4 1.4 x 108

8B-2 100 0 4+6.5 1.6 x 109

8B-2 100 0 +6,5 6.0 x 108 See Figure 2-8 (b)

8B-2 100 0 +3. 4 1.1 x 108 See Figure 2-7 (b)

8B-2 100 0 +0. 7 4,0 x 107

9A-2 100 0 +6.2 1.2 x 109
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Table 2-9 Continued

Peak P
Gate Input | Output ea hotoresponse

Sample | Bias State Aeo, V | v, rads(Si)/s Comments

+

o

oo
[ec}

9A -2
9A -2
9A-2
9B-2
9B-2
9B-2
8A-3
EA-3
8B-3
8B-3

3.3 x 10
1.4 x 10
6:2 'x
1.1
5.0
7.8
3.8
1.4
1.1

[e e}

L =
— b e
o O o O
N 0 W N

-
(@]
oo

“Telectrical fail-
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See Figure 2-8 (c)
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4,0
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8B-3
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9A-3
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9A -3
9B-3
9B-3
9B-3

See Figure 2-7 (c)
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Yel.1x10°

rads(Si)/s

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

(b) Input State 1-0-0 | (I .. S8 (b) Sample #8B-2

(c) Input State 0-0-0 " (c) Sample #8B-3

e, = 2 V/div. , 2 us/div.

Figure 2-7. CD4025A wide-pulse photoresponse at transient upset
dose rate.




/.Y\ =6 x 108
rads(Si)/s

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

(b) Input State 1-0-0 (b) Sample #8B-2

(c) Input State 0-0-0 (c) Sample #8B-3

f e =2 V/div., t = 2 us/div.

Figure 2-8. CD4025A wide-pulse photoresponse above the
upset dose rate,
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Figure 2-9. CD4030A exclusive-OR gate schematic.
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Observed results on total ionizing dose and transient photoresponse

k]

4’ susceptibility are summarized in Table 2-10. 1lhe range in data reflects
the worst-case observations over all conditions of microcircuit static

bias and dynamic operation.
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TABLE 2-10, SUMMARY OF OBSERVED CD4030A
RADIATION SUSCEPTIBILITY

e 3
-~ PSSP Y 2

T

Pulsed Ionizing Radiation

Narrow-pulse Transient Failure Level (t:p 2= 30 ns)
1 4 microcircuits/12 gates

4 1.0 < ?c < 3.0 x 10° rads(Si)/s

Wide-pulse Transient Failure Level (t:p =4,5us)

4 microcircuits/12 gates

0.7 < {(C <1.0 x 10° rads(Si)/s

| Total IJonizing Radiation Dose

4 Co-60 Exposurc at 20 krads(Si)/hr
6 microcircuits/18 gates

0.1 = Y. < 247 x 106 radsSi)

E 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 Co0-60 hot cell. The six samples repre-~
sented 24 samples of the individual 2-input exclusive-OR gates. Bias

3 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
E . from the dynamically driven %ates was monitored during the entire ion-
| izing radiation exposuréj. Tl'i"b\‘\\total expostre time was divided into a
number of shorter expovsp.re int\ervals, after which static and dynamic
measurements were ma:g‘i'e to determine the degradation of critical param-
3 eters. Performance f:l;.aracteri“stization 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 resuliing 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 Photoresponse. Four micro-

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

exposed to the ionizing rad<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>