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Abstract

statistics on voltage-accelerated failures of 4K NMOS
RAM's have been compared with accelerated life test data
and with real field use data. It is concluded that it is
possible to get long-term reliability information from
fast overvoltage step stress tests such as 40 ms and
1.2 5 dwell time per step. The correlation betwszen step
stress data and life-test failures representing the main
population i good. It is possible to use this quictk test
for Lot acceptance and to design a proper voltage screen—
ing for the particular batch under test, The need for
conventional burn—-in testing would thus be reduced.

INTRODUCTION

The usual way to get infarmation on Long term reliability
is to carry out accelerated Life tests at different tem-
peratures and then to extrapolate the result down to the
nermal use temperature. This process is expensive agd
time—consuming -Otypitally it includes 1000 h at 125°C
and 188 h at 175 on 25D pcs each, totaling 500 devices.
The large number of devices is essential in order to get
any failures at all on which to base the failure-rate
galculations. It is evident that such a test could be
used as a gualification approval exercise but not for a
Lot acceptance test, Therefore there is still a need for
a guick test, reasonably theap, that gives the same {(or
possibly mared information about the stability of the

© device,

This paper describes such @ quick test that might be
useful far lot acceptance, designing a proper screening
method for a particular Lot and possibly a reduced quali-
ficatjon approval cost.

THE STEP STRESS TEST

Figure 1 shows the typical test procedure that makes use
of the component fest equipment only. No additional
equipment is needed.

The device is first functionally checked at nmomipal vol-
tage and then stressed by a static V b bias for a brief
interval. A functional test at ncmina? voltage is perfor-
med again before the next voltage step is applied, now
increased by 1 V. The procedure continues until the
device fails or the voltage exgeeds a certain lLimit.

The Vp -yalue at which the device failed is recorded and
a new gevice is tested. This is done on 25 pcs using one
stress time, e.g. 40 ms and then repeated on 25 additio—
nal devices using another stress time, e.g. 1.2 s.
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EVALUATION OF DATA

The SOX breakdown voltage levels for the two stress dura—
tions V (t1] and Ve (t2] regspectively, are determined
from théc£reakdoun vo?tage statistics .

A coefficient B for the voltage dependence of the time to
50% failures is defined as follows:

B=tn (7,07 Vealty) = Vgplty)) fv-1] e b

See also ref. 1 where a similar notation has been used.

If the device is going to be used at a woltage ¥, then the
time to 50% failures would be tSD(VJ.
tso(v) = exp( p(vso(tzl - ¥} t, e (2}

The dispersionTis determined by the Cdf-levels 01 and &

measured at a fixed voltage at the end of the two stress
dwell times t1 and tE'

o= loglt,/t)/ (X, = X,) [decades] N 4]

1 1 2

Here Q(X,}) = 91 and Q(X.,) = @_; see also Appendix 1 for a
rational expression fof calculation of X,

once the median Life t_ and the dispersion are known, the
failure-rate is easily determined by common Llog-normal
formulas.

The temperature dependence 1is first approximated by a
simple Arrhenius equation. Equation (2} then becomes:

tsn(v, T} = exp 11605 ~ EA (17(273+T) -

- WE273RT D) expl POy ey -y Tty =

= t2 f1(T, To] fztv) wen (B
Here EA = Activation energy (ev)

T_ = Test temperature at which V__(t.) was
° determined (OC) 50772



The influence of burn-in or a shart voltage screening is
calculated simply by moving forward in the failure-rate
curve by the same amount of field use time that the
screening simulates. A voltage-stress test ¥ at tempera-
ture T for a time t_ will thus be equivaient te t at
voltage ¥ and at the field use temperature T where

t=t (9

R f1(T, To) expf |3(VS - ¥
The real field use time then starts not from zero but from
t according to equation (5).

The breakdown voltage wvalues are plotted on a normal

distribution diagram. See Figure 2. If data from the two
groups with stress dwell times 0.04 s and 1.2 s per step
respectively, overlap, then the devices are good, other-
wise not 350 goaod,

Figure Z gives an example of evaluation. By reading the
median voltage values v, and V2 and the Cdf=levels Q1 and

QE at a fixed voltage, then the B | and ¢ are calcula-
ted with the help of equations (1), (2) and (3).

The values so estimated for and © can be used to
calculate the total Cdf-function during all the step
stress intervals. The Cdf-level is first calculated for
stress level No, 1 during ‘the first dwell time. buring
the next dwell time the total Cdf-level continues to in-
crease, but now according ta another Cdf-function that +s
determined by the second stress Level, Remaining steps
are calculated similarly. Appendix 1 gives a more detail-
ed descriptien of the method and the formulas that are
used.

DEVICES USED FOR STEP STRESS TESTING

As a part of a qualification approval exercise on &K
dynamic RAM's, around 3000 devices representing different
mangfacturers and typ%§ were Life tested for 148 h ar
175°C or 1000 h at 125°C. This was done at the beginning
of 1978, (Ref. 2). Some of the tested types were still
Left in the QA laboratory because the solderability might
have been degraded during the burn-in or because of other
rezsons. One way to make use of the devices was to carry
out a voltage steg stress testing on these devices to see
if there was any correlation between Life test results

and the voltage overstress data. In order to get an esti-
mate of the Cdf1-vaLues of fresh (not life~tested) devi-
ces during the step stress test, a correction had to be

made. If $X% previously had been screensd away, the

corrected CdfT—vaLues were calculated using equation (6)

1

cdf -aa (8]

=5 + cdf (100-5>/100 %

This small correction has been used on all data except
for the data given in Figure 6, where we are interested to
see the freak level that still remains after the Life
test screening.

Around 250 devices were used in each Llife test reported
in this paper. Typically 245 devices survived and from
these survivors at least 25 + 25 devices were taken far
the step stress testing.
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RESULTS

Figure 2 shows the step stress test result from type
No 1. As this type had been Life tested at two temperaty-
res, it was possible to calculate the Cdf-level at 25°C
both from the Life tests and from the voltage step stress
test. The result of the calculations is given in Figure
3. It is obvious that the tWwo tests gave roughly the same
prediction, According to the failure analysis carried out
by the manufacturer, most Life test failures were due to
@ Lleakage current through an isolation oxide (between
Metal and Polysilicon) that became degraded with time.
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Figure 4 shows the breakdown characteristic of type No.
2. The result indicates a very stable batch. This was
verified by the Life test at 175°C that gave no failures
during a test period aof 260 h on 250 devices. See
Figure 5.
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Type No. 3 was life-tested at 175°C and 125%C (See
Figure 7). 150 devices were stressed by a v__-bias of
21 ¥ instead of the nominal 12 V. Then the parts were
inspected by a MARCH-function test after 1-3-7-15-.,....-
=1023 ms. The corresponding Cdf-function is shown in
Figure ? and it is clear that the slope is not the same as
the one obtained from the Life tests.



As the Cdf=level fincreased rather Llinearly with time
during the Life tests, one is led to suspect that the
batch had been screened by the manufacturer. The solid
lines threough the Life-test data points are calculated
using the following parameters:

<™

Median Life th = 8 ; o =10 decades; EA = 0.8ev.
The calculation assumes that the manufacturer

has performed a voltage screening equivalent to

3 * 10° h of field use at 25°C.
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Fﬁgure 6 shows the functional failures {({ ) and DC +
functional failures (A ,[0) during voltage step stress—
jng. The curved solid line is catculated using the same
tife distribution as before. ALl previous s¢reenings (in-
cluding Life-test) were set eguivalent to 1 s at 20v
with PB = 4.7/V. DC-failures were caused by a field MOS-
transistor that turned on and increased the power con=
sumption permanentiy. Functional failures were related to
pn-junction leakage degradation and breakdown.

The curve-fitting exercise shows that the life-tests and
voltage overstress tests are in agreement. The manufactu=
rer has probably been using an overveltage screening in
the order of 1 s/16.5 ¥, which in this case has elimina-
ted 20 % of the populatien. The manufacturer has admitted
that voltage stressing is a part of their production
testing.

The data in Figure & have not been corrected according to
equation (6), but are the measured Cdf-Levels on deviges
that already have been Life-tested for 168 h at 1757C.
The 21 v-data of figure 7 has, however, been corrected in
order to estimate the future slope of the Life-test data.

Type No. 4 was a rather stahble one according to  the
breakdown data shown in Figure 8. There is, however,
always a possibility that a small freak subpopulation
exists, since thg sample consists of only 50 items. The
life=test at 175° shows that a few % failures should be
expected, at Lleast at this temperature. See Figure 9.
Type No. 4 was also used 1o characterize the temperature
dependence of the breakdown voltage. As can be seen from
Figure 10, a few % of the popuLatign have a _reduced
breakdown wvoltage Llevel at both 150°C and 175 C. Thus
some agreement between the Life-test and the step stress
test has been established.
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To summarize: The main failure/voltage distribution will
normally be determined by a field oxide MOS=-transistor
that turhs on arcund 20 V. An impure and unstable field
oxide will be detected by the step stress test. Thin
oxide breakdown voltages should exceed the parasitic MOS-
transistor turn-on voltage, but “freak”, low breakdown
values can be found and possibly screened away.

THE TEMPERATURE DEPENDENCE OF BREAKDOWN FAILURES

Time-dependent breakdown mechanisms are often modelled
using one temperature- and one voltage-dependent factor
as is done in equation (4). The temperature dependence
has been connected with activation energies ranging from
0.3 to 2.1 ev (Ref. 1.4). Life test studies on memory
devices (Ref. 3} also indicate that the effective activa-
tion energy could change with temperature.

Samples of type No. 4 were used for voltage step stress
testing at 25, 60, 100, 150 and 1?5 C. Figure 10 shows
the failure voltage distributions. The main failures were
caused by a field MOS transistor that turned on for VD -
levels around 20%¥. The increase in failure thresho?d
voltage with temperature could e.q. be due to electron
injection and trapping within the field oxide, No real
failure analysis was carried out, however,

At 1?5°C the first failures were induced at a voltage
less than 20V. By comparing figures 9 and 10 one might say
that 1.2 s/18¢ is equivalent to 3500 h/12 V, This
gives P= 2.7/¥ or an acceleration factor of 10 /MV/cm
for tox = 600R, assuming that these failures were due to
gate oxide degradation.
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It has also been reported (Ref, 5, A) that the breakdown
voltage of thin oxide is increasing with temperature,
Such an increase in voltage margin at high temperatures
would imply a reduction of the effective activation ener-
gy of the time to failure. If hot electron injection may
change the electric field over a weak oxide then the time
to failure would have 2 temperature dependence similar to
that of 1/Iinj. Measured values of gate current vs tempe-—
rature are given in figure &6 of Ref. 9, figure 11 shows
this inverted gate current times a constant together with
Life test data of 4K RAM's according to Ref 3, Both set of
data indicates that the effective activation epergy will
increase with temperature,

PEPENDENCE ON CHIP AREA

Appendix 2 gives a statistical analysis of the influence
of chip area on Cdf-values. It is shown that the failure
rate is expercted to be proportional to the chip area.

FIELD FATLURE STATISTICS

Figure 12 gives the test result at 175°% and the follo-
wing field use failure statistics of a 4K MOS-RAM. Figure
13 shows test and field failure data for 16k MOS~RAM's,
The activation energies are 1 and 0.8 eV respectively.,
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VOLTAGE~STRESS SCREENING

A screening that occupies a tomponent tester should not
take more than, say, 10 s to carry out, let us call the
time t_, If this screening 9s tn similate the time +
e.g. the first few weeks in field, then the stress oyers
voltage AV is

&v = InCe /t /B .l

In order to get practical experience from voltage scree-
ning, a bateh consisting of 22 00D 4K dynamic RAM'S was
used. First, a step stress test was carried out on 50
random samples. The result of the step stress test indi-
cated that the batch was stable and that few fatlures
should be expected in a voltage screening. A screening
program was designed that stressed 11 000 devices by a
VD pulse of 15.6 ¥ for 2 s and then checked the parts by
a HARCH—test for function at nominal voltage. Parts were
mounted on memory boards which were tested, Boards with
bath screened and non-screened parts were MARCH-tested
for 24 h at 55°C. Memory modules were then used for
1000 b at 25°C. Table 1 gives the results in detail. A
few conclusions cam be drawn immediately:

= As a significantly larger amount of AC-failures Was
noted in the PC-board test for screened compared with
the non-screened parts, the screening should be conclu-
ded with 2 complete test pregram and not only with a
MARCH-function test

- The total amount of functional failures was small and
in agreement with the expectation from the step stress
test

~ The field failure rate of the screened parts seems to
be Llower than the failure rate of the non=screened

parts.

With all reservations made due to the very Limited number
of failures, one might take a closer Llock at the failure
time date im table 1. Figure 14 shows the Cdf-level of
field failures from voltage screened and non=screenegd
parts. The Cdf~function for the nen-screened parts passes
0.055% after 30 h of field use. As 0.055% of the devices
were eliminated during the voltage screening, a Cdf-func-
tion was calculated for the case where parts had been
screened for 30 h at field use conditions. This calcula-
ted lLine is shown in Figure 14. The cdf-data peints from
the screened parts are very close to the calculated Line
and it is fair to say that in this cese ?25/15.6 v is
equivalent to 30 h/12 v, Actcording to equation (7) this
corresponds to 3= 3.0/V, For a thin oxide of G00R this

represents an acceleration factor of 107'81MV/:m.

The corresponding failure-rate curves are calculated and
presented in Figure 165,
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Activity Mo, Tested
% failed % failed
Intoming 22 ano 1.5 1.5
Screening 11 000 -— 0.05%
Vop = 15.6 W2 s
Board Testing Non-scr. Scr. Non—sgreened Screened
+ ¢ Eho Func.  0.051 Func.  0.031
AC 0.163 AC 0.316
Module tessing 2 300 + %300 AC 0.022 AC 0.022
24 h 55°C
Field use o 3456  +  B064 Time Time
1000 h 25°¢C Th D.029 T20h  0.012
160 b 0.058 240 h 0.025
1150 h  0.087 760 b D,037

Table 1

summary of all failures from incoming inspection to field
use of voltage screened and non screened 4K MOS dynamic
RAM's.

CONCLUSIONS il

VYoltage step stress testing of dynamic NMOS-LSI devites
may be a rapid way of getting reliability information.
The method is primarily suited for dynamic parts with Low
static power dissipation. Static parts will be over~
heated,

A sample size of 25-50 pes will permit a characterization

of the main population while a still targer number of
devices is needed to get guantitative data on "freak"
populations. The Latter applies to thin oxide hreakdown.

The step stress test could be used as a complement to a
standard Life test to determine whether the test failures
belong to a sub-populatien or are representative of the
main population. It may also provide information on the
screening level applied by the manufacturer,

Step stress test dats may also be evaluated in order to
get a screening test optimally designed for a particular
batch of devices.
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Appendix 1

EVALUATION AND SIMULATION OF VOLTAGE STEP STRESS TESTS

Ref. (7) gives a good description of a general method for
step stress analysis. In the present case, this method
has been applied using a log=-normal distribution of the
time to failure. The first set of values of , @ and
median Life has been estimated as outlined in the paper,
and then, if necessary, minor modifications have been
introduced by "cut and try” to get a better fit to the
data.

Using the same type of notation as in Ref, {7) the follo-
wing equations will apply. The Cdf of time to failure
under a particular step stress pattern is called F_(t).
puring the first step 0 < t ¢ t_ the Cdf will of course
follow the steady state stress function F1(tl i.e.

X
Fo(t) = Fi(t) =\!——_;_ [exp {-x 2/2)dx e (A1)
T
-m
where o
Xy = Log10 (t/tmtv1))/a Weala2)

In general F1(t,¥1) = (F1(t)-F1(Y1))I(1—F1(71))...(A3)

Here tm (Vi) =
and Yi represents the equivalent amount of pre-screening

median Life time at wvoltage V, in step i

time at stress voltage V. that has been applied to the
device befare the step stress test, The dispersion
throughout this paper is expressed in decades.

During the next step the aging orocess will go faster and
follow another steady stress function F_(t) starting from
the equivalent time 51, found by solving equation (A4).

F2(31) = F1(ts) oo (A4)
Equation (A4} will in this case become
X2 x1 _
1 1
—— | exp(-x 2/2) ax = exp(-x 2/2)dx
\(z_wf \(E P /2)

—og P

ar simply xy =Xy .o kAS)



I1f one knows the Cdf-value p that represents the amount
of failures accumulated during the first step, the
corresponding x_ = x, can be calculated using ratiomal
expressiong Li%& the ‘one given in Ref, (8) para. 26.2.22

\J?ln p_2)

2
xp =u - (ao + a1u)/(1 + b.]u + b2u Y;u=
which is valid for 0 < p < 0.5

a, = 2.30793; 8y = 0.27067; b, = 0.99229; b2 = 0.D4481

1
Thus eguation {A5) with the help of eguation {(A2)
transforms to equation (A6)

S1 - Y2 = tm(Vz) ' exp(xp O In 1D van (BS)
The median Life at VE is as earlier

tm(Vz) = tm(Vo) © expt ﬁ(vo - VZ)) eea (AT

where t (V) has been estimated from the step stress
results,

Similarly ¥, = Y * exp( |3(V.II - V2)) aae(ARY

The total Cdf Fo(t) during the second step will now grow

according to F2 (s

the time t = ¢
s

+1): t >0, but actually starting at

1
instead of 81 as visualized beneath.

The remaining steps are calculated similarely.
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Appendix 2

CHIP AREA DEPENDENCE

It is reasonable to assume that voltage induced failures
are located at specific peints on the c¢hip where the
internal structure just happens to have a weakness. In
real field use the supply voltage is nearly constant and
the number of weak spots that are sensitive for that
voltage must be of importance for the reliability of the
device. Let us make the following definitions:

The time to fajlure for a certain weak spot number i is
called X.. This time X_ has the distribution F.{x) = P{X,
< x). On'a single chip we will have N weak sﬂcts Wwith
certain probability; py = PN =v); v=0,1,2.... The
time to failure for a device having exactly N weak spots
will be zN with its distribution GN(Z)

6,(2) = P(Z, < 2) =1~ Pz, >2) =

2 y > 2}y =
1 - P(X1 > z) P(X2 >2) ... P(XN >2) =

T=PO, >z, X3>2,..., X

u

18

1- (1-F1(z)) - (1-F2(z)) ene (1-FN(ZJ)

33

ra

assuming x1, x2 ... are statistically independent wva-

riables. As all X, have the same distribution, all Fi(z)

will be equal, and hence

G2 = 1- (1 - e .o (D
Normally one does not have information on the number of
weak spots N that exist in a specific device. If p,, =
P(N =¥} then the N-independent distribution of time to
failure will be:

ipv[‘l—ﬁ—F(z))V] ...(sz.:

=0

als) = Zpﬂ'Gv(z) =
prr)

Assume that N has a Poisson distribution with a mean
value aA; a= expected number of weak spots per unit
area and A = chip area of interest.

Then p" = i‘:—%-l e-aA (u: O,1,2,0cn)

3 faa) o (e’ ] -

and G(z)

o v
LAY ot x(a))” -
.o

—an = [aa-(1-F(z))]"
® :E: ! =

v=0
_ E—mA eaA(1-F(z)) -

- b F(z) B

Note that Lim 6(z} = 1-¢ &

Z—a 4o
that if N=0, i.e. there is no weakness, the time to failu-
re will be infinite, This happens with the probability

P{N=0) = e‘uA, hence the probability that the time to

failure will be finite is 1-e_aA, which agrees with the
limiting value of &{2) as z approaches infinity.

< 1. This is due to the fact

If a test structure of area A has been tested and the life
distribution G{z) is characterized, then the time 2z to
failure for a single weak spot will have a distributien
F(z).

wee (B4

F2) = = 0 In(1-6{z2))
ak

A device using the same fechno[dgy {same a ) but having
another area AT will then get a Life distribution 61(2).

1 1
62 = 1mexpdd nt1-6(231 = 1-1-6()3 o es)

With Al/A = a the fsilure rate will be
1
B2 - o e B2 L, KD w6



