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3 SECTION T

d INTRODUCTION

The objective of this study was to provide a comparative analysis of
the radiation response of the TTL (transistor-transistor-logic) and ECL
(emitter-coupled-logic) devices listed in table 1. This table is comprised
of the five TTL families and two types of ECL gates. The five TTL families
are Standard, High Speed, Low Power, Low Power Schottky, and Schottky. Quad

dual input NAND (TTL) or NOR (ECL) gates and Dual D flip-flops from each TTL

s il v

family and ECL type were characterized, The three types of radiation tests

% ] performed on these devices were gamma dose-rate logic upset, total gamma dose

survivability, and neutron fluence survivability,

The experimental low power Schottky NAND gates listed in table 1 were
produced under an Air Force Weapons Laboratory (AFWL) contract F29601-73-C-
0048, "Bipolar MSI (Medium Scale Integration) Hardening Study." These NAND
gates are dielectrically isolated, and have shallow junctioned arsenic doped
emitters and diode photocurrent compensation.

1 The difference in performance and circuit operation of the five TTL

families and the ECL gates is presented in appendix A.

e ——————
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Table 1

LIST OF DEVICES TESTED

Function Device Type

TTL NAND SN5400J TI Standard

TTL NAND SN54H00J TI High Speed

TTL NAND SN54L00J TI Low Power

TTL NAND SN54S00J TI Schottky

TTL NAND SN54LS00T TI Low Power Schottky
TTL NAND SN74LS00J TI Low Power Schottky
TTL NAND Experimental* TI Low Power Schottky
ECL NOR 950459 Fairchild

ECL NOR MC1010ZL Motorola

TTL D Flip-Flop SN5474J TI Standard

TTL D Flip-Flop SN54H74J TI High Speed

TTL D Flip-Flop SN54L74J TI Low Power

TTL D Flip-Flop SN54574J TI Schottky

TTL D Flip-Flop SN54LS74J TI Low Power Schottky
ECL D Flip-Flop 952859 Fairchild

ECL D Flip-Flop MC10131L Motorola

* The devices labeled "Experimental" were produced by Texas Instruments
(TI) for experimental purposes. The devices contain arsenic doped
emitters and are not commercially available.




SECTION II

ELECTRICAL CHARACTERIZATION TESTS

The test devices were electrically characterjzed before they were

subjected to the radiation environments. The electrical tests were
performed on a Fairchild 5000 integrated circuit tester. All the NAND

and NOR gates listed in table 1 were subjected to approximately the same
electrical tests., Likewise, all the D flip-flops were subjected to similar
electrical tests. The electrical tests performed on the devices were output
voltage, power supply current, input current, propagation delay times, and
short circuit output current (not performed on ECL devices). The output
high and output low voltages were measured on the TTL devices with the

following source and sink currents applied:

Device Type Source Current Sink Current

Standard 400 pA 16 mA

High Speed 1 mA 20 mA

Schottky 1 mA 20 mA

Low Power 100 pA 2 mA

Low Power Schottky 400 pA 4 mA :

These sink and source currents represent a fanout of ten. The electrical.
tests were performed on the ECL devices with each output loaded with a 50- W
ohm resistor connected to a minus-two-volt power supply. i

Appendix B contains a detailed description of the electrical characteri-

zation tests performed on the TTL and ECL devices.
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SECTION ITI

TRANSIENT RADIATION TESTS

1. TEST PROCEDURES

Figure 1 shows the schematic of the genc test setup used for the
transient radiation logic upset tests. The TTL load is used to simulate
an approximate fanout of ten. The values of RL for the different TTL
families are:

Standard, High Speed, and Schottky - RL = 2000

Low Power and Low Power Schottky - R = 800Q
A 0.1 uF capacitor is applied in parallel with the power supplies to hold
them constant during the radiation pulse. Fifty-ohm terminators were used
at the oscilloscopes to reduce reflections down the coaxial cables.

The LHOO33C unity gain line drivers were used with a divide-by-two
resistive divider to provide the necessary drive for the 50-ohm terminated
coaxial cables. The NAND and NOR gates were irradiated with both inputs DC
biased either at their input high voltage or their input low voltage to get
the necessary output low and high voltages, respectively. The D flip-flops
were biased dynamically during the radiation pulse as illustrated in figure
2,

The transient radiation tests were performed at the AFWL Flash X-ray
facility, The pulse width produced b¥ this FXR is approximately 20 nano-
seconds. The output voltage of the devices was monitored during the
radiation pulse. Logic upset threshold for the TTL NAND gates is defined

as 0.8 volt for the output low voltage and 2.0 volts for the output high
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FIGURE 2. D FLIP-FLOP BIAS CONDITIONS DURING THE TRANSIENT RADIATION TESTS

Figure 2. D Flip-Flop Bias Conditions During the Transient Radiation Tests
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voltage. For the ECL NOR gates the logic upset threshold is defined as
- 1.100 volts and - 1.500 volts for output high and output low voltages,
respectively, The D flip-flops logic upset threshold occurs when the

radiation pulse causes the flip-flop to change state. Three devices of
each device type were tested. The devices were tested at the following

transient dose rates:

NAND and NOR Gates D FliR-FloEs

1.8 X 10° rad(si)/s 2 X 10° rad(si)/s
3.6 X 10" rad(si)/s 4.4 X 10% rad(Si)/s
7.2 X 10° rad(si)/s 7 X 10° rad(si)/s

1.4 X 10° rad(si)/s
3.2 x 10°? rad(Si)/s
6 X 107 rad(si)/s
2., TEST RESULTS
All three devices of each particular type exhibited approximately the
same transient radiation response. The largest tested transient dose-rates

at which all the tested devices operated without logic upset are shown below:

Device Type Dose-Rate

SN5400J 7.2 X 10® rad(si)/s
SN54H00. 7.2 X 10° rad(si)/s
SN54500J 7.2 X 10% rad(si)/s
SN54L00J 3.6 X 10% rad(Si)/s
SNS54LS00T 3.6 X 10° rad(si)/s
Experimental 3.2 X 10? rad(Si)/s




1
3
1]

3

Device Type Dose-Rate

950459 3.6 X 10° rad(si)/s
MC10102L 3.6 X 10° rad(si)/s
SN5474J © 4.4 X 10° rad(si)/s
SN54H74J 4.4 X 10° rad(si)/s
SN54S74J 4.4 X 10° rad(si)/s
SN54L74J 2 X 10° rad(si)/s
SNS4LS74J 2 X 10° rad(si)/s
952859 4.4 X 10° rad(si)/s
MC10131L 4.4 X 10° rad(si)/s

Graphs illustrating the complete photoresponse of the TTL NAND and ECL
NOR gates are shown in figures 3 through 10.

Appendix C contains oscilloscope photographs showing the radiation
response of some of the devices tested.

The Standard, High Speed, and Schottky TTL devices are more resistant
to the transient ionizing radiation than the Low Power and Low Poser
Schottky TTL devices. The higher current densities of the Standard, High
Speed, and Schottky TTL devices will sweep out the hole-electron pairs
generated during the transient radiation pulse more efficiently than the
lower current densities of the Low Power TTL devices. Similarlv, since
ECL operates at high current densities, the ECL D flip-flops exhibit the
same failure threshold as the Standard, High Speed, and Schottky TTL D
flip-flops. However, the ECL NOR gates exhibited a lower failure threshold

than the Standard, High Speed, and Schottky TTL NAND gates. This discrepancy




may be due to the failure thresholds being defined too conservatively.,

The experimental arsenic doped emitter TTL NAND gates produced by Texas
Instruments were an order of magnitude harder to the transient ionizing
radiation than the equivalent Low Power Schottky devices (SN54LS00T).

These experimental gates are dielectrically isolated and have extremely
small geometries and diode photocurrent compensation. These factors result
in the increased dose-rate hardness.

The NAND gates are harder than the D flip-flops of the same TTIL
technology. The D flip-flop is softer to the radiation pulse because
after the clock pulse, the D flip-tflop is a memory device (see figure 2),.
Therefore, the D flip-flop will be more susceptible to a perturbation
caused by the transient radiation pulse than the NAND gate, whose output

o
is directly dcpoﬁdont on the input during the pulse.
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SECTION IV

TOTAL GAMMA DOSE RADIATION TESTS

Three devices from each device type listed in table 1 were irradiated
with the Cs-137 gamma ray source at Sandia Labofatories. The devices were
exposed to a total gamma dose of approximately 1.5 X 10° rads(Si). The TTL
devices were DC biased with + 5 volts on VCC and all inputs open during the
radiation. The ECL devices were irradiated with no bias applied. The ECL
devices were not biased due to the large power consumption of the devices
and the heat produced by the Cs-137 source, The devices were electrically
tested before and after the total gamma dose irradiation. There was no
appreciable difference in the preirradiated tests and the postirradiated
tests. This is reasonable since the displacement effect in bulk silicon

caused by gamma rays is minimal.




SECTION V

NEUTRON FLUENCE RADIATION TESTS

1. TEST PROCEDURES

Three or four devices from each device type listed in table 1 were
irradiated with the fast burst reactor at Sandia Laboratories in incre-
mental neutron fluence levels, After each incremental radiation dose was
reached, the devices were electrically tested. The cumulative neutron
fluence levels at which the devices were electrically tested were approx-
imately 2.8 X 10'? n/cm?, 6.9 X 10'? n/cm?, 1.4 X 10'* n/cm?, 7.3 X 10"
n/cm?, 1.2 X 10'° n/cm?, and 2 X 10'® n/cm®. These fluence levels are 1
MeV equivalent. Approximately 80 devices were irradiated simultaneously
with no electrical bias applied to them. Output voltage failure thresholds
for these tests are the same as defined for the transient radiation tests.
2. TEST RESULTS

Appendix D contains the neutron fluence test data that were gathered
on the devices listed in table 1. These data are presented in the form of
tables. Upon examination of these data, it is apparent that the neutron
fluence survivability threshold for a particular device type is approximately
the same for the NAND or NOR gates as for the D flip-flops of the same type.
The largest tested neutron fluences at which all the tested devices will
operate before the output voltage failure threshold occurs are shown below:

Standard TTL
(SN5400J and SN5474J) = 1.4 X 10'* n/cm?

High Speed TTL = 4.6 X 10'* n/em?
(SN54H00J and SN54H74J)

19
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Schottky TTL = 1,2 X 10'% n/cm?
(SN54S00J and SN54S74J)

Low Power TTL = 1,4 X 10" n/cm?
(SN54L00J and SNS54L74J)

Low Power Schottky TTL = 1.4 X 10'* n/cn?
(SN54LS00T and SNS4L574J)

Experimental TTL = 7.3 X 10! n/cm?
Fairchild ECL = 4.6 X 10" n/cm?

(950459 and 952859)

Motorola ECL = 4,6 X 10'* n/cm?
(MC10102L and MC10131L)

All the TTL devices failed when the output low voltage became larger
than the failure threshold. Figure 11 provides graphs of the averaged
output voltage of the different TTL families versus neutron fluence. The
Fairchild 5000 was not allowed to measure greater than 1.638 volts for the
output low voltage for the TTL devices. As can be seen from this figure,
the degradation of the output voltage is very gradual until the device
fails. At the point of failure, the output low voltages rise suddenly.
These output low voltage failures in the TTL devices are a result of the
neutron-caused beta degradation of Ql shown in figure 12, When beta is
decreased sufficiently by the neutron radiation, the sink current being
forced at the output will cause transistor Ql to come out of saturation
and enter the linear region of operation. As a result of the transistor

entering the linear region, the collector-emitter voltage (V..), which

CE
equals the output low voltage, increases to failure. Since the sink current
simulates a fanout of ten, the output low voltage failure thresholds are

correct for this worst case condition. However, if the NAND gates were
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tested with a smaller sink current, which is equivalent to a smaller

fanout, the output low voltage would not have failed until a higher neutron
fluence level. This conclusion cannot directly apply to the TTL flip-flops
becau. one of the internal gates, which does not have the same circuit
design as the 5400 series NAND gates, may fail before the output NAND gates
of the flip-flop. In ECL gates, the transistors operate primarily in the
linear region; therefore, the circuit operation is more sensitive to
degradations in beta, and the neutron-caused beta degradation ultimately
causes the voltage failures.

The other electrical parameters tested on the devices (power supply
current, input current, and propagation delay times) did not deviate
appreciably from their maximum or minimum specifications before the
output voitage changes caused failure. The input and power supply
currents generally decreased due to the beta degradation,

As shown above, the High Speed TTL, Schottky TTL, and ECL gates
operated at larger neutron fluences than the lower power TTL devices.

The neutron-caused displacement damage in these devices results in
decreased recombination lifetime in the base. If the emitter areas and
the base transit times of the transistors of the different TTL families
are assumed approximately equal, then the recombination rate/carrier is
less for devices which operate at higher currents (ref. 1). This explains

why the higher-power devices are more resistant to neutron radiation.

1. Larin, Frank, Radiation Effects in Semiconductor Devices, New York, NY,

John Wiley and Sons, Inc., 1968, pp 159-169.




The Texas Instruments Experimental arsenic doped emitter TTL gates were
much harder to the neutron radiation than the equivalent Low Power Schottky
devices (SN54LSO0T). The very sharp arsenic doped emitter profile in these
devices is primarily responsible for the increased neutron hardness. The
resulting abrupt emitter-base region width decreases the amount of emitter-
base depletion region recombination, resulting in increased neutron hardness

(ref. 2).

by

2, Gwyn, G.W., and Gregory, B.L., "Designing Ultrahavd Bipolar Transistors",
Sandia Lavboratories Technical Report, September 1971,




SECTION Vi

CONCLUSIONS

This report shows that, of the commercially available TTL devices,
the High Speed and Schottky devices are the hardest to all the radiation
environments. However, as shown by the Experimental NAND gate data, the
Low Power Schottky devices can be made very hard with dielectric isolation,
small geometries, and arsenic doped emitters. The ECL devices were not
harder than the higher-power TTL devices, even though their power consump-
tion is much higher. This is probably due to the linear operation and
small noise margin of ECL., As expected, the NAND gates were more resistant
to the transient radiation pulse than the D flip-flops, since the flip-flops
are memory devices. A variation in the electrical testing of the output
voltage would have been beneficial, The output voltage of the devices could
have been tested for various fanout sink currents instead of just for a
fanout of ten. This would have provided more information to the designer

on neutron survivability of the gates for less than worst case conditions.
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APPENDIX A
TTL AND ECL CIRCUIT PERFORMANCE AND OPERATION

The Five TTL families and ECL gates can be classified as either saturating
or nonsaturating logic. The Standard, Low Power and High Speed TTL circuit
families belong in the saturating logic category. The TTL Schottky, TTL Low
Power Schottky and ECL circuit families belong in the nonsaturating logic
category. Nonsaturating logic differs from saturated logic in that the gates in
the latter category contain transistors which saturate during circuit operation.
As a result, excess charge is stored in the base of the saturated transistor

resulting in slower response and propagation delay time.

The Low-Power TTL gate uses less power than the Standard TTL gate, which is
shown in figure 12 of the text. This lower power results in slower propagation
delay times as compared to the standard TTL technology. Similarly, the High
Speed TTL devices use more power than the Standard TTL devices to gain the
increased speed. The power consumption and speed are primarily controlled by

the resistors in these gates.

The Schottky (S) and Low Power Schottky (LS) TTL technologies are similar
to the Low Power and High Speed TTL technologies, respectively. However, the
S and LS TTL technology gates contain Schottky clamped transistors to prevent
them from entering the saturation region of operation. This results in decreased
propagation delay time for a given current due to the absence of base excess
charge caused by saturation. The Schottky clamped transistors operate at the

edee of saturation when they're in a given state.

The “CL devices are capable of much faster speeds than the TTL technologies.
The ECL gates are designed for a small output voltage swing, high power consumption,

and linear transistor operation to attain increased speeds over other technologies.

Table A-1 of this appendix illustrates the power speed relationships of these

TTL and ECL families.
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Table 1. TTL AND ECL POWER SPEED RELATIONSHIPS

Technology

Standard TTL

Low Power TTL

High Speed TTL

Low Power Schottky TTL
Schottky TTL

ECL (Fairchild 95K series)

Typical PD Gate

10 mW
1 mW
22 mW
2 mW
19 mW
25 mW

27
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APPENDIX B

ELECTRICAL CHARACTERIZATION TESTS

This appendix contains a detailed description of the electrical characteriza-
tion tests performed on the TTL and ECL devices listed in table 1 of the text.
These tests were performed at the Air Force Weapons Laboratory on the Fairchild
5000/5800 Integrated Circuit Tester. Figures Bl through B12 contain the tests
performed on the TTL NAND gates and D flip-flops. Figures Bl3 through B19 contain
the tests performed on the ECL NOR gates and D flip-flops.
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APPENDIX C

PHOTORESPONSE PHOTOGRAPHS

Figures C-1 through C-5 of this appendix illustrate the output photoresponse
ot the five TTL family NAND gates. These photographs illustrate characteristic
dose-rate response of each TTL technology. As can be seen by these pictures,
the Low Power and Low Power Schottky TTL technologies have a longer recovery
time than the higher power Standard, High Speed and Schottky TTL technologies.
The high current densities of the Standard, High Speed, and Schottkv technolories

more rapidly sweevout the hole-electron pairs generated during the transient

radiation pulse.
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Figure C-3. TTIL Standard NAND Gate Photoresponse
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Figure C-5. TTL Schottky NAND Gate Photoresponse.
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APPENDIX D

NEUTRON FLUENCE TEST DATA

This appendix contains the test data gathered on each device exposed to the
neutron fluence irradiation. The data resulted from the electrical tests performed
on the Fairchild 5000 integrated circuit tester following each incremental neutron
irradiation. The data are presented in tables illustrating the specific electrical
parameter measurements for each cumulative neutron fluence level. The units for
each cumulative neutron fluence level are n/cm”. FEach electrical parameter listed
shows the worst case measurement for that parameter. For example, each SN5400J
NAND gate packaged dip contains four NAND gates. Hence the SN 5400J output low
voltage measurements (VOL) shown on the table are the highest or worst case
measurements of the four gates on that device. The Fairchild 5000 was not allowed
to measure a voltage greater than 1.638 volts for the output low voltages of
the TTL devices. However, this is sufficient since failure has already occurred
at this point.

The measurements made on the SN54L00J devices do not include measurements made
at 4.6 x 10" n/em’ fluence level due to an error. However, measurements were
made on the SN54L74J devices at this level. The measurements on the latter
device showed that it failed at 4.6 x 10'* n/cm?. Thus, these data indicate
that the output failure threshold for the low power TTL technology lies between
1.4 x 10" and 4.6 x 10'" n/em”. Also note that the ECL NOR gates were tested
at only the higher neutron fluence levels. Since data had already been gathered
on the ECL D flip-flops, time was saved by irradiating first at higher neutron
fluences. The propagation delay time measurements shown on the tables are not

valid for the cumulative neutron fluences at which the output voltages failed.
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TEST

VOL

VOH

1cC

I1L

I1H

TPHL

TPHL

TPLH

TPLH

R b

MEASUREMENTS ON DEVICE NUMBER 1, DEVICE TYPE 950459

(VOLTS)
(VOLTS)
(MILLIAMPS)
(MILLIAMPS)
(MILLIAMPS)
(NANOSEC)
(NANOSEC)
(NANOSEC)

(NANOSEC)

PRE RAD
-1.661
- .9197
52.92
15702
2.195
4,12
3.70
3.80

3.77

* Measurements are not valid due

46

.57E+15
-1.596
- .9776
47.21
1.716
2,510
297
2.42
3.90

3.72

to the shift in output vcltage.

1.0E+15
-1.528
=1.191
39.83
1.789
2,792
1.05

1.97

*

*
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TEST

VOL

VOH

1CC

I1L

I1H

TPHL

TPHL

TPLH

TPLH

MEASUREMENTS ON DEVICE NUMBER

(VOLTS)
(VOLTS)
(MILLIAMPS)
(MILLIAMPS)
(MILLISMPS)
(NANOSEC)
(NANOSEC)
(NANOSEC)

(NALw 2 )

* Measurements are not valid due to the shift in output voltage.

PRE RAD
-1.688
- .9287
48,07
1.569
1.968
3.65
3.40
3.72

3455

DEVICE TYPE 950459

«57E+15
-1.627
- .9776
43.80
1.566
2,218
2.85
2,517
3.75

3.65

1.0E+15
-1.559
-1,552
37.82
1.584
2,489
LS

157

*

*
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MEASUREMENTS ON DEVICE NUMBER 3, DEVICE TYPE 950459

LSTE+LS 1.0E+15
(VOLTS) -1.581 -1.509
(VOLTS) 2 -1.012 -1.305
(MILLIAMPS) 25 45.70 37.49
(MILLIAMPS) ' 1.769
(MILLIAMPS)
(NANOSEC)
(NANOSEC)
(NANOSEC)

(NANOSEC)

* Measurements are not valid due to the shift in output voltage.
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MEASUREMENTS ON DEVICE NUMBER 1, DEVICE TYPE MC10102L

TEST PRE RAD QT EELS 1.0E+15
VOL (VOLTS) 14713 -1.690 -1.665
VOH (VOLTS) - .8993 - .9516 o
ICC (MILLIAMPS) 21.10 19 18.50
I1L (MICROAMPS) 35.04 31.66 27.69
I11H (MILLIAMPS) .1426 .1623 . 30606
TPHL (NANOSEC) 3.00 2,60 2,50
TPHL (NANOSEC) 2,80 2,45 2.00

TPLH (NANOSEC)

TPLH (NANOSEC)
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MEASUREMENTS ON DEVICE NUMBER 2, DEVICE TYPE MC10102L

AFWL-TR-78-5
TEST
VoL (VOLTS)
VOH (VOLTS)
IcC (MILLIAMPS)
IIL (MICROAMPS)
11H (MILLIAMPS)
TPHL (NANOSEC)
TPHL (NANOSEC)
TPLH (NANOSEC)
TPLH (NANOSEC)

PRE RAD
-1.702
- .9310
20.82
70.45
.1400
3.00
3.20
1.20

1.50

50

«57E+15
-1.672
-1.016
19.12
65.50
.2371
2.50
3.00
1.42

2.00

i

1.0E+15
-1.642
-1.1520
18.38
61.28
.3924
1.90
2,40
1.60

2.70
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MEASUREMENTS ON DEVICE NUMBER 3, DEVICE TYPE MCI10102L

TEST PRE RAD «S7TE415 1.07E+15
VOL (VOLTS) -1.732 -1.701 -1.0640
VOH (VOLTS) - .9090 -1.010 -1.276
1CC (MILLIAMPS) 20,97 1950 18.37
I1L (MICROAMPS) 38.99 35,63 31,51
I1H (MILLIAMPS) 1164 2115 .3028
TPHL (NANOSEC) 2,70 2.33 2.50

: TPHL (NANOSEC) 2.70 2.95 2.90
TPLH (NANOSEC) 1.30 1.75 1.90

TPLH (NANOSEC) 1.00 2.00 2.30
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