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tetseatnialCeafelsoce The endochronic degradation of HOs devices arising from the global response of the
device parameters collectively deteriorating under the repetitive influence of elactrical

Coater gobe overstressea tat subcatostrophic levels) such as electrostatic discharge IESD).

electromagnetic pulsing (ICKI. etc., is quantified in terms of noise characteristics.
Life-time studies depictinq the degradation of a teat device are presented. Computed and
experimental data are furnished.
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01TEINATIONALMICROEILECTRONIOCS

CONFERENCN itanuuucN static from a charged individual to ground via
the test device.

Studies on gate-oxide degradation of
o-- d by ENO J hp. electrically overstressed KUS devices subjected Charged-deviceo model represents the bleed-

to £SD/EMP environments are useful to establish off of accumulated charge upon the device-surface
design-reviews required to achieve reduced device to ground through the pin and conductive parts of

instabilities and improved performance the active device (Fig. 2). The third model

reliability, simulates the effect of the charge distribution

and discharge when a device Is exposed to aThe effect of electrical-overstressingJ of static-electric field (Fig. 3).

gate-oxides primarily causes charge-trapping In
tile oxide-region together with the corresponding

changes in the interface states. I in general,
intensity, polarity and the rate of occurance of

overstressing voltages would determine the extent

of damage to the insulator integrity.
2 IVhile

high-level saps would cause oxide puncture(s)
with catastrophic (irreversible) damages,
subcstastrophic transients occuring repeatedly
may cause a cumulative growth of device
degradation and the time-dependent or endochroaic
damage of the device would be reflected In

measurable parameters, such as trans onductance
(gan), threshold voltage (V t), etc. Inasmuch as

all the degrading device parameters are

ititerdependent, tile cohesive damage of tile device
should be assessed by an appropriate
characteristic function which collectively . SD

represents the net physical damage due to C ,oo ,f

overstressings. it is presently demonstrated
that noise characteristics can depict the global

representation - of the stochastical variations in

charge-trapping and interface generation Under

external overstressingsi and noise measuremets
of degraded devices can therefore be useful for
accelerated test procedures adopted in life-tie I4AN-CDY 0(Vt ParhCR

modeling strategies. I-
'I ~FIG I H4UMANJ-BOOY &O

THEORETICAL CONSIDFJATIOMS

The ESD phenomena normally encountered can
be simulated by three well-established models,

namely,
6  

(a) husma-body model, (b) charged-
device model, and (c) field-induced model. fte
human-body model (Fig. 1) depicts the transfer of

Z3



esperiaentol results due to Abov|tz, et
&I (Fig. 4). Hence the time-dependent history of

a as controlled by any external overstressings

Scan be tracked via the assessment of

/ 1O:141 C'tmc The field-effect mobility is also dependent

on N. and is therefore linked vith the device

o. OCIOLMMI -parameters ge and Vt. Explicitly,

LI a, s s m

a '04 , S, l (2)

Bert a and A are constants and C.0 refers to the

FIG O AGEZOC'iPE W value of ag under unstressed conditions.

Further, V. Is the applied gate potential.

Fro& Eq. (1) and (2), the folloving relation
can be obtained:

11111 I I I I I LcCl ! -. M_ _

I JL I J. I I !LL ., The constant 0 has the approximate values of

.... 0.138 and 0.308 for the n-channel and p-channel

OSFFTs, respectively.
8

C"

IV' V, ~u~
cs I-Is,

FIG) I ,(LD-IEWCEZD &DOEL -

Vhen a NO device is subjected to on
electrical overstressing at the late due to an
impulsive transient caused by an ISD (or an l.t?), /
the corresponding induction of charge-trapping
and generation of interface states can be
equivalently represented by an input noise

resistence 1% given by , e"

Iqto _ I. FIG& SUACE S1 AE DC N97 YERSUS

% (!--) ( r "SE RESISACE: 0 DECE
as PO : IREF 7

vhere k is ' the Boltzmann constant, T Is the
temperature (-300 K) and q is the electronic
charge. Further, t o and %X are the thickness

and the permittivity of the late-oxide, i UIU[ ENTAL SUDIILS
respectively; NS is the surface-state density and

. refers to the field-effect mobility to loy A typical n-channel (enhancement mode)
HOSFET vas subjected to subcetastrophic zaps at

field-obility ratio. its gate-input using a human-body ESD simulator

Eq. (1) indicates that Is ity (fig. 1). Variations of ga and Vt Vre measured

as the functions of the number of zaps.
proportional to NlS  concurring vith the Fig. S illustrates the relevant results.
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FIGS VARIATION OF g.9 V, *IT1 RESPECT FIG? DEGRADATION VERSUS TIME UNDER

TO M.MBER OF ZAPS TWO DISTINCT STRESS LEVELS

AGING NOItL

Cumulative build-up of degradation vith theNOISE PARAJITn VESUS AGING recurrence of saps *mount$ to a dormant stage offailure during which the device would exhibit aUsing the results presented in rig. 5, the performance degradation leading to out-of-spec
fractional change in AN  as a function of the condition(@). This device-aging can be assessed
number of saps (Z) can be calculated via Sq. (3). by measuring the time variation of aThus Fig. 6 depicts the relevant computed data nondestructive property (p) such as a noise
shoving that the rate of veriatiom of AN( Is parameter as indicated In the present analysis.

Suppose two time-variation curves ore obtainedapproximately twice as that of go. Further, corresponding to two distinct (subcatastrophic)
6RN% % ii linearly proportional to Z confirming stress-levels. The fusctional form of p vii beindependent of the stress magnitude and the two
the observations of Abovits, at &l. Sance, the curves will have the sune sape, but differentpresent study indicates the plausibility of length (along the time axis) as shown In Fig. 7.assessing the lOS-based degradation via noise The times corresponding to same (extent of) aging
characterization. under two distinct stress levels can be denoted

.s t1  and t2  (Fig. 7) and are known as

"equivalent times.* By the application of
*equivalent aging principle, it is possible to
relate the equivalent tines in terms of their
corresponding stress levels, namely, VI and V2.

It is given by
9

ti I I 2 o .1 (Constant) (4)

where n is the endurance coefficient. 9q. 4 can

X16 also be written in terms of the average numbers
O R. of zaps Z1 and 22 occurred during the period t1S" .* , and t2, respectively. That is,

N'~ I -~l V322Z2  2 (Constant)()

4 4 •- Thus, from sq. 4 or SO for a given severity
4EA , level, the corresponding value of failure-timeFlog PU AM w Is= ,sswasu m ux . a zas (or average number sap during the period of

failure-time) cam be assessed by determining the
value of a and K.
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Further, the device reliability relevant to AC"OVLEUCEEI4T
the endochronic degradation can be modeled by
assuming that degradation rate is proportional to This work vas supported by a grant from the

h iOffice of Naval Research (No. 613-005) which Is
the existing degradation. 0 

The proportionality gratefully acknowledged.

constant is a positively distributed random
variable and the extent of degradation vould tend
to be asymptotically log-normal. Vence the it ctI
general form of life distribution 2 (number of I. C.S. Jenq, or al, 'High Field Ceneration of
zaps) is given by Electron Traps and Charge-Trapping in

C Z pln(P c ()Ultratbin SiO ,. IEDM. 1981, pp. 388-391.

C 2. G.C. olmes, "An Investigation Into the

Effects of Low Voltage ESD Transients on
NOSFETs,6 Proc. Electrical Overstress/vhere is the standard normal distribution and Electrostatic Discharge Symp., 1985, Vol.

p " r -r €. are r * MN/RN and the suffix C EOS-6, pp. 170-174.

depicts the critical value of r. Further In (p) 3. ?C. and S. Tam, 'elationship Between
has a mean value of and a standard deviation of MOSFET Degradation and Hot-Electron-Induced
0. This log-normal aspect of life-time Interface Generation,* IEEE Electron Device
statistics as applied to endocronic degradation Letters, 1984, Vol. EDL-5, pp. 50-52.
has been verified by the authors (with the NOS
input leakage torrent as the control parametet, 4. 1. lyatt, et al, 'A Closer Look at the Human
p) and the results are presented elsewhere.

11  
ESD Event," Proc. Electrical Overstress/
Electrostatic Discharge Symp., 1981,

CONCLUSIONS Vol. ZOS-3, pp. 1-8.

From the results presented here, the S. P.R. Bossard, et al, "ESD Damage from
following conclusions can be inferreds Triboelectrically Charged IC Fins,1 Proc.

Electrical Overstress/lectrostatic
1. Noise parameter changes in a NOcS Discharge Symp., 1980, Vol. BOS-2, pp. 17-

device subjected to electrical overstressings 22.
represent the global, tiae-dependent
degradation. 6. I.A. Leventhal, 'Deviation of it Noise in

Silicon Inversion Layers from Carrier Notion
2. Such noise parameter variation expressed in in a Surface Band, Solid-State Electronics,

terms of the fractional change In the noise 1968, Vol. 11, pp. 621-627.
resistance (%N), is explicitly related to tWo
ajor NUS-device parameters, namely, gm d 7. C. Abowits, at al, 'Surface States and i/fNoise in HOS Transistors,' IEU Trans.
Vt (Eq. 3). Electron Devices, 1967, Vol. gd-14, pp. 775-777.

3. The rate of change of RN with respect to the 8. L.A. Akers, et al, 'Transconductance

number of saps is approximately linear. Degradation in VLSI Devices," Solid State
Electronics, 1985, Vol. 28, pp. 605-609.

A. Further, this rate of change of % is 9. L. Slmoni and C. Pattini, 'A New Research
awpinto the Voltage Endurance of Solid
approxi tely twice the corresponding change Dielectronics, IE.g Trans. Blec.in so. Insulation, 1975, Vol. 91-10, pp. 17-27.

S. Using aRN/RN as a control parameter (p), the 10. C.C. To, 'Degradation Model for Device

principle of equivalent aging can be applied Reliability," roc. Reliability Phys. Syep.,
to NOS degradation for accelerated aging
studies. 11. P.S. Neelakantasvemy, at al, 'Susceptibility

of On-CiIp Protection Circuits to Latent6. The degradation process can be modeled with failures Caused by Electrostatic Discharge,"
log-normal distribution for relevant lifetime Solid State L.ectronics. (In press)
statistical analysis.
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GATE-INSULATOR DEGRADATION IN NOS-DEVICES DUE TO ELECTRICAL OVERSTRESSINGS:

CHARACTERIZATION VIA NOISE PERFORMANCE STUDIES

Perasbur S. Neelakantasvamy
RIT Research Corporation

75 Bighpower Road
Rochester, NY 14623-3435

(716) 475-2308

Ibrahim R. Turkaan
Department of Electrical Engineering
Rochester Institute of Technology

1 Lomb Memorial Drive
Rochester, NT 14623

(716) 475-2397

ABSTRACT - Design-revievs required to achieve associated occupation of surface states can be
improvied performance reliability warrant the viewed as random/fluctuating phenomena which
assessment of gate-insulator degradation in metal- manifest as the device-noise vith a typical 1/f type
oxide semiconductors (NOS) subjected to electric-l1 pover-spectrum. That is, noise characterization
overstressing TEOS) environments involving would present the global influence of overstressing
electrostatic discharges (ESD) and/or unlike the other parameters (specified earlier)
electromagnetic pulsing (ENP). The collective which would rather represent the partial effects
response of all the degrading parameters of the only.
stressed devices can be cohesively studied via noise
performance characteristics, as indicated in the In the present studies, an analytical
present analysis. The global influence of formulation relating the charge-trapping and the
overstressing quantified in terms of degrading noise electrical overstressing is derived in terms of an
parameters is useful in life-time prediction equivalent noise resistance. Measured data acquired
efforts. Relevant test calculations and from a typical NOS integrated circuit subjected to
experimental data are presented. electrical overatressings are presented.

INTRODUCTION ANALYSIS

Assessment of gate-insulator degradation in The ISD phenomena normally encountered can be
metal-oxide semiconductor (NO) devices caused by simulated by three yell-known rodels, namely, (a)
electrical overstresses (EOS), such as electrostatic human-body model 141, (b) charged-device model (51,
discharge (ZSD), electromagetic pulsing (W), and (c) field-induced model 16). The human-body
etc., is essential for necessary design-revievs model (Fig. 1) depicts the transfer of static from a
required to achieve reduced device-instabilities and charged individual to ground via the test device.
improved performance reliability. Charged devies model represents the bleed-off of

accumulated charge upon the device-surface to ground
The primary effect of electrical overstressing through the pin(s) and conductive parts of the

is to cause a charge-trapping phenomenon in the active device (Pig. 2). The third model simulates
gate-oyide film |1). The extent of gate-oxide the effect of the charge distribution and discharge
degradation arising from electrical overstressing when a device is exposed to static electric field
would depend on the cumulative magnitude of charge- (Fig. 3).
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. LH

In the existing studies (1,21 on gate-oxide
degradation, the parameters normally considered to
characterize the influence of overstressing and the
resulting charge-trapping/surface-state effects are

(31, (a) device transconductance, g ; (b) gate-

current due to pumped-in charges, Icp; (c) gate-

oxide capacitance, Cox; and (d) threshold voltage,
! Vt ' Inasmuch as the aforesaid parameters are .S

largely interdependent, the estimation of one of1
these parameters (to depict the degradation) ana 
function of overstressing does not explicitly I
account for the deviatory characteristics of the C.1OOp ,
rest of the parameters. Vt C, RT V

Hence, it i purported in the present i
investigations to develop a nev and cohesive
formulation in terms of noise performance of the NOS
dvice to characterize the overall degradation due
to overstressing. The noise characteristics of a HUMAI-COY oEVI PA 'S
WS device weld, In general, depict the collective L
response of all the degrading parameters. This is
because the net effects of charge-trapping and the FIG 1 HUMAN-BODY MOOLIE

CH2196-4/86,0000-327 $1.00 • 1986 IEEE
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permittivity of the gate-oxide, respectively; N is

the surface-state density andHs /p.° refers to the

field-effect mobility to lo-field mobility-ratio.

Eqn. (1) indicates that % is directly

T--!80EECTRICproportional to N ISconcurring with the experimental
CmARG-;NG results due to Abowitz, et al 171, (Fig. 4). Hence

the endochronic history of N as dictated by

TRISOE CTRIC external overstressings can be tracked via noise
CHARGING parameter measurements.

C2 T 2  I V ' . - C v, .

/1
R 2I

l(}' - - -/

FIG 2 CHARGE .'-O E./ ICE MCCE - 1 -, o "4

ox,0/ -A;

iCE C I
- I"

57 i~ ii FIG1 SURFACE STATE DENSITY VERSUS
- -- - NOISE RESISTANCE: MOS DEVICE

,- 
%

(REF. 7)
DEVICE INTERIORLR

A , The field-effect mobility Is itself dependent
C-on N as vell as on the other device parameters,

I v, V namely, the transconductance (ga) and the threshold

C- EL voltage (Vt). Etxplicitly, by using the results of

T a gsu and Tam [3) and Akers, at al [81, one obtains

________________ s 1 --gm 1

3 FIEZ-,NCL'CE: %MCCE. PO " 9 No 13(vg-I t

where a and 1 are constants and go refers to gn

under unstressed conditions. Further, V is the

applied gate potentials.

Vhen a HOS device is subjected to electrical
overstressings at the gate due to impulsive Combining Eqs. (1) and (2), the following
transients caused by electrostatic discharges (ESD), relation is obtained for the fractional values of
the corresponding induction of charge-trapping and N. Vt and g .

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

'A accumulation represented by the device noise MN 6a 1characteristics. Than is, under identical pumped-in - - ] (3)
current by repetitive transients, Leventhal 161 has -N 

5  
2(

shown that the resulting input noise resistance %N I t g
is given byo 12P RIM M L S UDI S

1 tox " ( 1 A typical n-channel (enhancement mode) N4OSl!

It oy as subjected to subcatastrophic saps at Its gate-
Input using a buman-body simulator (Fig. 1).

vhere k is the Soltsman constant, T Is the Variations of sm and Vt measured as the functions of
temperature (- 300 K) and q is the electronic the number of sape. Pig. 5 illustrates the relevant
charge. Further, tox and %, are the thickness and results.

328
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form of p viii be independent of the stress
magnitude and the two curves vill have the same
shape, but different length (along the time axis) as
shorn In Fig. 7. The times corresponding to same
,(extent of) aging under two distinct stress levels

"I, -i7'', can be denoted as t 1 and t 2 (Fig. 7) and are knovn

as "equivalent times" 191. By the application of
*equivalent aging principle.' it is possible to
relate the equivalent tines in terms of their

- - corresponding stress levels, namely, V1 and V2. It

is given by (91

T~~Vn t:1 V . t2  K1 (Constant)()

T'-1' vhere n is the endurance coefficient. Eqn. 4 can
also be written in terms of the average numbers of
zaps Z1 and Z2 occurred during the period tj and t2

respectively. That is,

F1G.S VARIAT10N OF g& Vt WITH RESPECT Vn Z - 2 Z2 - K (Constant) (5)

TO NUMBER OF ZAPS

Thus, from Eqn. 4 or 5, for a given severity level,
NOISE PARAJ4ETER & AGING MODEL the corresponding value of failure-time (or average

number zaps during the period of failure-time) canThe fractional change in % as a function of be assessed by determining the values of n, K and

the number of zaps can be calculated using Eqn. (3)
and the measured data of Fig. 5. The corresponding
results are presented in Fig. 6.

Q4 *v [Z" .... _V1 > V2

!! A
VI2

f4

A

NM C ZAP Z)
FIG.6 INEASE IN NOISE RESISTANCE WITH NUMER OF ZAPS FIG., DEGRADAT 1:N VERSUS TImE U:1:.,;

TWO DIST2' CT STRESS LEVE'-S

From the data presented in Fig. 6, it can be
ascertained that A%/%N is linearly proportional to Further, the device reliability relevant to the

endochronic degradation can be modeled Ly assumingo(number o zaps), closely agreeing ith the that degradation rate is proportional to the
observations by Abovitz, s t al 7]. Further, the existing degradation (101. The proportionality
rate o change of RN is approximately trice as that constant is a positively distributed random variable
of s That is, the degradation can be more and the extent of degradation vould tend to be

asymptotically log-normal. Bence the general formaccurately assessed in terus of noise parameter of life distribution Z (number of zaps) is given by
measurements than by g determination.

ln(Pc)-P
Cumulative build-up of degradation vith the G(Z,pc) - 1-s [ ] (6)

recurrence of saps amounts to a dormant stage of w

failure during which the device would exhibit a
perforuance degradation leading to out-of-spec where # is the standard normal distribution and pc
cOndition(s). This device-aging can be assessed by
measuring the time variation of a nondestructive r - r e .  Sere r - M,/U and the suffix c depicts
property (p) such as a noise parameter as indicated the critical value of r. Further In (p ) ha mens
in the present analysis. suppose tM time-variation h
curves are obtained corresponding to two distinct value of P and a standard deviation of .. This log-(subcatantrophic) stress-levels. The functional normal aspect of life-time statistics as applied to

329



endocronic degradation has been verified by the 121 Holmes, G.C., "An Investigation into the
authors (with the NOS input leakage current as the Effects of Low Voltage ESD Transients on
control parameter, p) and the results are presented NOSFETs," Proc. Electrical Overstress/
elsevhere [111. Electrostatic Discharge Symp., 1985, Vol. EOS-

CONCLUSIONS 6, pp. 170-174.

(31 Hsu, F.C. and Tam, S., "Relationship Between
From the results presented here, the folloving NOSFET Degradation and Hot-Electron-Induced

conclusions can be inferred: Interface Generation," IEEE Electron Device

1. Noise parameter changes in a NOS device Letters, 1984, Vol. EDL-5, pp. 50-52.

subjected to electrical overstressings represent 141 Hyatt, B., et al, "A Closer Look at the Human
the global, time-dependent degradation. ESD Event," Proc. Electrical Overstress/

2. Such noise parameter variation expressed in Electrostatic Discharge Symp., 1981, Vol. EOS-
terms of the fractional change in the noise 3, pp. 1-8.

resistance (RN), is explicitly related to two 15) Bossard, P.R., et al, "ESD Damage from
major NOS-device parameters, namely, g and V t  Triboelectrically Charged IC Fins,* Proc.

t Electrical Overstress/Electrostatic Discharge

Symp., 1980, Vol. EOS-2, pp. 17-22.

3. The rate of change of RN with respect to the 161 Leventhal, E.A., "Deviation of 1/f Noise in

number of zaps is approximately linear. Silicon Inversion Layers from Carrier Notion
in a Surface Band," Solid-State Electronics,

4. Further, this rate of change of RN is 1968, Vol. 11, pp. 621-627.

approximately twice the corresponding change in 7) Abowitz, G., et al, "Surface States and 1/f
Noise in NOS Transistors," IEEE Trans.

Electron Devices, 1967, Vol. Ed-14, pp. 775-
5. Using hA/RN  as a control parameter (p), the 777.

principle of equivalent aging can be applied to 181 Akers, L.A., et al, "Transconductance
MOS degradation for accelerated aging studies. Degradation in VLSI Devices," Solid State

6. The degradation process can be modeled vith log- Electronics, 1985, Vol. 28, pp. 605-609.

normal distribution for relevant lifetime 191 Simoni, L., and Pattini, G., "A New Research
statistical analysis. into the Voltage Endurance of Solid

Dielectronics," IEEE Trans. Elec. Insulation,
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