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PREFACE

This program was conducted by Boeing Aerospace Company's Army Systams
Division in Huntsville, Alabama under Contract DAAHD1-75-C-0835, "Storage
Reliability Retest Program for Minuteman Electronic Components." The
study was directed by Rex Provence, U.S. Army Missile Comnand (MICOM).
Larry McTigue was Boeing Program Manager. Testing and failure analysis
was performed by the Boeing Minuteman Reliability Engineering Organization,
with Rubert Frank as Principal Investigator,

This study is part of MICOM's Storage Reliability Technology program.
Materiel in the Army inventory - particularly missile systems - must
withstand long periods of storage and "launch ready" non-activated
dormancy. Within the Department of Defense, MICOM has Jead responsibility
to develop the Data Bank and supporting methodology required to design,
manufacture and package hardware for this non-operating environment.

The results contained herein will be incorporated into the Data Bank and
used to predict storage reliability characteristics for electronic

parts of chip and bond wire design.

We wish to acknowledge the contributions of the MICOM Technical Manager,
Rex Provence, Product Assurance Directorate, whose direction and technical
comments made the results of this study a more valuable part of the over-
all Storage Reliability Program.

Questions on the contents of this report should be directed to Larry McTigue,
Boeing Aerospace Company, P. 0. Box 1470, Huntsville, Alabama 35807,
phone (205) 837-5520.
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\d ABSTRACT

Sturage reliability and parameter drift rates were measured on 10,027
Minuteman chip and bond wire Resistor-Transistor Logic (RTL) devices,

which have been in storage since mid-1967 (eight years). Three parts

failed as a result of the cight years of storage. Analysis of the

failed parts showed all three were caused by oxide defects which allowed

ihe deposited aluminum metalization to contact the active silicon of the

die and short to ground. The 90% cenfidence Level values for Failure Rate
and Mean Tire Betwoen Failure are ID@Q§§§§§9 Failures/part-hr and 005210
part-hra/failuwre, respeotively. A5x g a =t g 15 Woon

After cight years of storage, none of the parts experienced a single

bond wire failure, no external leads were corroded or broken and there
wers no package problems. This is evidence of the high storage reliability
that can be achieved with proper design, manufacturing and test proceduves.

Parameter drift measurements showed the resistor elements virtually un-
changed after 8 years of storage. FEovver, the trannistor elements showed
a aignifiomt degradation in gain oharaeteristies., The gain changes are
attributed to migration of contaminants (which are always present in minute
amounts), and/or to changes in the gold doping process used in the manufacture
of the parts. \The average rate of drift ranged from 1-2% per year, depending
on the legic fynction circuit invelved. Substantially higher rates of drift -
up to 7% per ygar - occurred in parts whose 1967 measured performance fell
more than one $tandard deviation (-1s) below the mean. About 2% of the
parts reasured/had drifted close enough to specification limits to be
classed as "incipient failures” (Parts that are likely to drift out of
specified perf%rmance levels in 10 years of storage or less). With one
exception, all\ef these "incipient failures" were -lo parts or worse when
tested in 1967\ The atrong correlation between original measured performance
and drift rate suggests that georage life can be enhanced oignificantly by
refeating rarts that fall belew the -19 level during acceptance teoting. e
Rejecting the 16% of the parts that fa?l outside the ~lo value would reduce
the number of parameter dvift failures that could be expected during 10
years of storage from 2% of the popuiation to less than 0.1%.

‘I}ht
Study results are presented in two volumes. Volume I, Data Analysis
(this volume) presents the findings, backed by summary plots and tables
of reduced test data. Volure 1I, Test Results, tabulates all parameter
measurerents made on each part tested.

ii
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[ INTRODUCTION AND SUMMARY

1.0 INTRODUCTION

In July 1967, over eight years ago, 15,027 Motorola RTL electronic
parts of chip and bond wire dasign were placed in room temperature
storage. Prior to storage, each part was burned in {168 hours @
125°C?. then tested to record the performance of each parameter.
Starting in July of 1975, the parts were removed from storage and
the original test program repeated to cbiain Storage Religbilit
data for chip and bond wire devices. As chown in Figure 1-1, the
retest program consisted of the following twe elements:

1) Measurement of storage failure rates,followed by analysis of
the failures to identify failure modes and mechanisus and to
establish procduct improvement guidelines.

2) Measurement of parameter drif% characteristics and analysiz of
results to establish incipient failures, drift rates, and
projected shelf 1ife.

PALARE PATE LYALLATION

|(;_\/x:t: »*11535 FAILURL
1AL 19,007 IRALTS
1 ??_?,:Q 'o‘».--J

i o AR AL
VAPASEYE RS w] ITNIH FARAR Ew .
WP (2 Yedi Ad VIR ) .

~

Q0 \\

”
UG ~ ol
B2 M0 nxy v\s'«\/ . iy | -
Y , ) L R R
YINAL RCPORT
3
e ¢ FARILURE PATES
. + FAILIRE MODSS §
ORIGTNAL 1567 SLECT 50 VELIANISYS
FLORETIR PAKL” Fit o PRIBXY JMPROVEMEINT HI[ »
PEALTUMENTS PARASE TE2 > GUIDELIKES
ErIFT ~
KASLY I o INCIPIENT FAILURES
,, ¢« CRIFT PATES
~. o PRIJECTED SHELF LFE
; .
PARMETER LIKEAR CRUIT
PEASUHEMENT RATE HCZEL
TEST (2573 PARTS)
YES
l -~ _J’,/’Zaﬁés
ceUTE 156741975 3
et STATISTHEALLY Sy
[PASRETER Cokezes TATSTIAY >
PAFAETER CAIFT EYALUATICX ‘

FIGURE 1-1. PROGRAM OVERVIEW
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1.0 INTRODUCTION (CONTINUED)

A1l 10,027 parts were subjected to Go/No-Go testiig to detect vailed
garts parts showing one or more paremeters outside of specification
imits). These parts were then individually bench tested. Confirmed

failed parts were analyzed to establish the failure modes and

mechanisms.,

A randomly selected sampie of 2573 parts passing Go/No-Go testing
were run through the Parameter Drift test program. . ,
and voltages representing resistor characteristics, transistor gains
and leakage rates were measuved and

rformed to compare the 1975 test values with those measured in
967. For those parameters showing statistically si
performance changes, a linear drift rate mode! was fit to the test
data and used to predict remaining storage 14fe.

1.1 SUMMARY

While a1l parts were of ‘similar chip and bond wire design, devices
oﬁc functions were included in the {nventory

having seven different 1
of parts tested (Table )

recorded. Computer analysis was

1ficant

TABLE 1-1. INVENTORY OF PARTS BY LOGIC FUNCTION

NO. OF PARTS

NO. OF PARTS
MOTOROLA  FOR FAILURE RATE  FOR PARAMETER ORIFT

LOGIC FUNCTION PART NO. EVALUATTON EVALUATION
Twin Buffer SC 2207 1002 250
Adder SC 2208 1002 250
Double Gate SC 2210 2382 $00
4-Input Gate SC 221 1250 U8
Half-Adder SC 2212 450 250
Register SC 2213 2992 625
Expander SC 2221 . 949 350
10027 iy

A totul of three parts failed as a result of the eight years of

storage. Analysis of the failed parts showed aAll three were due to
oxide defects which allowed the deposited
contact the active silicon of the die and short to ground, Table 1-11
summarizes the failures and the resulting failure rate statistics.

1-2

aluminum metalization to

Selected currents
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SUMMARY (Conti _nued)

TABLE 1-I1. FAILURE ANALYSIS SUMMARY

po

PAIT LOGIC PANT SERIAL  FAILURE PODE/MECHANISN
m &— e ——
OOUBLE GATE 193 SHOXT CAUSED OY OXIDE DEFECT
UNDER ‘AL STRIPE ON.DIE
CONNECTING TO-PIN )
CXPARDER 27 * SMORT CAUSED BY OX10€ DEFECT
_ UNDER BOND PAD 3
6! SHORT CAUSED. BY OXIDE DEFECT
) UNDER BOND PAD 6 ‘
TOTAL FAILURES » 3 47
TOTAL PART-NOURS OF STORMAGE = 703 x 108
FAILURE MATE s §o0.00%9 x Jo-§ gm CONFIOENCE LEVEL
(FATLURES/PART-HR) 0.0093 x 10~-6 (90X CONFIDENCE LEVEL
"M TIE o J169 x 108 tm CONFIOENCE LEVEL
FAILUNES 108 x 108 (903 CUNFIDENCE LEVEL
(PANT-MR/FATLURE) -
g . SRR

Results from the Parameter Drift Evaluation are typified by Figures
1-2 and 1=3 which compare 1967 and 1975 test results for parameters
representing resistor and transistor performance, respectively. The
1975 measurements taken on the resistor elements are vlrtuﬂli
unchanged from the 1967 values. Note that the 1967 and 1975 histo-
grams (Figure 1-2b) are almost identical in shape and only differ
by a 4 micromp bias. This bias is attributed to a siight difference
in test set-up and is not an {ndication of parameter drift. This
conclusion is confirmed by Figure 1-2¢, which shows the 1967-1975
change in the IOW paraeter. ‘The near-norwial distribution of this
change is typical of scatter due to normal msasurement error. - It
shows none of the skewness exhibited by true parameter drift,

Tha transistor elements did show a measurable loss of performance
during the eight yeers of storage. Figure 1-3 {s a typical comparison
of changes in transistor gain. While the change in mean value is
seill (6 mv), the pronounced skewndss of Figure 1-3c shows the changes
are due to parameter drift rather than measurement error, There is
significant performance loss in parts in the right hand tail -of the
distribution (parts whose original performance was wsore than one
standard deviation below the 1967 mean). Degradation fn the parts having
the greatest rate of drift (parts occupying‘ the shaded -2« tafl in
Figure 1-3d) is shown by the heavy arrows in Figure 1-3d, Note that
ali these parts were below average performers in 1967, }

1.3
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1.3 SUMMARY (Continued)
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SUMMARY (Continued)
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1.1 SUMMARY (Continued)
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FIGURE 1-3. (CONTINUED)

The loss of performance in the transistor elements was significant
enough to class 24 parts as incipient failures. These are parts
whose performance has degraded near specification 1imits and could
fall out of spec within the next few years of storage, Since the
Parameter Drift study measured only one of the two output terminals
on each part, and only 2573 of the 10,027 parts (1/2 x 2573/10027 =
1/8 sarple), it can be reasonably expected that 8x245200 of the
10,027 parts (approximately 2i) are likely incipient failures.

1-6
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1.1 SUMMARY (CONTINUED)

The degradation in transistor performance as demonstrated by an
increase in both mean and standard deviatior, was statistically
significant at the 99% confidence level for the Double Gate,
Register and Expander devices. These devices shawed drift rates
of 0.5-1% per year in mean value and 2-4% per year in standard
deviation, The lower figures apply to the Double Gate and
Register, while the higher figures apply to the Expander. A
linear model (constant rate of drift? was fit to. the mean and
standard deviation measured on these devices., Fioure 1-4 below
shows this model for the Expander. This linear model predicts
that a part whose 1967 performance was more than 3 standard
deviations below the mean would drift out of spacification limits
after 17 years of storage (by 1984).

600

T T
500 SRREEEEEN B PO (SRR |

400 SPECIFICATION =

Lo ] .j. ;”},fr”f |
- / v/ /

=
¥
N
8g /'P | - e
(=1 5: '
?t‘a' :, L ' / ..
g"’ 20 —1 2 / eq MERN
3& k w;/‘«.-g o \,...».-.‘..?,--..M..«
we | . i
‘;’3, : [ 3 I ,,,,,,
26 : f : ~
: t~ INCIPIENT FAILURES .
! i ‘ i
100 i : fe
0 8 16 24 R 40
{1967) {1975) {19a3) {1991} {1959) (2007)

YEARS OF STORAGE
{CALERDAR YEAR)

FIGURE 1-4. LINEAR PARAMETER DRIFT FODEL FOR EXPANDER DEVICES

There were 14 incipient failures detected in the 350 Fyx ander
devices tested (4%8. The drift in t%e six worst device% is
shown.by the heavy arrows in the figure. The drift rate in these
occasional "bad actors" is obviously much faster than the linear
model predicts,
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1.1 (Continued)

whether a Tinear model provides a useful projection of parameter drift
characteristics can only be determined by future testing of the same parts.
However, the general trend of increasing rate of drift for the higher
negative o parts (poorer performer.) is clearly established by the data
from the 1975 test. This trend leads to the conclusijon that storage
relfability of these chip and bond wire devices can be jncrwased by

simply rejecting the more marginal performers during initia; acceptance
testing. In the case of the Expander parts, all but one of the 14 incipient
failures would have been eliminated by rejecting the 16% of the parts that
fell more than one standard deviation (-lo) below the mean following the
1967 acceptance testing. Eight of the 14 would have been eliminated by a
-20 criterion, which would have required rejecting only 2.3% of the parts.
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SECTION 2

FAILURE RATE ANALYSIS

2.0 INTRODUCTION

To determing the shelf-life failure rate of bond wire RTL Integrated
Circuits (IC's), 10,027 such devices, stored for cight years, were rotested
to the 25°C parametric limits of the Boeing specifications. The parts were
tested to these specifications by the supplier (Motorola) eight years ago.
Retesting was done on a model J283C Teradyne Test Set, programmed, calibrated
and maintained by the Boeing Advanced Electronic fesign Group. Each of the
10,027 1C's was tested on a GO NO-GO barsis to determine if one or more of

-its parameters had drifted outside specification limits. Those parts which

failed the GO NO-GO testing on the Teradyne were carefully rechecked on the
bench to verify their condition. Out of the more than 10,000 parts teste.',
only three defectives were found. The three were catastrophic failures with
several parameters more than two orders of magnitude outside specificatics
limits. ‘The failures occurred in the Double Gate and Expander devices, whose
circuit schematics are shown below.

bl 1
[ X141

& AN
COUBLE GATE EXPARDER

FIGURE 2-1, CIRCUIT SCHEMATICS FOR FAILED PARTS
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2.1 FATLURE ANALYSIS

The three catastrophic failures were subjected to analysis to determine the
cause of failure. They were first given a hermetic serl test with the
following results:

TABLE 2-X. LEAK TEST RESULTS

LOGIC PART GRQSS *SPECIFICATION
FUNCTION NO LEAK *FINE LEAK RATE VALUE
Double Gate 1493 No 3.6 x 1078 ce/sec <1x10-8 cc/sec
Expander 228 No 9.81 x 10-8 ce/sec "
Expander 561 No 2,19 x 10°8 ec/see "

*025°C and one standard atmosphere

While the measured fine leak rates exceeded specification, they were still
small enough to conclude that no significant breakdown had occurred in the
hermetic seals, The defects identified by subsequent failure analyses were
in no way aggrevated by leakage,

Curve tracer testing of the three parts [checking from cach lead to the
ground (GND) lead and to the power supply lead with a Tektronix 577 Curve
Tracer Oscilloscope] found a low resistance path from pin 1 (input) to
pin 4 (GND) on Part No. 1493, a 100 ohm "“short" frem pin 3 (input) to
pin 4 on Part No. 228, and a 600 ohn path from pin 6 (output) to pin 4
(GND) on Part No, 561, Experience with transistor-transistor logic devices
has shown that such low resistance paths to GNP (substrate of the die)
occur because of oxide defects or because the part has been subjected to
clectrical overstress. To determine if the failures were due to oxide
cffects or electrical overstress, the three 1C's were delidded and micro-
scopically examined. No gross defects were observed such us night he
caused by eclectrical overstress so the glassivation was remaved from each
die using buffered hydrofluoric acid. Next the aluminum metallization was
removed with dilute sodium hydroxide. It was then easy to sce that the
failures were due to defects in the oxide which had allowed the metallization
to short through to the active silicon of the dic. There was an oxide
defect/pinhole under an aluminization stripe connected to the No. 1 bond
pad on Part No. 1493, under the No. 3 bond pad on Part No. 228, and under
the No, 6 bond pad on Part No. 561. Based on the above analyses, it was
concluded that the three failures were the result of deficiencies within
the parts and were not caused by externally applied overstress and
therefore that the three failures had to be considered sheif-life

failures. The failure analysis reports are shown in Tables 2-II through
2-1V,
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TARLE 2-IV. FAILURE ANALYSIS REPORT FOR EXPANDER PART Nb. 561

§ - iz
- L
." f‘ ‘::.E Eii‘ [\
o |- «* - A
<y 24 782 o}
Hom - o .
3 2§
= 1e B sxis
oy E -2y f
8 X ;%:. :
b 13 B
& | OE0 | 00| . HE . g
- . -
al AREE
N |a ) PO 3 1 {;"f
218 F Pioby d 5
g ] {;‘ i 5t .';::gi ;i ¥
o 5 e W :3 v o
1| ; R AN i
T 3 E 3131 Y 5 u
ul g : w g " Frogt 3% 3
x e "8 W oy ¥y MEsr oo )
SIH teldu b3 |[Sy 3 |FFE fi 2 5
Sl 1P E S IR oty ot g
| SHE L b | ET R TE U <,
L. gy nf 2 v ¥E 3*-”8"3‘
NHEEAEAREREE R R N
IR y bt oveist g ¢
D4l §§ ¥ 4 5 I .13 I =
§ ¥ " S EC) ¥
Oxide defects in general result from manufacturing deficiencies during .

wafer fabrication and in some instances during die prebe or during wire
bonding. Such things as holes and/or tears in the masks used for oxposing
the photoresist or foreign particles on the wafer during oxide growth can
cpuse defects in the oxide. These defects are harmful only when they occur
upder the metallization pattern and only if they allow the metal to short
tiwrough the oxide teo the active silicon bencath, Imprevements in manufactur-
ing technigques are possible which can reduce the nurber of oxide defects -
and therefore the nurber of failures. Very carcful cleaning procedures before
growing the oxides und a double rask set used during the exposure of the
photoresist prior to ctchiing the oxides will produce parts with fewer
defects.  Many manufacturers, though, are reluctant to change historic

and generally accepted manufacturing techniques to attenpt to produce
defect-free parts. In most prograns, the cost of such paris is prohibitive
s¢ cthere is little incentive to ieprove an already acceptwble failure rate,

It is not possible to tell at what point in time the eslde defect failures
occurrad. Since the defects (holes) found in the oxide were relatively
large, it is difficult to expluin why the deposited aluminization did not |
rake intimate contact with the substrate silicen when the wafer was
netallized during manufacture. If 2 very thin layer of oxide existed to
insulate the aluminum from the silicon substrate, what eventually occurred
to cause the short? [t is possible that a very thin layer of oxide zould

2-4
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2.1 {Continued)

sustain the burn-in and test voltage stresses at Motorola and raen
chemically change with age to become a low resistance path to substrate
silicon. In any event, experience in Minuteman has shown that most

oxide defect failures occur either in receiving inspection testing cr in
equipment test after the IC's are installed on circuit cards. Though
oxide defects are the most prevalent cause of failure in the low power
transistor-transistor logic (TTL) deviced used in Minuteman, the failures
occur and are eliminated during receiving testing or during functional
test at the circuit card level rather than during field operation of the
equipment. Nearly 0.04% of the TTL devices obtained from four different
suppliers fail duc to oxide defects prior to field installation of the
equipment, but with more than 200,000 TTL devices ficlded, some for more
than two years, the number of failures due to oxide defects is at least
an order of magnitude less than during receiving/functional test. This
neans that in actual haxdware applications, most oxide defect parts would
be detected and eliminsted prior to storage by assuring that adequate
functional tests are carried out at the circult card or subsystem level.
2.2 FAILURE RATL AND MTBF

Since there were no parameter drift failures in the 10,027 parts after cight
years of storage, the thres catastrophic failures were used to compute the
failure rate statistics. The Chi Square (x?) distribution was used to
determine the 60% and 90% confidence leve) for failure rate and MTBF,

Use of the x? distribution to establish confidence limits is treated in any
standard text on statistics. The computations are presented in Equations
2-1 and 2-2.

FATLURE RATE

60% Confidence:

2 x
X“608 X 3 failures

FRgoy =

10,027 parts x 8 yrs/part x 8760 hr/yr

4.175 failures .

* 903 x 106 hrs © 0.0059 x 10-6 failures/hr (2-1a)

’1290% x 3 failures 6.70 failures 6

FRoge = . = 0,0095x107° (2-1b)
: 703 x 105 hrs 703 x 100 hrs fuilures/hr .
2-5
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MEAN TIME BETWEEN FAILURES

| 1
\TRE 2 = 169 x 10% hrs (2-2a)
MBFos = 0,0059x10-6
60%
L — .
MTBEQ . = Mgy = 0.0095x106 ° 105 x 100 hrs (2-20)

The design, manufacture, and fest procedures used to develup these parts
has obvicusly produced IC's of very high storage relianbility., After cight
years of storage, there were no pararcter drift failures, no bond wire
failurcs, no external leads corroded or broken, and no package problems,
As already discussed, in an actual hardware applicavion the throe oxide
defects that did occur would likely have been eliminated hy assuring that
nornal functional tests were conducted following installation of the IC's
on circuit cards.




Gas

D.255-19042-1

SECTION 3

PARAMETER DRIFT ANALYSIS

3.0 INTRODUCTION )

The Parameter Drift Test Progrom measured up to seven different
parameters on cach of the seven types of logic function devices,
Table 3-I shows the 45 individual parameter tests that were per-
formed on a total of 2573 parts. The physical characteristics
associated with sach parameter measurement {resistance, transistor
voltage drop, lcakage curreat) are defined in the right hand
column of the table. The 2573 parts tested were selected at
random in blocks of 20 or less from the total 10027 paxrt inventory.

TABLE 3-I. PARAMETER DRIFT TEST MATRIX
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Section 3.1 summarizes Pgrametexr Drift results with emphasis on pin-
pointing the physical elements within each device most susceptible to
oxiog, Section 3.2 provides a histogram comparison of the 1967 and
1975 test results for cach of the 45 parameter tests defined above,
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3.1 PARAMETER DRIFT SUMMARY -

Tables 3-1I through 3-VIII summarize the Test Results for the
seven parameters that were measured to evaluate drift, Each
table compares the 1967 and 1975 mean valuzs and standard
deviations for a single parameter, starting with Ity (Tablé 3-1I),
The 1967-197S changes in the mean value and stsndard deviation
were tested for statistical significance via the Student t and
F-Distribution tests, respectively. These two tests are covered
in al) standard texts on Statistics. Tests of significance
determine the likelyhood that the sbserved changes are due to
random sampling differences (in this case, mcasurcment errors)
rather than to trye drift, The conservative criterion of 99%
confidence was adopted for these tests. This means that there
is less than a one percent chance that the 1967-1975 change in
any parameter that fails this criterion could be explained by
measuremsnt erroxrs slone (or conversely, there is 99% confideiice
that paraméter drift hus occurred). The '"Analysis of Change"
columns at the right of cach table show the results of these
statistical tests of significance,

The two most useful parameters proved to ‘be Igyr (Tabie 3-TI1} and

Vour (Tuble 3-1V), which dircctly measure changes in resistor

and transistor characteristics, respectively, The Vour measurement

is the most sensitive of the transistor measurements, since it
ditermines voltage drop acress the transistor under conditions of
minimum "on" base emitter voltage, This'knec-of-the-curve'

operational condition provided the clearest picture of storage-

induced changes in the transistor elements. The IIN and Vpi,
measurements (Tables 3-1I and 3-V), while not as sensitive as the

Voyr measurements, also provided supportive data on transistor drift.
Little quantitative information was obtained from the leakage current
mcasurements, IRr, 1p, and Icgx (Tables 3-VI thru 3-VIIT), since

the 1967 tests were not carried out to the naricamp precision

needed to define changes in these parameters, However, the 1975
measurements showed that ledkage rates werc insignificant compared with
specification values and that drift in these parametors was negligible.

As discussed in Section 1, there was no measurable degradation in

the resistor elements after cight years of storage. However, the
degradation in transistor performance was significant at the 95%
confidence level for all six logic function devices on which Vour
roasurcrents were taken, In three of these families, the Double
Catc, the Register, and the Expander, changes were significant at

the 99% confidence levei; as indicated by the boxed-in values in
Table 2-1V. The statistics for the Double Gate and Register werc
similaxr enough to combine these two families, which gives the bottom
rox in Table 3-IIT, '
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3.1 (Continued)

Linear parameter drift rate models were developed for the Double
Gate plus Register combined and the Expander. The Expander model
has alrcady been discussed in Section 1.1, Figure 1-4. The Double
Gate/Register Model is plotted in Figure 3-1, The lincar drift rate
predicted for an average part is 1/2% per year, and for a -30 part
is 1% per year. These rates are about half those predicted for the

Expander.
400
SPECIFICATION LIMIT =40
o w 300
W »
& =< INCIPIENT
" § FAILURE
ke B
gL e aoo(
0w
o5 J
T
@
21
100
0 8 16 24 32 40
(1367) (1975) (1983) (1991) {1999) (2007)

YEARS OF STORAGE
(CALENDAR YEAR) ‘

Figure 3-1. LINEAR PARAMETER DRIFT MODEL FOR DOUBLE GATE PLUS REGISTER

The four incipient failures from the Double Gate family are shown by
the arrows in the figure. As was the case with the Expander, these
incipient failures show a rore rapid rate of drift than the linear
model predicts for even a -4a part, Extrapolating the linecar model
suggests that a -4u part would not reach the 300mv specification
limit until the turn of the century. The one -du incipient failure
(uppernost arrow in the figure) has almost reached this limit after
only cight years of storage,
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3.1 (Continued)

A rcason why parts with high Voyr measurements should show the highest

rates of drift can be deduced from Figure 3-2,which is a plot of Voyr vs
transistor gain. For above average (nigh gain, low Voyr) parts, Vour is
rclatively insensitive to changes in transistor gain. A +20 part

(Vour < 71 MV) shows only a 4 MV (5%) change in Vour for a 10% change in
gain. For below average parts, however, Vour becomes increasingly sensitive
to changes in gain. A -40 part (Voyr > 193 MV) shows a 36 MV (20%) change
in Vgyr for a 10% change in gain. Transistor gain changes can occur
because of growth of a "parasitic transistor® condition due to surface
contamination, or to amigration of the gold within the silicon lattice. Gold
doping was used in these parts to suppress the parasitic transistor
condition as well as to increase part rcaction speed, These gain -change
mechanisms are discussed further in Section 4.

0r
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a
" -4 SIGM PART
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£
" 10 (saeii NERRY FAFT
g 1N eAN <
mr 2 S1vA BAR
i
vty §
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25 QHRNE SE 1 Vg
IN CAIN ot
n re 1 1 ,. A 'y A '}
0 T3 3 W o) ()

TRANSISTCR GAEN
FIGURE 3-2. Vgyr PARAMETER ¥S. TRANSISTOR GAIN FOR DCUBLE GATE DEVICES

There were 24 parts out of the 2573 parts tested that showed large cnough
increases in Vgyp to class . hem &s incipient failures., These parts are’
identified in Table 3-IX. As noted in Scction 1.1, the Voyt tests were
performed on a 1/8 sample of the total part - output terminal population.
Consequently, it is likely that approximately 200 incipient failures
exist in the total of 10,027 parts,

The criteria for identifying a part as an “incipient failure™ are: (1) the
1975 Vgur value rust exceed 220mv, and (2) the 1967-1975 increase in VouT
must exceed 25mv. Of these 24 parts, all but one fell outside the -lo
limit during the 1967 tests. The lone exception is Part No. 1172 of the
Expander femily. Furthermore, all but 7 of the parts came from beyond

the =2a lirit, These seven exceptions are alse from the Expander Family
(Pars Nos. 1027, 1055, 1129, 1147, 1155, 1172, and 1201). These ctatisticn
show that the shelf life of these pavrte could be signifieantly enhanoed

by rejecting parte vhose perferrance folle morz than one standard deviation
below the moan.  This would rean rejecting about 16% of the parts.

3~11




3.1 (Continucd)
TABLE 3-1X. INCIPIENT FATLLRES
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3.2 HISTQGRAM COMPARISONS

The results of the 1967 and 1975 Parametey Drift measurements hind
been plotted on cormon scales in Figures 3-3 through 5« io for visual
cvaluation of storage induced changes. Each plot presents results
from a single parameter test on a single Lopic Function fomily of
parts. For cxample, Figure 3-3 shows the Jyn(3) measurements for

the Twin Buffer devices. The remaining plots follow in the ovder
defined in Table 3<1. Each figure contains the following informution:

@) a schematic showing the test conditions used to measure the para-
meter.  The physical elements (specific resistors and transistors)
heing measured have been circled on the schematic,

L) the 1967 measured performance distribution or histogran (dashed
line) pletted on top of the histogram of 1975 test results
(solid line). Appearing akove this figure is a table of mean
values and standard deviations associated with the 1867 and
1976 test results,  The Deltn values apply to item (c) descrined bhelow,

¢) a histogram of the 1967-1975 changes in individual part
performance.  Parts that have drifted closer to specification
lirits (degraded) appear slong the negative axis.

Lach histopran comparisen has bheen technically evaluated to detemmine
vhether the 1867-1975 changes can be attributed to noimal measurement
Jiffereaces or whether paramater drift has actually occurred. Each
of these leaves its own signature in the histograms, Measurcment
differences inclwde: (1) a bias, or shift in mean vajue, duc to a
small difference in the test set up, and (2) random sampling errors
sdue to the limited precision to which cach paramater is measured.

The latter will tend to have a normal, or bell-shaped distribution,

When measurement differences are present, the 1975 histogrum will
have a shape very similar to the 1967 histogram, but may be shifted
to the right or left. The 1907-1975 change histogram will show a
near-nornul distribution shout a nean value equal to the bias
between the two test measurerents,

Fhere significant parameter drift has occurred, the 1975 histogram
will tend to be skewed, or stretched closer to the specification
Yimit than the 1967 histogram.,  The zean value also may have

shifted toward the spec linit although there may be little change

in the above average parts. Since the below average parts tend

to drift rore vapidly than the better perfonwers, the 1967-1975
change histogran will not Le belleshaped, but will show a pronounced
shewness in the nepative (degraded performance) dircctien,

The eriteria discussed above have been used to avaluate the histogram
comparisens, These evaluations appear in Tables 3-X through 3-XVI.
These seven tables cover the seven families of logic function devices,
starting with the Twin Buffer, Table 3-X. The remaining six tables
irmodiately preceed the histograr plots for the ether six legic
function devices,

The histogran plots confim the assessrents already nade frow the
Surrary Tables (Tables 3-11 throwsh 30117}, In fact, evaluation

3-13
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3.2 HISTOGRAM COMPARISONS (flontinued)

of the histograms sometimes shows that drift hus oceurrcd an
parameters that did pac exceed the conservative ¥9° vcantideme
eriterion used in the statistical tests. ‘The Inyg (Resistance)
nmeasurements still show no clear evidence of drift.  The most
sensitive transistor parameter, Vourp, shows drift on cach lopic
function device, with significant drift occurring on the bouble
Gate, Register, and Expander, These ave the three devices that
shawed drift at the 99% confidence level., In all cases, drift

is most pronounced in the below-average parts, The less sensitive
transistor performance parameters, Tin,and Vgp, suggest that
drift has occurrcod on some of the devices, but the magnitude is
small and difficult to scpurate fron the meusurement Jdifferences,
The best indicarions of drift on these paramcters gppears in the
below average parts from the fouble Gate, Repister, und Expander
families.

The Fl

to the nancamp precision required to quantitatively evaluute leahage
current drift. MHowever, they were sufficiently nccurate tn state
with confidence that significant drift in leakage characteristics
did not occur, Because of their greater precision, the 1975 tests
shoxed the leakage rates actually to be lower i some devices than
tho 1967 measurements indicated,

. IRT’ and I(,m peasurensntg made in )967 were not carried out

.
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SECTION 4

PRODUCT IMPROVEMENT GUIDELINES

PRODUCT IMPROVEMENT GUIDELINES

for increasing storage life.

TABLE 4-1.

The results of this test program have been assessed to establish guidelines
Recommendations are sumsarized .in Table 4-1.

PRODUCT IMPROVEMENT RECOMMENDATIONS

SIDOTICANT sateY

POTINTIAL FATUMIS TS MRS BRCTIOMMOAT 1 (%
CATASTROPHIC ‘
"o WiR TATUSES 0 FAILES STOMES SNTRCALTY OF BB WIS, PACTACRS
A LEAS AN OR ASORMTELY ASSUMD VIA TR
PACLY, PROMINS 0 PALLNES FOLLOVING WILTTARY SPOCIT ICATIONS A
STAUAR0S FOR M0-AEL MATS:
LA COMORION/onErsey | MO PAILNNS o WML.ET3.202, “TESY METHOOS POR
CLICTRONIC D RASCTRICA), COW WY
o ML5-10909, WILITARY SPSCIF].
CATIONS, 23N COMINCTOR DEVICIS
ADNIAM, SPRCIPICATIONS POR™
o MIL-6-40004, "SNLD PLATING, LLOCTRO-
o QU-5-371, "SBAMBA; TIN ALLOY, LEAD.
J " . LBAD
oxine pevecTs 3 FALLISS; PAVLVG STORMR INSUCR® S83BE DEPUCT PATLINES CAN DO
MAYL » 0.0091 5 100 ASOQUATELY CONTROLLED VIA THL ADOVE SPRCIPI-
PATLUMS/PART IR CATIONA/STAGARES PLIS VR DOQUIAMMRNTS TVNT
CONP IBMICY. LEVIL) TIOROWCH IAKTICIAL ‘TESTS B2 POATONED AT T
CIRCUIT CARD LEVEL.,
PABATER BALPT
MSINTAN K WO SIGNIPICAN BATPY ASSURE CONPLIANCE BITH TNE SPRCIPICATIONS MO
STNANSS CITO0 ASOVE
TRANSISTOR LEARACE M0 SINPICANT atrY
TRANSTSTOR CAIN PRRFONN “SORST CASE™ CIRCWIT ANALYS!S YO SOPIG:

GMRATINC RARCE OF GACH CALK-DEPRINOENT PARNETIR.

"ESTABLISN DRSION SPRCIPICATIONS ANO/OR SCROWNENS -1

TEST CRITERIA 7O MALITAIN ALL PARNGTVSS
WITRIN MRLATIVEAY LEMIAR OPSMATING RANGR
ASSUMING A 300 LOBS IN GAIN (1.0, AVEM
SRIPTING INTO RECIONS OMSACTERIZED SY NG
STRSP PART OF PIOUBE 4.1, MBAE A BALL
L08S 1N GAMM CAN CAUSS A LANCE WA
CRITICAL PARNETRR),

cited in Table 4-1,

4-1

-

The parts were packaged, assesbled, inspected and tested to Boeing specifi-
cations that closely followed the Military Standards and Specifications
There were no bond wire failures, no package probleas,
and no lexd corrosion/breakage after eight years of storage; the cited
specifications provide adequate storage reliability for these potential
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4.0 (Continued)

failuros modes. The only source of storage-induced catastrophic failures
in these parts - oxide defects - can be controlled in a hardwarc system.
Minuteman experience has shown that wost of the latent oxide defects that
survive part level burn-in can bhe detected and climinated by assuring
that adequate functionul tests are performed at the circuit card level.

Parameter drift proved negligible in the resistance and transistor leakagr
characteristics. Transistor gain wax the only parameter that cxhibited a
significant loss of performance during the eight yecars of storage. This

is the one parameter that may have to be controlled to obtain a 10-20 ycar
sheif life on these RTL devives, Transistor gain was not measured directly,
However, the transfer function relating Vour to transistor gain was obtained
from a special test of the Double Gate devices, The result is shown in
Figure 4-1, Using this transfer function, and measured changes of Vour,
hand calculations were made of the gain changes in 20 of th» parts, These
parts included all of the Double Gate incipient failures plus other parts
selccted randomly from the -lo teil of the 1967 distribution. These

parts showed reduction in geain ranging from 7 to 26%, with an average
change of 138,

CCSIMNLE
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FIGURE 4-1. TYPICAL OUTPUT PARAMETER VS TRANSISTCR GAIN
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4.0 (Cont inued)

To achieve long shelf life, the design. specifications for new'parts, or the
screening test specifications for existing parts, should prevent operating
the part in a highly non-linear region such .as shown in Figure 4-1.

1€ a new part is being developed, the diffusion profiles can be .adjusted to
obtain higher gain parts in which a small loss of gain does not .cause a

large dsgradation. in ons of the output parameters. Screening tests can also

be used- to reject the lower gain parts which could lead to the output
parameter(s) drifting into the non-linear region. The circuit card desigrér can
also limit fanout (the number of inputs driven by a single output) to

less than the Manufacturer's rating to prevent operating on the steep

part of the output-gain curve. The following approach: is recommended to

achieve adequate contrcl of transistor gain drift during storage:

1) Perform analysis of design to determine worst case operciing
regions.,

e o VB e T

2) Determine the part gain and/or circuit card fanout limits required
tc keep the outpur parameters frcm drifting inte the highly non-
linear operating region assuming a 30% loss .of guin (10 yr shelf life).

3) Establish design and/or screening test criteria to accomplish (2)
above.

The screening tests could be imposed at the wafer level. Wafers that would
yield high gain parts would be selected for long storsge life applications,
with the remainder going to commercial use.

‘ As previously stated, rejecting the 16% (-10) cf the parts with the highest
3 VouT aeasurements (lowest gain measurements) would have eliminated all but
one of the incipient parameter drift failures., A worst case analysis of the
Minuteman logic circuits was performed to evaluate the effect of V,

drifting above the 300 mv specification. The analysis showed that these
parts would stiil reliably perform their logic functions even when degraded
well beyond the 300 mv limit, Consequently, these particular parts are
deemed to have adequate storage life reliability without imposing more
severe test criteria. However, other devices may be more dependent on the
gain of their transistors and should be evaluated on a case-by-case basis.

4.1 TRANSISTOR GAIN DRIFT MECHANISMS

The shelf-life drift observed in transistor gain is attributed to cne or a
- combination of the following mechanisms:

1) Changes in the gold doping process, which is used to control the
“parasitic transistor® ccndition*, as well as 'to increase part
switching speed,

Technology, Vol. II, Edited by R. M. Burger and R. P. Donovan,
Prentice-Hall, 1968, for an explanation of the “parasitic transistor"
condition.

A-3

‘, : *Refer to pp 222-226, Fundamentals of Silicon Integrated Device
4
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1.1 _ (Continued;

2) Growth of a "parasitic transistor” condition duc to migretion of
contaminants, or to changes in tke gold doping process. ’

In devices of this type, a parasitic base-to-substrate transistor can

form duc to wigration of contaminants or gold., This parasitic trarsistor
shunts part of the base current around the base emitter junction, effectively
reducing transistor gain, The gold may also migrate within ‘the silicon
lattice structure, thereby reducing the gain directly. Since all of the
incipient failure parts were operating in the non-linear region characterized
by Figure 4-1, small gain changes were .able to produce large increases in

thé Voyr parameter, Selected incipient failures are being provided to
Georgia Institute of Tachnclogy, who will attempt to determine the physical
changes that are «causinig the ohserved drift.
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