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INTERNATIONAL ELECTROTECHNICAL COMMISSION

FAILURE MECHANISMS AND MODELS FOR SILICON
SEMICONDUCTOR DEVICES

FOREWORD
N

A PAS is a technical specification not fulfilling the requirements for a stanpdard, availgble to the

public and established in an organization operating under given procedures

IEC-PAS| 62202 was submitted by JEDEC and has been processed by | i itte® 47: Senjiconductor

devices.

The text of this PAS is based on the
following document:
Draft PAS /\& X\/ / Ré[;?s]rt o>ot|ng
47/1507/PA& \ \ \ 47/1;39/RVD

Following publication of this PAS, the teghnicalcommjttee onsubcommittee concerned will investigate the

possibilify of transforming the RAS into an NterRational Sta d.

An IEC-RAS licence of copyrig t of copywight has been signed by the IEC and JEQEC and is

recorded ]

1) The IE pission) is a worldwide organization for standardization comprising all
nation ational Committees). The object of the IEC is to promote interpational co-
operaji dardization in the electrical and electronic fields. To this end and in addition
to oth ubllses Niternational Standards. Their preparation is entrusted to technical gommittees;
any |H ed in the subject dealt with may participate in this preparatory work. Ifternational,
gover al organizations liaising with the IEC also participate in this preparatiqn. The IEC
collab| by wi h the\International Organlzatlon for Standardization (ISO) in accordance with| conditions
deterr

2) The f agreements of the IEC on technical matters express, as nearly as possible, an ipternational
consejnsus of opirion. .oy the relevant subjects since each technical committee has representation from all interested
National Committees:

3) The documents\produced have the form of recommendations for international use and are published in the form of
standards, technical specifications, technical reports or guides and they are accepted by the National Committees in
that sense,

4) In orderto promote international unification, IEC National Committees undertake to apply IEC International Standards

transparently to the maximum extent possible in their national and regional standards. Any divergence between the

IEC S

tandard and the corresponding national or regional standard shall be clearly indicated in the latter.

5) The IEC provides no marking procedure to indicate its approval and cannot be rendered responsible for any
equipment declared to be in conformity with one of its standards.

6) Attention is drawn to the possibility that some of the elements of this PAS may be the subject of patent rights. The
IEC shall not be held responsible for identifying any or all such patent rights.
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estimate system failure rates for the Sum-of-the-Failure-Rates Metha
microgircuit failure mechanisms have statistically independent fai
stressefd at accelerated test conditions.
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FAILURE MECHANISMS AND MODELS
FOR SILICON SEMICONDUCTOR DEVICES

(From JEDEC Councrl Ba.llot J CB 94 73 formulated under the cogmzance/ow4
Commyittee-on-Quality-and Hia 3

1 Scope

or accgleration factors that may be used in making -
only ayailable data is based on tests performed at-accele
method to be used is the Sum-of-the-E4 Rete

2 Introduction

Accelerated tests are typi 2] : %en ify \pOtential failure mechanisms in
silicon : estimate ate-of their occurrence in electronic
systems. The historica gating the relationship between a maximum stregs
failure QUsE a single representative "equivalent” thermEl
activa proguct group and use that number in the calculatipn

dccepted by the industry because of its simplicity and
' ' another method has been developed, the Sum-of-the-Failure-
‘Rates method;-that offe ecknowledge of why devices fail. :

For th Failure-Rates method, the failure rates of potential failure mechanisms

are estima “Rarately and are then added together to generate the microcircuit failure raté

estimate. The \rafe equation that represents this process is A = E)\i =AN+M+
e+ ) 5. represents the system failure rate for the mrcrocrrcurt and A represents

the failpre rate for each failure mechanism.



https://iecnorm.com/api/?name=ec26e170e4f7ba1eab13d9d693a383f5

Copyright © 1996, JEDEC; 2000, IEC

EIA/JEDEC Publication No. 122
Page 2

2.1 Organization of this document

This publication is organized into three parts. The first consisting of sections 1 through 4,
discusses the principles of classification and definitions needed to understand and use this
pubhcatlon The second part consnsts of two tables of fa11ure mechamsm

e first table
D b ﬂx

classifi

‘: effec
il to.some of the s

The fgllowing terms ¥

acceleration fa@ A

failure

the

e

activati
by an p

he acceleration factor due to the presence of some stress (current density, electric
humidity, temperature cycling, etc.).

1 First Definition, (Van Nostrand’s Scnennfic Encyclopedia, Sixth Edition, Van Nostrand
Reinhold Company), p.31
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Ar: The acceleration factor due to changes in temperature. The mathematical relationship
or equation commonly used for microcircuits and other silicon semiconductor devices follows
the format of the Arrhenius equation.

The most-often referenced acceleration factor is the acceleration factor du{tam{lges in

tempefature (Ay). If 1s calculafed as follows: N
L Te .
AT B _-L - e X T‘ T‘ 1
A

i
&
S
8
=
-
a
o3
<
=}
g
=
S

absolute tempera tre
failure rate at the acee
failure rate at the

FFNN N
N

ability of a device. Acceleration factors can
. Many of these equations are found in

vation energy that is calculated using the principles
een stress and failure rate but is not directly related to a
It may be based on too many possible physical "effects"

failure mechanism: The underlying cause of the failure (e.g., electromigration). Also see
JESD29, "Failure-Mechanism-Driven Reliability Monitoring of Silicon Devices".

failure mode: The product attribute or manner in which a failure exhibits itself (e.g., open
metal).
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failure rate (\): The ratio of the number of failures to the total number of hours a quantity
of devices are on test (A, or operating in the system (). For the constant failure rate
(failure rate definition: A = number of failures + number of devices + number of test
hours). It is measured as failure per total hours on tests. For failure mechanisms with
fallure rates that are a nonlmear funcnon of time, other analyucal methog i

'cent falled per 1000 hours and 2) FITs.

Failures In Time or the fraction of the number of failure

poterti
throug

prod
physi

consist
a proj

relati
amo
com
densit

faﬂure mechanism’s sensitivity to temperature (i.e., its acceleration factor) and al
ct's thermal acceleration factor. By measuring parametric change caused by

grature,. activation energy in its physical sense can be estimated. When used to estimate
hablhty of a product as shown.in equanon 2,itis also bemg used to express that
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)\. At Aoe (2)
g — s
AT A

where: A is the failure rate at base temperature (i.e., roo

whiclj the failure rate is constant. Even though very few pr
the fajlure rate is truly constant. Nevertheless the assumpti
commonly used. For product estimates using the Composi
becomes an "apparent” activation energy E,

4.2 Other activation energy classifie4ti

Often|devices and their physical processas are. ser ; ore than one combination of
physi¢al forces. These stresses may be S( aproduct’s application and include
electrical potential, moisture i i eme temperature cycling, and other
forms| of stress. Potentidl f3 ) exist for a semiconductor device that is
2d by multiple stresses. cliabi gineer has to consider that there may be mpre

Cnerg Y. equation for'the failure mechanism to get the correct reliabifity

ed by multivariable equations or equation sets are
omigration.

irectly proportional (€-Model) to or inversely proportional (1/€-Model)| to
he oxide. These models are only two of several that appear in tlr
greement that the thermal activation energy is a less-significant facto

For metallization, some of the electromigration factors that have to be included are the
compagsition of the metal, the passivation above and below it, its use as a long stripe, a short
stripe or-via;-its-granular structure, the number of metal layers, eic.

For mechanical stresses caused by temperature cycling, etc., they are typically modeled by
power law forms, not Arrhenius. These failure mechanisms will not have a definable
thermal activation energy. Annex A.4.2 provides additional discussion and references on
mechanical stress.
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Table 1 — First order estimates semiconductor failure mechanism activation

energies
Activation energies Other
actors/References
: Typ. Min. Masx. (Note b)
Gengral-Failure Meehanism-Class eV V) eV~
{ev) (V) eV~

Surme/Oxidc 1.0 0.75 . <4x\ \.Ql\ >
Ag)

Hot Jarncm see A2 \

Charge loss in dynamic memory 0.6 Oé\\ kﬂ\

N
Dielectric Breakdown y =32
: ) A3l
= A3.2
| 0.3(( > (526 ‘\> 10 | Ref a3-2
field >0.04 micron thick
£0.04 macron thick > 0\7\ 0>8\/ 1.0

Metallization . \)
Elegtromigration Current Density
. factor N=2.0
v _ A4l
X 0.5 0.7

\> . Ad2
Stress voiding see A.4.2

Cont 0.70 0.53 0.95
0.53 0.30 0.80
Wafe
1.00 100 | 1.00

silicon/crystal defects 0.50 0.30 0.50
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Table 2 — Failure mechanisms/activation energies
Failure Mechanism eV) N \% RH . Ref
Surface / Oxide
t .U INU ‘l’ N ‘I’Cb
i 1.0 No s
Charge Accumulation 1.0 No o
Mobile lon Diffusion )
Along Aluminum Lines S 0
Diffusion through PSG Ye
Bit-To-Bit spreading No
Charged Contamination \ s No
Surface Charge spreading \N9> No
Chatge Loss in Dynamic Memory No No
Charge Loss in EPROMs No No
Leakage n 810, No No
Inversion No No
Refresh Degradation No No
A3
General Relatipnshi 3.2 No
Charge Trappi&% Yes No
No No A6
Met;
0.8 No No Yes AS
0.7 No No Yes AS
0.3 No No Yes AS
0.53 No No Yes AS
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Failure Mechanism eV) N Y% RH Ref

Assembly Processes

Intermetallics ' ( \Q
1.0 No

Bromide-induced !

Halide-induced 05
Chloride-induced 0.8 ‘
Wire Bond Failure 0.75
Wire Bond Failure (Wedge) 0.45
Wire Failure 0.45 <
Die Attach Failure 0.30
Scratched Passivation %\
Die Cracked l.

45

NOO

Passivation Cracks

Contamination on Surface
ge o es for many of these failure mechanism
nittee has>agreed upon a single value for each of

an

NOTES —
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Annex A - Rationale

cesonit. The subjects discussed are as follows:

A.1  Mobile Ions
A.2 Hot Electrons
A3  Field Induced Dielectric Breakdown
A4  Metallization

A.4.1 Electromigration

A 42 Stress Voiding
AS Metal corrosion
A6 Mechanical Stress-
A7 EPROM Data Lo

A.1 Comment - Mobile ig

The classification of mobile ion ~ argesdound in the silicon, at the silicon-oxide
interfage, in the dielectric oxi jon oxides whose mobility increases as a
functign of tem ; Ms towards opposite electrical charges, when they
exist. What dlstln ishe ym other forms of oxide impurities is that they remain
mobile after the bias is removed but will repeat the drift

phenorn en the impurity density of the mobile ion is close

enoug impurities that ionic drift towards an oppositely charged pole
will " thie. dominant doping impurity) the charge in a localized region of the
microp fail by conducting or leaking charges where it wasn't designed to
occur onic drifting would be modified transistor characteristics that affect the

can be ["passivated” (i.e., neutralized) by doping the surroundmg oxide with oppositely charged
ion sugh'as'phosphorus. The most plausible solution'is to assure that the microcircuit processes
keep their level of thesg ionic impurities low enough so that no level of overdoping is possible.

Ions tIt have been identified and studied include sodium, lithium and potassium. Mobile ions

Other charges such as oxygen, hydrogen, etc., can initiate similar drift characteristics in the
finished product but seldom will fail, recover through a bake, and then refail, as many times as
the process is repeated, as truly mobile ions do
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0

As knowledge of these charges grew and the methods used-to detect them in the process and in
the materials used in processing microcircuits became more sophisticated, the mobile ion impact
has diminished.

corruptéd process devices. It also has the lowest activa TR
lowest ctivation energy is about 0 7 eV. However as reported in the 11 éFa

in the oxide and the polarity of the applied bias. Reported values fe
eV181-3{ for oxides with no phosphorus impurities in them to 1.9
was 8% P,05 concentrations (mol %) of impurities present
energy was repc’rted[al 1] t6 be 0.8 eV for sodium. In
occurrence is influenced by a number of variables, the

been tr

References:

al-1

al-2

al-3

al-4

al-5

al-6

al-7

t[al g l]

OSFET Devices with Phosphorus-Doped Oxide as Gate Dielectric,
¢ Science and Technology, December 1977), pp. 1897-1900

Charge Effects and Other Properties of the Si-Si0, Interface: The Current
, Understandlng, (The Third International Symposium on silicon Materials Science and
Technology (Electrochemical Society) Philadelphia, PA, May 1977), pp. 1-18

Effect of Electron Trapping on IGFET Characteristics, (Journal of Electronics
Materials, Vol. 6, No. 2, 1977), pp. 65-76

Electron Trapping at Positively Charged Centers in SiO,, (Applied Physics Letters,
Vol. 26, No. 5§, March 1975), pp. 248-250
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al-8

The Current Understanding of Charges in the Thermally Oxidized Silicon
Structure, (The Journal of the Electrochemical Society, Vol. 12, No. 6, 1974),
pp. 198-205

ION Instabilities in MOS Structures, ( 12 Annual Intematiggéﬁahility Physics
N

al-11

al-1p

A.2 Comment - Hot cafriers

The hpt-carrier effect is 2
arises from the high e
MOSFET channel. The'elect ¢ atinig-the carriers has increased with each

succeeding generatio
than operating oS’

transistor characteris

oxide.
carrie

a2-1 — Temperature Dependence of Hot-Electron Degradation in Bipolar Transistors,

Symposium, 1974), pp. 250-258

Interface Instabilities (1974), (12 Annual International
Symposium, 1974), pp. 267-272

A Review of Instability Mechanisms in Passivati jonal

Reliability Physics Symposium, 1970), pp. 1-8

Polarization Effects in Insulating Fil i A Revie the

ansistor performance degradation. It
oles moving from source to drain in a

ause transistor dimensions have scaled faster
e channel carrier leads to a gradual shift in the

iefation of interface states and charge trapping in the gate
aracteristics/change, the overall circuit performance is degraded. Hot

ecelerafion is small compared with the voltage acceleration, typically
ayr a factor of 10 as the temperature is increased from 0 to 100 °C.

(IEEE Electron Device Letters, Vol. EDL-40, No. 9, September 1993),
pp. 1669-1674

Dynamic Effects in Hot-Carrier Degradation and their Relevance for CMOS
Operation, (31% Annual Proceedings, International Reliability Physics Symposium,
Tutorial, 1993), pp. 1a.1-1a.23
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a2-3 Temperature Dependence of Channel Hot-Carrier Degradation in N-Channel
MOSFETs, (Journal of Electron Devices, Vol. ED-37, April 1990), pp. 980- 992

a2-4 The Effect of Channel Hot-Carrier Stressing on Gate-Oxide Integrity in
MOSFETS, (IEEE Transactions on Electron Devices, Vol. ED-35, No. 12, December
T988), pp. 2253-2257

a2-3 Accelerated Testmg of MOSFET Lifetime due to Hot
Degradation, 27" Annual Proceedings, International
Tutorial, 1987), pp. 7.1-7.22

a2-q A Model for Electric Field in Lightly Doped-Drai : tions
on Electron Devices, Vol. ED-34, No. 7, July

a2-7 50-A Gate-Oxide MOS | Vol.

ED-34, No. 10, October

ctron

wn in Thin Gate and Tunneling Oxides, (IEEE Transactiops on
ol. ED-32, No. 2, February 1985), pp. 413-422

Hot-Electron-Induced MOSFET Degradation - Model, Monitor, and
Improvement, (IEEE Transactions on Electron Devices, Vol. ED-32, No. 2,
February 1985), pp. 375-385

Hot-Electron-Induced MOSFET Degradation at Low Temperatures, (IEEE
Electron Device Letters, Vol. EDL-6, No. 9, September 1985), pp. 450-452

a2-15

a2-16

Temperature Dependence of Hot-Electron-Induced Degradation in MOSFETs,
(IEEE Electron Device Letters, Vol. EDL-5, No. 5, May 1984), pp. 148-150

Impact Ionization of Electrons in Silicon (Steady State), (Journal of Applied
Physics, Vol. 54, No. 9, September 1983), pp. 5139-5144
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a2-17 Theory of Hot Electron Emission from Silicon into Silicon Dioxide, (Journal of
Applied Physics, Vol. 54, No. 9, September 1983), pp. 5145-5151

a2-18 Generation of Interface States by Hot Hole Injection in MO s (IEEE
Transactions on Electron Devices, Vol. ED-29, No. 5, May 19)3‘), pp. 13-918

a2-21 Hot-Electron Emission in N-Channel IG [ fcuits,

az2-2p Leakage-Induced Hot Catrier Ir

. : ras-Doped Si0, Gate IGFET
Devices, (15 Annual Proceedi gs, ,

iability Physics Symposium,

A.3 Jomment - Field-ing

Simple oxide dielectric breakdown i y slightly temperature-sensitive but is highly voltage-
sensit{ve as -(®s ; ¢ tric fieldapproaches the dielectric strength of the oxide.
Develpping the acce his’family of mechanisms requires that the total dielectrjc

breakdown acceleta
two af

5 field-induced dielectric breakdown) be the product of the
mperature in kelvins) and Af (with field in MV/cm).

Two wi electric breakdown, plus several others that are less widely used,
i are. Users of the information contained in this document are

encouragexd ict experiments that determine E, for the particular process and operating
conditfons of interest; These experimental results are the best means by which the most accurate

e predictions dre obtained.

A.3.1| Proportional model (¢-Model)

It has been shown [2>-1%] that the electric field acceleration factor (Ap for SiO, is an inverse
function of absolute temperature. It is also shown that the effective activation energy for Si0,
stressing varies in a linear manner as a function of the difference between the field strength at the
median (t5,) breakdown point for the intrinsic oxide and the test or operating stress field.
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The equations for the field acceleration and the thermal acceleration factors are:

(e €)
Af - e (A.1) (\

N

where

Ag| =
Aq =
y

By =
8S
T
T,
E

a

w

-+

Since enide expression for accelerated failure for field induced
diele+c breakd N of the acceleration factor for temperature and voltage,
as foll

(A.3)

That, by substitution, becomes

3
[

L 1
p =e?(t,-e,)_e—[ T (A.4)

ox

~1|—-

AtT,=125°C,E, =03 eV and y = 7.4 cm/MV for fields of 7.5 MV/cm. At fields below -
5 MV/cm, more typical of systems operations, a value of 6.45 cm/MYV is used for vy.
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A.3.2

Inverse proportional model (1/€-Model)

In Modeling and Characterization of Gate Oxide Reliability [23-91 jt is proposed that the physical

process that created the oxide filaments that lead to failure by the breakdow:
described by theory that requires the time to breakdown ( tyq) to be an inve

strength of field. In the proposed equation{®3-%], the electrical field accele
slope|of the log of the time to breakdown (tpg) versus 1/€ ., and is eql

oxide were
de functin

wherg
Zox B/e
B| ent density equation (Jxe™> = °X)
H| arrent expression ae TVEOX 3 value of 80
These pression for the intrinsic breakdown model duk

parameteys are fi
to field stress:

In equption A.6,

oxide {
stress
H))is

(A.6)

=

oxdnd X, - aX  represent the thickness of the oxide (X,x) and the change
hickness (4X,,, ) due to defects. Vx is the voltage applied across the oxide. The field
s a measure of the voltage (V) applied across an oxide whose thickness is Xox Byt
the value of B+H at room temperature. T is the intrinsic breakdown time of the oxide.

1s the

n
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To account for thermal factors, the model in reference 331 expresses the temperature
dependence of the factors B and H as shown in the next equation:

!

E, A
B.H-(B-.H)- (M. )
L' o p s KT

In practice, the values of B + H may vary as a function of the oxid¢
and x fefer to the thermal characteristics of the Arrhenius Model, the the
(E,) and Boltzmann's constant (x). M, is an adjustable fitting-paratr eter.

By substitution, t,4 becomes:

(A.9)
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A.3.3 Other methods

Since the mid-eighties, other equations have been presented to address oxide thicknesses below
20 nm. It is not reccommended that the above equations be applied to oxides Mm 20 nm
unless experimental data has been generated to show their applicability to those oxides. The
subject of oxide breakdown is very dynamic and will remain so for many ;

respone to a JEDEC ballot?, it was pointed out that the 1/€-model dog
acceleration factor. A simple equation that can be used to calculateValues tyq\at operating
voltagg:

€

d-Cx(-’)‘

t

where  is a constant = 107! for silicon® NO
processes or technology™"*.

5

2 Cominents to JC-14.1-91-122A, Dec. 2. 1991

3 Bimodal Lifetime Distributions of Dielectrics for Integrated Circuits, (Qual. Reliab. Eng.
Int. Vol. 7, No. 4, 1991) pp 299-305

4 Consistency of Lifetime Extrapolation Models Applied to ONO Triple Layers,
(Proceedings of 2nd ESREF, Bourdeaux 1991), pp 247-254
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Reliability of 6-10 mm Thermal S

i0, Films Sh
(IEFFTr ons on ectron Devices

a3-2
a3-2

A4 ¢

A4l

where

Low Field Time Depende
International Re

8i0, Defect Density on both the Applied Electric Field and
bss, (Solid-State Science and Technology, Journal of the

E.
(:‘;.) (A.11)

Prefactor with complex dependence upon grain size, line structure and geometry,
test conditions, current density, thermal history, etc.
Current density .
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N = 1 to 14 in literature. The accepted number today is N = 2 for current densities in
the range of 1 to 2 X 10% A/cm?. However, variations in residual stress will cause
N to range from 1 to 2.

Formuia (A.11) which is referred to as the Black Formula inherently assumeé%@ activation
energy b, inaependent or temperature and line width. This assumption 1
line width is much larger than the finite grain size of metallizations su

the median grain size or below, there has been no well-accepted
electromigration MTTF up to the moment of writing this document. : ne

~activ
effect| i

It must be stressed that thecurren ity ex or electromigration failure is very
sensitjve to the failure mode. e<existing voids results in N = 1 behavior whereas
void nucleation result$\i avior. \Which-béehavior will dominate is a function of the
mechanical stres sent it the bor. Both have been observed in similar structures
depending on i igbles: e use of the incorrect value for N can produce errors o
orders of magnity

conducted by a JC-14.1 Task Group member, performed in|
8, A bibliography that references the papers from which this data
e end of this section . The papers with published dates of 1990
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Table A.4.1 — Single Layer Aluminum Metallization

(OPENS)
Percent (%) Typical
Alloy Activation

Si Cu Ti Energy (eV)

0 0 0 0.48
tested in He

<15 PSG passivated
SizN, passivated
0.75% Si
T>125°C
T <125°C

large Si nodules
medium Si nodules
small Si nodules
2% & 5% Cu
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Table A.4.2 — Multiple Layer Aluminum Metallization
(OPENS)
[Depends on underlayer thickness]

Percent (%)
___Alloy

Typical A
. ) Underlayer Activation @\ tions & Comments
Si Cu Ti Energy (e

0 0 0 TIN 0.55 ﬁgra 10n experiment - 0.44 fine
in©,5% Cu 1.21 lgrge grain 0.5
0 0 0 W Extrusions
<1 0 0 W, WA 47 AR '
67

0.
0 <2 0 W, 0 AR
2 0 0 :
0 0 0.53 Extrusions
0 0 Q 0.61 AR
0 <1 0.71 AR
<1 9 TiW 0.49 AR

0 0 PolySi 0.53 Opens
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Table A.4.3 — Multilevel aluminum metallization contacts to metal and substrates

Typical
Percent (%) Underlayer Contact Activation
Alloy To - Energy Excepti()rm\%mme‘“s
Al Si Cu (eV)
* * w 0.9

« | 0.5 TiN/Ti AL1% Si,
0.5% Cu

* 1075 0.5 T,Si,/P Poly

1 TiSi,/Poly

: ares: Smce the kinetics of failure processes are thermally activated, but the
driving force forfailure is inversely proportional to the temperature difference, a highly non-
Arrhenius temperature dependence results. Although appearing to have an activation energy in
some harrow temperature ranges, higher temperature can actually decrease the acceleration
depengding(on certain difficult to control process parameters. The use of an Arrhenius relation
for failure times can lead to dangerously optimistic predictions. Therefore, references to an
activation energy for stress voiding will not be included in this document.
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Additional information may be found in the referenced paper5 . However, these values are
offered as information at this time. There is a significant alternative position that stress voids do
not follow the Arrhenius thermal model very closely and are more likely to be detected through
the use of accelerated temperature cycling methods and follow power law models.

5 Measurement of Three Dimensional Stress and Modeling of Stress Induced Migration
Failure in Aluminum Interconnections, (28th annual proceedings, International Reliability
Physics Symposium, 1990), pp. 221-229 '
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