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ADSTRACT

The endochronic degradation

of MOS devices arising from the global response of the
device

parameters collectively deteriorating under the repetitive influence of electrical
overstresses {at subcatastrophic levels) such as electrostatic dischsrge (L£SD),
electromagnetic pulsing (cMP), ete., i3 quantified in terms of noise charactecistics.

Life-time studies depicting the degradation of & test device sre presented. Computed and
experimental data are furnished. '

INTRODUCTION static from & charged individual to ground via
the test device.
Studies on gate-oxide degradation of

electrically overstressed MUS devices subfected S
to ESD/EMP environments are useful to establish off 0?:25‘::;::::;:“:":‘: ;:p:;u:::‘ the “:""
design-revievs required to achieve reduced device to ground through the p{n .:‘ “n;ucuv:';:::"::
::;:::;i::“' and improved  perforasnce the active device (Fig. 2). The thicd model
Y- simulates the effect of the charge distribution
The effect of electrical-overstressing of : and discharge vhen a device 13 exposed to »

gate-oxides primarily causes charge-trapping in static-electric tleld (Fig. 3).

the oxide-region together vith the corresponding

changes In the {interface sutu.! In genersl,
intensity, polarity and the rate of occurance of
overstressing voltages vould determine the extent

of dasage to the insulator lnlqtll’-z hile .
high-level zaps wvould cause oxide puncture(s) [
vith catsstrophic (irreversible) damages,
subcatastrophie transients occuring repeatedly
may cause a cusulative (rovtl'l o("devlcc <ad Ill
degradation and the time-dependent or endochromic

damage of the device wvould be reflected inm

measuyrable parnctcrs.3 such as trans onductance
(i.). threshold voltage (Vl), etc. Inasmuch as

all the degrading device parameters sare Re1SK
interdependent, the cohesive damage of the device
should be assessed by an appropriate
characteristic function vhich collectively
represents the net physical damage dve to C o 400!
overstressings. It is presently demonstrated
that nolse characteristics cun deplct the global

representation - of the stochasticsl varistions in

charge-trapping and interface generation ender

external overstressings; and r;olnblnsu;e:a;tl
of degraded devices can therefore be useful for
accelega!ed test procedures adopted in life-time HUMAN - BCDY DEVICE PARAMETERS
modeling strategies. —_

F16 ) HUMAN - B00Y MODEL

TUEORETICAL CONSIDERATIONS

The ESD phenomena normally encountered can
be simulated by three vell-established sodels,

nasely,® (s) husan-body wodel, (b) charged-

device model, and (¢) field-induced model, The
human-body wodel (fig. 1) depicts the transler of

v 0 LTI ARY il
h‘l“}i"-ls":':’!,'i'!'t':aa’;‘t"'.’!ﬁ".‘t‘« .’:‘ '.‘A‘!‘ ‘Al'!‘\", K .l‘? ‘..‘5.~‘|"‘)".a"?.,l"\‘ fid ‘,\Q “‘n‘ .AQ [
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experimental results due to Abovln’. et
sl (Fig. &). Hence the time-dependent history of
Ns as controlled by sny external overstressings

4 ~E50 can be tracked via the assessment of l“

TRIBOCLE CTRX The field-effect mobility is also dependent
CHAR

oo on N¢ and is therefore linked:"8 vith the device
parameters g and Vt. Explicitly,

1 s 1
T e
oy leot o lob(Vc-V‘)

Po s %

Bere « and B are constants and a0 refers to the

FIG? OHARGED-DO/CE WO0B. valve of g, under unstressed conditlons.

Further, vc is the applied gate potential.

From £q. (1) and (2), the folloving relation
can be obtained:

ST L Te e .
MR { G . e .
=ﬁ! wHm -,;',—'“‘x-.;v ) 3)
' ¥ [ . F-vf (G- T)'
2 mcrmart :
LA “

The constant f has the approximate values of
0.138 and 0.308 for the n-channel and p-channel

MOSFETs, uspecliny-.

*
- v r— v~

Soen | 7
7
1": te100n -z 1
F16 )© FIELD - NDUCED WOOEL ! /-
s .
Vhen a M0OS device is subjected to an g- } ;/
electrical overstressing at the gate due to an w't b
ispulsive transient caused by an RSD (or an EMP), 4 1
the corresponding {induction of charge-trepping b 1
and generation of interface states can be L
equivalently represented by an input noise
6 L m —
resistence RH given by w® 3 w0 0’
nlom ' w?) ——e
N qt 3+ P 9 FIG4 SURFACE STATE DENSITY VERSUS
ot ﬁx__') (!_°_') s ) NOISE RESISTANCE: MOS DEVKCE
ox REF N
vhere k {is “the Boltzmann constant, 1T is the
temperature (“J0O0 K) and q is the electronic
charge. Purther, tox and €ox OCC the thickness
and  the perajttivity of the gate-oxide, RIPERIMENTAL STUDIRS
respectively; Ns is the surface-state density and
ps‘r‘ refers to the field-effect mobility to lov A typlcal n-channel (enhancesent sode)
M MOSFET vas subjected to subcatastrophic zaps at
field-mob{lity ratio. fts gate-input using a buman-body ESD simulator

(rig. 1). Variations of s, and Vl vere measured

Eq. (1) indicates that k. is directly
as the functions of the nusber of zaps.
proportionsl to N concurring vith  the ?ig. S illustrates the relevant results.
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NOISE PARAMETER VESUS AGING °

Using the results presented in Pig. 5, the
fractional change in IN as a function of the

nuaber of zaps (2) can be calculated via gq. (3).
Thus FPig. 6 depicts the relevant cosputed data
shoving that the rate of variatiom of l' is

approximately tvice as that of Purther,
dk"/l“ is  1linearly proportional to I confirming
the observations of Abovitz, et nl.’ Sence, the
present  study indicates the plausibility of

assessing the EOS-based degradation via noise
characterization.
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FI16.7 DEGRADATION VERSUS TIME UNDER
TWO DISTINCT STRESS LEVELS

AGING NODBL

Cusulative bduild-up of degradation vith the
recurrence of zaps amounts to a dorsant stage of
failure during vhich the device vould exhibit s

perforsance degradation leading to out-of-spec
condition(s). This device-aging can be assessed
by measuring the time varistion of o
nondestructive property (p) such as & noise
paraseter as Indicated in the present analysis.
Suppose tvo time-variation curves are obtained
corresponding to tvo distinct (subcatastrophic)
stress-levels. The functional form of p vill be
independent of the stress magnitude and the tvo
curves vill have the sane shape, but different
length (slong the time axis) as shovn ia rig. 7.
The times corresponding to same (extent of) aging
under tvo distinct stress levels can be denoted
as '1 and ‘2 (Pig. 7) and are knovn as

"equivalent u-::.-’ By the application of
“equivalent aging principle,® it is possible to
relate the equivalent times in terms of their

corresponding stress levels, namely, vl and Vz.
It is given by’
v'l' 4y - v; ty . Kl (Constant) (4)

vhere n {s the endurance coefficient. B2q. 4 can
also be vritten in terms of the average nuabers
of zaps Zl and lz occurred during the period ‘1

and tye respectively. That is,

v’l‘ % - v'z‘ 2, « By (Constant) 5

Thus, from Rq. & or S, for a given sevarity
level, the corresponding value of failure-time
(or average nusber zaps during the period of
failure-time) can be assessed by deternining the
values of » and K.
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Further, the device reliability relevant to
the endochronic degradation can be modeled by
sassuming that degradation rate i3 proportional to

the existing degrudnlion.lo The proportionality
constant is a positively distributed random
variable and the extent of degradation vould tend
to be asymptotically log-normal. Bence the
general form of 1ife distridbution 2 (number of
zaps) is given by

In(p,)-Y
. — | (6)

G(Z.p) = 1-4 |

vhere ¢ is the standard normal distribution and

Pe = - T Bere r » aku/l" and the suffix ¢

depicts the critical value of r. Further 1n (pc)

has a mean value of and a standard deviatton of
0. This log-normal aspect of life-time
statistics as applied to endocronic degradation
has been verified by the authors (vith the WOS
input leakage current as the control parsmeter,

p) and the results are presented elsevhero.,l
CONCLUSIONS

From the resulis presented here, the
folloving conclusions can be inferred:

1. Notse parameter changes in a WS
device subjected to electrical overstressings
represent the global, time-dependent
degradatlioan.

2. Such nolise parameter variation expressed in
termgs of the fractional change in the noise
resistance (l'), i3 explicitly related to tvo

sajor MOS-device paraseters, namely, 5, and
v, (5q. ).

3. The rate of change of 'N vith respect to the
nusber of zaps is approxisately linear.
4. Further, this rtate of change of l' is

approximately tvice the corresponding change
ing .
1

5. Using Anu/l‘ a8 a control paraseter (p), the

principle of equivalent aging can be applied
to MOS degradation for sccelerated aging
studies.

§. The degradation process can be modeled vith

log-normal distribution for relevant lifetine
statistical snalysis.
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GATE-INSULATOR DEGRADATION IN NOS-DEVICES DUE TO BLECTRICAL OVERSTRESSINGS:

CHARACTERIZATION VIA NOISE PERFORMANCE STUDIES
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Rochester, NY 14623-3435
(716) 475-2308

Ibrahim R. Turkman
Departaent of Electrical Engineering
Rochester Institute of Technology
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(716) 475-2397

ABSTRACT - Design-revievs required to achieve
improved  performance reliability varrant the
assessment of gate-insulator degradation in metal-
oxide semiconductors (MOS) subjected to electrica

overstressing EOS) environments involving
electrostatic discharges (ESD) and/ot
electromagnetic pulsing (EMP). The collective

response of all the degrading parameters of the
stressed devices can be cohesively studied via noise
performance characteristics, as indicated in the
present  analysis. The global influence of
overstressing quantified in terms of degrading noise
parameters is useful in life-time prediction
efforts. Relevant test calculations and
experimental data are presented.

INTRODUCTION

Assessment of gate-insulator degradation in
metal-oxide semiconductor (MOS) devices caused by
electrical overstresses (B0S), such as electrostatic
discharge (BSD), electromagnetic pulsing (EMP),
etc., is essential for necessary design-revievs
required to achieve reduced device-instabilities and
improved performance reliab:lity.

The primary effect of electrical overstressing
is to cause a charge-trapping phenomenon in the
gate-oride fila [1). The extent of gate-oxide
degradation arising from electrical overstressing

vould depend on the cumulative magnitude of charge-
trapping and the corresponding changes in the
interface-states; and hence, it is directly
dependent on the intensity and rate of occurrence of
electrical overstressings.

In the existing studies ([1,2] on gate-oxide
degradation, the parameters normally considered to
characterize the influence of overstressing and the
resulting charge-trapping/surface-state effects are
[3], (a) device transconductance, g, (b) gate-
current due to pumped-in charges, Icp; (c) gate-
oxide capacitance, cox; and (d) threshold voltage,
V!. Inassuch as the aforesaid parameters are
largely interdependent, the estimation of one of
these paraseters (to depict the degradation) as a
function of overstressing does not explicitly
account for the deviatory characteristics of the
rest of the parameters.

Bence, it 1is purported in the present
investigations to develop a nev and cohesive
forsulation in tearms of noise performance of the NOS
device to characterize the overall degradation due
to overstressing. The noise characteristics of a
W03 device vould, in general, depict the collective
response of all the degrading parsseters. This is
because the net effects of charge-trapping and the

associated occupation of surface states can be
vieved as random/fluctuating phenomena which
manifest as the device-noise vith a typical 1/f type
pover-spectrum. That is, noise characterization
vould present the global influence of overstressing
unlike the other parameters (specified earlier)
vhich would rather represent the partial effects
only.

In the present studies, an analytical
formulation relating the charge-trapping and the
electrical overstressing 1is derived in terms of an
equivalent noise resistance. Measured data acquired
from a typical MOS integrated circuit subjected to
electrical overstressings are presented.

ANALYSIS

The BSD phenomena normally encountered can be
simulated by three vell-knovn rodels, namely, (a)

husan-body model [4], (b) charged-device model {5],
and (c) fleld-induced model [6]. The human-body
model (Pig. 1) depicts the transfer of static from a
charged individual to ground via the test device.
Charged device model rtepresents the bleed—off of
accumulated charge upon the device-surface to ground
through the pin(s) and conductive parts of the
active device (Pig. 2). The third model simulates
the effect of the charge distribution and discharge
vhen a device is exposed to static electric field
(Fig. 3).

OLCHI o

=
Re=1SK
— /‘L-\ R .
«  ESD
Cs100pf !
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I
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F1G 1 : HUMAN~-BODY MOCE.

CH2196-4/86/0000-327 $1,00 ® 1986 IEEE




Lad - T WD Wiw Ladi 4 w e TRy T r"a-w‘v'vvw"j

permittivity of the gate-oxide, respectively; N. is

the surface-state density lndfuls /P'o refers to the
field-effect mobility to lov-field mobility-ratio.

T Nesp —
PO Eqn. 1) indicates that RN is directly
TRIBOELECTRIC propoertional to N‘ concurring vith the experimental
CHARGING results due to Abovitz, et al [7], (Fig. 4). Hence
the endochronic history of N_ as dictated by
A Y ” rrrry A Yy s
TRIBOELECTRIC external overstressings can be tracked via noise

CHARGING parameter measureaents.
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[LT1] ill FIG4 SURFACE STATE DENSITY VERS
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L :
[«
' Fa— The field-effect mobility is itself dependent

cz | L. on ll. as vell as on the other device parameters,
I v, =V /\ namely, the transconductance (z.) and the threshold
Ca €30 voltage (vt). Bxplicitly, by using the results of
T l 1 Hsu and Tam [3]) and Akers, et al [8], one obtains
] -
- - ES - l e —-—zn L 1 . (2)
Fi3 3 FIELD - INDUCEZ MCCEL Lo lvefy gy, 1 BV V)

vhere &« and B are constants and a0 refers to £,
under unstressed conditions. Purther, V‘ is the

applied gate potentials.
Vhen a MOS device is subjected to electrical

overstressings at the gate due to impulsive Combining Eqs. (1) and (2), the folloving
transients caused by electrostatic discharges (ESD), relation is obtained for the fractional values of
the corresponding induction of charge-trapping and RN' V‘ and 8y

generation of interface-states can be specified in
terms  of the stochastical aspects of charge-

accumulation represented by the device noise ARN 1
characteristics. Than is, under identical pumped-in « — {2 - -1—___1_] (&)
current by repetitive transients, Leventhal [6]) has 1‘; S - 9;:. (v—v—-)
shovn that the resulting input noise resistance R“ P t gt
= iz given by 2 EXPERIMENTAL STUDIRS
A., qt 2 N P
o4 1 ox sl's A typical n-channel (enhancement mode) MOSPET
‘,;.J &l * (1'[1’) (c“’ (',‘1'0 ) @ vas subjected to subcatastrophic zaps at its gate-
et input using & buman-body simulator (Pig. 1l).
“’; vhere k is the Boltzmen constant, T is the Variations of (A and V‘ seasured as the functions of
4 temperature (~ 300 K) and q {is the electronic the number of saps. PFig. 5 1llustrates the relevant
charge. Purther, tox and £,x OTC the thickness and results.
N .
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F16.5 VARIATION OF g _& V, WITH RESPECT

TO NUMBER OF ZAPS

NOISE PARAMETER & AGING MODEL

The fractional change in RN as a function of

the number of zaps can be calculated using Eqn. (3)
and the measured data of Pig. 5. The corresponding
results are presented in Pig. 6.
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FIG.6 INCREASE IN NOISE RESISTANCE WITH NUMBER OF ZAPS

From the data presented in Fig. 6, it can be
ascertained that ARN/RN is linearly proportional to

2 (number of zaps), closely agreeing wvith the
observations by Abovitz, et al [7]. Purther, the
rate of change of R“ is approximately tvice as that

of [ 49 That is, the degradation can be wmore

accurately assessed in terms of noise parameter
Beasuresents than by 8, determination.

Cusulative build-up of degradation vith the
Tecurrence of zaps asounts to a dormant stage of
failure during vhich the device vould exhibit a
performsnce degradation leading to out-of-spec
condition(s). This device-aging can be assessed by
ssasuring the time variation of a nondestructive

-

form of p vill be Iindependent of the stress
magnitude and the tvo curves vill have the same
shape, but different length (along the time axis) as
shovn {n Pig. 7. The times corresponding to same
(extent of) aging under tvo distinct stress levels
can be denoted as 4 and 7} (Pig. 7) and are knovn

as "equivalent times" [9]. By the application of
"equivalent aging principle.” {t {is possible to
relate the equivalent times in terms of their

corresponding stress levels, namely, V1 and Vz. It

is given by (9}

v'; t - V'z' t, = K, (Constant) (4)

vhere n s the endurance coefficient. Egn. 4 can
also be vritten in terms of the average numbers of
zaps Zl and Z2 occurred during the period 4y and Uy

respectively. That is,

v’l‘ 2, - v‘z‘ Z, = K, (Constant) (5)

Thus, from Bqn. 4 or 5, for a given severity level,
the corresponding value of failure-time (or average
nuaber zaps during the period of failure-time) can

be assessed by determining the values of n, Kl and

K,.

DEGRADING PROPERTY {p) —o

F16.7 DEGRADATION VERSUS TIME UllzZs
TWO DISTINCT STRESS LEVELS

Purther, the device reliability relevant to the
endochronic degradation can be modeled bty assuming
that degradation rate is proportional to the
existing degradation (10]). The proportionality
constant is a positively distributed random variable
and the extent of degradation would tend to be
asymptotically log-normal. Hence the general form
of life distribution Z (nusber of zaps) is given by

1:&(1’,:)-}1l

< (6)

G(zope) = 1-¢ (

vhere ¢ is the standard norsal distribution and P "
T - F Here T = Al./l. and the suffix c depicts

property (p) such as a noise parameter as indicated
in the preseat analysis. Suppose tvo time-variation
curves are obtained corresponding to two distinct
— (subcatastrophic) stress-levels. The functional

[/
[}
!
[}

the critical value of r. Purther ln (pe) has a mean

value of M and a standard deviation of ¢. This log-
normsl aspect of life-time statistics as applied to
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endocronic degradation has
authors

wire wwe'w

been verified by the

(vith the MOS input leakage current as the

control parameter, p) and the results are presented
elsevhere [11].

CONCLUSIONS

From the results presented here, the folloving

conclusions can be inferred:

1.

Office of Naval Research (No.

Noise paraseter changes in a MOS device
subjected to electrical overstressings represent
the global, time-dependent degradation.

Such noise parameter variation expressed in
terms of the fractional change in the noise
resistance (RN)' is explicitly related to tvo

major MOS-device parameters, namely, gy and Vt
(Eqn. 3).

The rate of change of RN vith respect to the
number of zaps is approximately linear.

Further, this rate of —change of RN is
approximately twice the corresponding change in
g .

B

Using AR"/RN as a control parameter (p), the

principle of equivalent aging can be applied to
MOS degradation for accelerated aging studies.

The degradation process can be modeled vith log-

normal distribution for relevant lifetime
statistical analysis.
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