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Quality and Reliability

Quality: The American Society for Quality (1983) defines quality as the
“totality of features and characteristics of a product or service that bear on

its ability to satisfy a user’s given needs.”
Quality function deployment (QFD) means of translating the “voice of the
customer” into substitute quality characteristics, design configurations etc,

through the whole organization: marketing, engineering, purchasing, etc.

Quality

|

Customer satisfaction

I

Voice of customer

b1

Substitute characteristics

1

Target values

After: Reliability Engineering, Kailash C. Kapur, Michael Pecht (2014)
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Quality and Reliability
Reliability: time-oriented quality (2000).
» The probability that a device, product, or system will not fail for a given period of

time under specified operating conditions (Shishko 1995).

» Reduction of things gone wrong (2003),

» The capability of a product to meet customer expectations of product performance
over time (1997),
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https://www.wiley.com/en-us/search?pq=%7Crelevance%7Cauthor%3AKailash+C.+Kapur
https://www.wiley.com/en-us/search?pq=%7Crelevance%7Cauthor%3AMichael+Pecht

Semiconductor Reliability — the bathtub

The reliability of semiconductor devices is represented by the failure rate

curve (called the "bathtub curve").

The curve can be divided into three regions:

(1) initial failures, which occur within a relatively short time after a device
starts to be used,

(2) random failures, which occur over a long period of time,

(3) wear-out failures, which increase as the device nears the end of its life.

Failure rate

Initial failure Random failure period Wear-out failure period
period

Early failures due to Random failures due Wearout failures when
sidewall bubbles to overstress in use design lifetime is
conditions reached
Time IR P 2020
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The bathtub — Initial failure (early failure)

"Initial failures" are considered to occur when a latent defect is formed, for

example, during the device production process and then becomes manifest
under the stress of operation. For example, a defect can be formed by
having tiny particles in a chip in the production process, resulting in a
device failure later. The failure rate tends to decrease with time because
only devices having latent defects will fail, and these devices are gradually

removed. Measured in PPMs

Initial failure Random failure period Wear-out failure period
period

Failure rate

Conductive
Particle

To be removed by better
device “screening”,
better quality control

Time
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The bathtub — Random failure (normal

Lifetime)

"Random failures" occur once devices having latent defects have already

failed and been removed. In this period, the remaining high-quality devices
operate stably. The failures that occur during this period can usually be
attributed to randomly occurring excessive stress, such as power surges.
This group also includes devices susceptible to remains of initial failures

(long-life failures).

Initial failure Random failure period Wear-out failure period
period

Failure rate

Better “Quality” by better design
and better manufacturing

Time
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The bathtub — wear-out failure

"Wear-out failures" occur due to the aging of devices from wear and fatigue.

The failure rate tends to increase rapidly in this period. Semiconductor
devices are therefore designed so that wear-out failures will not occur

during their guaranteed lifetime.

Device life time in the field

Initial failure Random failure period Wear-out failure period
period

Failure rate

Lower Stress
Conditions

Time
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Introduction — Gaussian and normal CDF

PDF: Probability Distribution o h
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Device LT dependency on Intrinsic and
Extrinsic Failure

2 MR | R | LRI |

intrinsic

Weibit

3 extrinsic

Lifetime [au]

An example of the typical relationship between the cumulative failure rate and the lifetime - the Weibull plot. The
extrinsic and intrinsic failure regions can be easily observed.
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Conventional testing: Stress and
extrapolation

Accelerated test Use condition

[

=

@ Phys. models
E-field dependence
V dependence
J dependence
Temp. dependence

/// Rel.target/E

(2 Stat. models

Area scaling
Low percentile/ppm CF

Cumulative probability [%]

Lifetime [hr]
@ Describe extrapolating on use conditions.
(20 Describe extrapolating to chip area and target ppm.
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Extrinsic defect examples (for Poly-Gate
TDDB st ritare P NN

B

€S.0.1- Distance of Contact 1o Gate (umi
$ s s H

Competing breakdowns

CA Buiging Metal Wings and
Contamination

Failed|transistor
Silicide Stringer PC Extension Metal Contamination

T |
' ' “

Many possible extrinsic defects

Eitan N. Shauly ~ Mar'25 page 14
proprietary nformtion of T
pror witien TOWER ORLTD

LTD / Eitan Shauly which shall be treated confidentially, and shall not be fumished to third parties or

14



After: JEITA EDR-4708C, “Guideline for IC Reliability Qualification Plan” (2022.10).

Summary:

A Wafer Level Reliability

3

o < S— >

w Product Reliability

=

m -

Warranty period
Fails due to

Fails due to wear-out
defects should Y Intrinsic  should be
be rejected by |4 - b4 > —{ failure prevented by
screening and Yield Early (Wear- prediction
burn-in defects failure out) model

~Eariy Faiire Period Log Usage time Vear-Gul Feriod

Random Failures

particles

gate oxide defects
near-opens / near-
shorts

pinholes in isolating
dielectrics
scratches

Peri

latch-up

latent ESD damage
Safe-Operating-Area

electro-migration
(gate) oxide breakdown
hot carrier degradation
mobile ion contamination

transistor instabilities

loose bondwires
popcorn damage

stress voiding
thermo-migration
surface charges
corrosion

pattern shift

load-dump car battery
electrical overstress
extended early failures

I
'
'
'
'
'
'
I
'
'
'
'
'
' (SOAR) violations
'
'
'
'
'
I
'
'
'
'
I
'
[

Manufacturing defects ' Electrical Overstress Events and Defect Tail | Intrinsic degradation Mechanism
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Failure in Times and the Acceleration Factor

For n number of products, that fail in service after time t1, t2, t3...tn

The mean time to failure is defined as:

t1+t2+t3+t4+t5+"'+tn
n

MTTF =

The MTTF is different vs the median time, that marked as ts,. t1% is the
time that the first 1% of the population failed. T0.1%, is the time that

the first device from 1000 tested devices is failed.

The Temperature acceleration factor (TAF) is defined as the ratio of a
degradation rate or times to failure at an elevated temperature T2
relative to that at a lower base temperature T1,

MTTF(Ty) [EA (1 1)]

MTTF(Ty) Pk \T, T,

T AF =
(Temp) o
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Failure Times and the Acceleration Factor

The voltage acceleration factor (VAF) is defined as the ratio of a

degradation rate or times to failure at an higher voltage V2, relative to
that at a lower base voltage V1,

MTTF(Vy)

MTTE() exp[—6(V; — V1)]

(Voltage)AF =

We will talk more on AF later.

Important note: the acceleration values to be used (Temp, voltage,

pressure, humidity and others), must NOT lead to a nhew working regime.
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Quantification by Statistical Parameters
e MTTF = Mean Time To Failure (for non-repairable items)
X
MTTF ==L
n

e MTBF = Mean Time Between Failure (for repairable items)

n-1
Z(tm _ti)
MTBF = =
n
e Failure rate: A, given in FIT = Failure-In-Time. MTTF=1/ A

1 FIT = 1 failure/10° device hours
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Example

Consider a system with 100,000 devices
Question-1: What is the number of failures in 1 month, if A=10 FIT ?
1 month=30x24hr=720hr 10FIT=10 failures/10° device xhours
10 failures

10°dev hrs 720hr x100000dev = 0.72 failures
\/ -

Question-2: What is the test time for 100 devices, to detect one failure:

t= _1fa|Iure =10°hr =114 years
10 failures
—5———— |x100dev
10°dev - hrs
A Field failures (out of 100,000 Test time to detect 1 failure in
devices) 100 devices
10FIT 0.72 114yr
100FIT 7.2 11.4yr
1000FIT 72 1.14yr

- Accelerated testing is required
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Degradation vs time

initiat marginal
T T state
~ =
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Materials and Device deqgradation

S is a critical device or material parameter,

S =S +(as r+1(825 r*+
oG ) L T2\ ) L, T

The higher order terms in the expansion can be approximated by simply
introducing a power-law exponent m and writing the above expansion in a

shortened form:

S =S [1+A.0"],

A, is a material/device-dependent coefficient,

m is the power-law exponent.

Both Ao and m are adjustable parameters that can be extracted
experimentally. Ao must have the units of reciprocal-time to the m-th power
So is the parameter value at t (time)=0
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Materials and Device deqgradation vs time

Assuming reduction in critical device S:

S= SU[] - A()([)m]v

Taking the LAN of both sides, we get:
In(S*) = m In(r) + In(A,)

Where: ,
¢ 5 _5-5
S“ Su
Parameter S Decreasing with Time

1.20
1.00
0.80

& 60

@ 1

We can easily extract Device #1

So, but not Ao and m.

0.00 + T T T T T
1.E+00 1.E+01 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06

Time (sec)
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Materials and Device deqgradation vs time

If we used the log definition of S for drawing the degradation, we can easily

extract m and Ao

Ln[1-S/S,]=m Ln(t)+Ln(A,)

| y,=0.5x-5.2983
Y»=0.5x—6.9078
21 y,=0.5x—7.6009

Ln[1- S/S,]

=47 m,=m,=m;= 0.5
93 (Ao);= 5.00E-03
& (Ao),= 1.00E-03
'; (Ao);= 5.00E-04
0 2 4 6 8 10 12
Ln(t)
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General Time-depended Degradation Models

* There are many time-dependent forms for degradation.

« The following three forms is generally used:
« The power-law: more frequently used

« The exponential,

. . Power-L
+ logarithmic. LOHSPLAW ‘
N Lu‘tiﬂJ ey c
S=58,[1+A,(0") L S, o "m
Ln(Ag) —= |~
0 Lnin
Exponential
R L b o
S=5, exp(£A, 1) Jl> i s
! A A A,
0 T
Logarithmic
5 o
— exp|+—7FI T
S=S,[1 £ In(A, 1+ )] 73 ‘{ .s'“*] il
1.
0 7
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General Time-depended Degradation Models
CIT=2, CT=5, CI=3 GOX .
Im 000 L— F T ronein
L —©—Log
S/D i
100 | /‘,,,f———f’.
z F P o
s r Y
i &
3 r ¥ g
dCIT — g 10
2 = KrCir-KcCiCr g
n A
A A
. Y e
0 20 40 60 8 100 120
CIT: concentration of filled sites time (rs)
Kr — release rate, KC — capture rate AO 1 0.01 1
m 1 1 1
So 1 1 1
Time | Power-Law [Exponentiall Log
B o e e 2 oty oot ¢ ot conteniaty anshll ot b s o i s or
[ | TOWER TOR LT / Eitan Shaly. : M
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Deqgradation rate modeling

For power-law modeling:

+ Assume that the critical parameter S is decreasing with time
« Ao=1,
* S* is the relative change of the critical parameter,

* R is the degradation rate,

d

S=1—-—=0". —— R=—=m@n"".

So dt )
‘o]
16 1
14
m>1 means 121
catastrophic @
degradation 61

o

Time (arbitrary units)
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Degradation rate modeling

§*=1-8/5,=()™

] 2 4 [} 8 10 12
Time (arbitrary units)

4.E+00

-5
4E+00 Sl m0”

3.E+00 | _ s’
R=a

=my™!
=

B 3E+00
S 5 E+00
ﬁ 2 E+00

1.E+00

5.E-01 A m=0.5

0.E+00 T T T T
0.00 1.00 2.00 3.00 4.00 5.00

Time (arbitrary units)
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Delay in the start of Degradation

At some cases, materials/devices will be remarkably stable for a period of

time t0 and then show relatively rapid degradation with time.
Example: a stable resistance of a metal conductor until a void starts to

form. We will learn more on that at the Electromigration.

+ means: “S increase §S=35 (fort < 1y)
with time” S = So[l £ Aot — 10)™] (fort = 19)°
A
R =% = (for t < 10)
dt
ds , » '
Ry = = (£) mSAo(t — o)™ (for t = o)

If m>1, than R2 goes to zero at t=t0
If m=1, than R2 is a constant,

If m<1, than R2 goes to infinity at t=t0
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Delay in the start of Degradation
« The rate/slope R of the degradation can be used to find the time delay t0.

+ Plot the degradation rate R versus time t > the time at which the rate R
goes to zero, or R goes to infinity, is t = t0.

« If R goes to zero, or infinity, at t=0, then t0=0 and a time delay is not
needed in the degradation equation.

Power-Law
[ S
- N Lni—F1
\:\,,[I A 1-1,)" ) L S |
m
Ln(A ) —
o Lnr—1,)
Exponential
s .
§=5, expl+ A (1—1,)] =D | oA
’ tA,
fa 11,
Logarithmic
[+.3 7l
S=S, {1 £In[A(t—1)+ 1]} e il
1 .
0 o 11,
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Competing Degradation Mechanisms

* One mechanism INCREASE the critical parameter vs time, and the

other DECREAE the parameters vs time,

S=5, [1 +Ar)(z‘)m1] [1 _ B,;(l‘)mz} ,
-~ ~

Increase vs time Decrease vs time

* In such case, S/So will have maxima or minima. SIV is an example

20

18 /Y
2
%1 Creep

Diffusion
06 2 m, = 045
0.4 S=S5,114A,0™] [1=B,0™) ™= 05
02 Increasing  Decreasing A, =| 7.00E-03
B, =| 9.00E-04

0.0 - roer ever
1E+00 1.E+01 1E+02 1.E+03 1.E+04 1E+05 1.E+06 1.E+07
Time (sec)
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Competing Degradation Mechanisms

« Below is a useful method for separating the problem into two regimes.

5=8,1+ 4,00 Jh-B,0]

Strengthening  Weakening

Limiting Conditions: Term Term
1. During Early Stages:
ln £_1 °
S=8Jt+4,)"] S,
Y (00 IR O In(Ag)— i
T e e * n(r)

2. During Later Stages:
s=5,[i- B,y
where :S,'=S,[1+A4,(t,)™)

:m(u%]:m(sch m, In( 1)
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Quality and Reliability - definitions
Quality

e Guarantee that the IC performs its function (meeting IC specifications)
at t=0,

e Driven by defects/faults during manufacturing

e Follow manufacturing procedures

Reliability

e Guarantee that the IC performs its function for 0 < t < lifetime

e Meeting specifications over time - time-dependent, aging

e Driven by changing materials/device properties, application (mission)

profile, environmental conditions
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Reliability - terminology

o Failure = Termination of the ability of an item to perform a required
function within previously specified limits.

o Failure mechanism - The physical, electrical, chemical, thermal or any
other process which leads to a failure.

o Examples: Hot carrier injection, Electromigration, stress voiding, oxide
breakdown, corrosion, mechanical stress build-up, negative bias thermal
instability,

o Failure mode - Consequence of the mechanism through which the failure

occurs

o Examples: Internal short or open, threshold voltage shift, junction

leakage
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Reliability-related Terms

Intrinsic failures

« Inherent in the design and materials used

* Managed by ensuring that they occur beyond useful life of a product, by
limiting loads that drive the failure mechanisms (e.g. maximum field,
maximum current density, thermal management)

Extrinsic failures:

« Due to process or manufacturing defects or to misapplications such as
overload, EOS, ESD, etc.

« Managed by improving manufacturing process and reducing defect
density.

« Usually, product reliability is determined by extrinsic failures.
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Reliability-related Terms

Sudden failures:
e Sudden change in a characteristics

+ Examples: Oxide breakdown, interconnect open due to

electromigration

Gradual failures (parametric drift):
» Caused by a parameter that drifts out of specification

« Examples: Threshold voltage or transconductance shift of a MOSFET

due to hot carrier degradation
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Reliability-related Terms

Redundancy - The duplication of critical components or functions
of a system with the intention of increasing the reliability of the
system, usually in the form of a backup or fail-safe, or to
improve actual system performance.

+ Redundancy sometimes produces less, instead of greater reliability - it
creates a more complex system which is prone to various issues, it may
lead to human neglect of duty, and may lead to higher production
demands which by overstressing the system may make it less safe
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Reliability Failure Mechanisms - Classification

Reliability failure mechanisms

Device Interconnect Environment

« Electromigration » Soft error
* Whiskers » Electrostatic
etc Discharge (ESD)
e Latchup
etc
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Yield vs. Reliability

e Yield = probability of failure of an as-processed device, t=0

e Reliability is defined as functional failure of the device during its

operation (t>0),
- Yield loss is caused by KILLING defects.
- Reliability loss is caused by LATENT defects

e A process with low yield (due to various extrinsic defects) is unacceptable
to begin with, but even a process with high yield (low initial defects) but
relatively large degradation rates (poor reliability) is unacceptably

expensive in the long term.

e For microelectronics systems, reliability of various components is an issue
of major interest since the microprocessors or memories are expected to
function without failure for a long period of time (e.g. 10 years) under

extreme operating conditions.
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Reliability vs. Yield

Killer Defects

e Particles can have Yield, Reliability, or no
signature depending on their size and
position. Latent Defects
e This usually exhibits correlation of good
yield to reliability
e Fail map at sort identical to Burn in failure
map. Failure Analysis found same failure
mechanism
Sort Wafer Map for Burn In Failures
g specific Fail Bin Wafer Map
g
S
s . .
2 ae os
> eor e
k= oo a0
£ R 23" T
a | Slope = o =0.0094 Q- oo
g
" Log (Sort Yield of Die Location)
Eitan N. Shauly ~ Mar25 . page'53 ) . i
53

Reliability vs. Yield (example: CS.D.1)

e (S.D.1: Distance from CS (over AA) to related
Gate
e (CS.D.1 scale by ~x0.7 for any new generation
e Sensitive to: CS size, Gate size, Dielectric
material, CA/Poly Misalignment
[79] Chen, et al., IRPS 2012
5
E
Z r * [T Large SRAM Size
i - =T
g [ - s
e -
g
% |
£
£ |
0 é ; 6 8 10 1‘2 1‘4 16 18 20 .| ; : ‘2 :; ; (‘i ;' 8
Gate T, Thickness or PC-CA Spacing (nm) PC-to-CA Vbd @ 10ppm (V)
Eitan N. Shauly Mar'25 page 54
I prior written OR LTD ‘ l R
54
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Typical x-section of Planar MOSFET, Typical

BEOL .
] _—

Isub 1+ Drain \

BIDL Global

Junction

M+ Source

Punchthrough

Tensile-cESL

\ Semi-Global-1,2

-

Intermediate re—

Local E

TSMC 28nm LP TEM of NMOSFET

Eitan N. Shauly Mar'25 page 56
proprietary information of TOWEf

56

MOSFET (Metal-Oxide-Semiconductor-Field-

Effect-Transisto r) Technologies: 10um ~ 20nm
PMOSFET 15t Metal (Cu)

PolySilicon Gate Spacer
Electrode after Final / (Oxide/Nit)
Pattern =]
Contacts

Thin Gate Oxide = — (W or Co)

@
T
Phos Light / heavy E
Implantation 3
N 2

Psub (P-type wafer) Phos Local

. . Implantation

PN junction
Eitan N. Shauly Mar'zs~ . mmgﬁsﬁf] , auly w P

57
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MOSFET (Metal-Oxide-Semiconductor-Field-
Effect-Transistor)

58

FInFET — Overall Structure (1/2)

Technologies: 16nm to 3nm

is region
Vas>Vr enlarged below
Vg=0 T [ Vps

TiN Electrode Gate

doped Silicon Fin

e SCE (Short Channel Effects), SS, GIDL, DIBL, SILC limitations

Eitan N. Shauly ~ Mar'25 page 63
o information of T

prior writien TOWER SEMICONDUCTOR LTD

63
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Intel 22nm and 14nm FinFETs — “Scaling”

7

|

After: Rani Borkar et al., X .
“Advancing Moores Law on 2014 22 nm 15! Generation 14 nm 2" Generation
(Intel, 2014) Tri-gate Transistor Tri-gate Transistor
(1) Tighter Fin Pitch for higher density

(2) Taller and thinner Fins to increase drive current and performances

(3) Reduced number of fins for improved Density and Lower

Eitan N. Shauly Mar'25 page 64
o information of TOWER TOR LTD / y confidentially, and shal not be fumished to thid parties o
2 prior written TOWER LTD / Eitan Shauly
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FInFET main reliability concerns

(1) Fin orientation (2) Fin shape/width/height (4) Self-Heating Effects

= Significant impact if
alternative channel materials
are chosen

dependent)
= Smaller area, full
depleted devices >
impact on variability?

1 1
1 1
1 1
Planar MOSFET FinFET : .‘ RC SC \ :
A. Thean, IPFA tutorial 2018 : | ! ! @
Lﬁ : : m O m ]
~ 1 1
1 1
. . 1 ! 5
. fent 1
o Sdeowal
{100} Top interface Directed current Interface : :
i i sio
. . . e 2
o : = Fin width/height has an : Substrate
| (110) sidewall: ! impact on BTI/HCD? !
L ~, 0, L] .
R 40@ larger atom ! Round or.sharp corner e Ry, (thermal resistance)
[ density > ~40% make an impact on ' increases due to smaller fin
o aomic deesn - |arger Dit ' reliability (field crowding)? |
i ' v el i slab for heat dissipation
L 1 1
1(3) Variability (time, and time- towards bulk
1 1
1 1
1 1
\ .

Eitan N. Shauly ~ Mar'2s page 65
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A view on the CMOS scaling roadmap

90 Main challenges:
80 (1) Photo lithography
(2) CGP:
~ ] + Gate Lenth
E +  Spacer width
e s » Contact width
g %0 « >GAA
[oX
5 40
©
= PP
20 ' ' [
I ‘ s ‘ ‘ ‘ | | | f— —
10 20 30 40 50 60 70 80 90 100 €GP [e<~15nm*

Contacted Gate Pitch, CGP (nm) for finy, =5nm

» Each of these lines represent constant area (=logic density) defined as:
metal pitch x CGP

» From generation-to-generation, both MP and CGP needs to scale by x0.5

Eitan N. Shauly ~ Mar'2s page 66
propr information of TOWEI

TOR LTD / treated confidentially, and shall not be fumished o third parties or
L prior l TOWER TOR LTD | Eitan Shauly.

TOW=R
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FEOL and M1 Scaling — Std cell gate density

5000
[~ [Technology Nodes: 180 ~ 28nm [~ [Technology Nodes: 45 ~ 10nm 100.8

4500 —| X ARM IP House (LP) * 100 —| X ARM IP House (LP) §
_ L | A samsung (Foundry) - | & samsung (Foundry)
& 4000 — O Tower LP (Foundry) E L | O TowerLP (Founds
£ B 1BM Tech. Collaboration (Foundry) £ [ | & 1BM Tech. Collaboration (Foundry)
5 F | © TSMCLP (Foundry) ¥ S a0l | O TSMCLP (Foundry)
< 3500 [—| V GLOBALFOUNDRIES (Foundry) ® s V' GLOBALFOUNDRIES (Foundry)
g | | @ Qualcomm (Fabless) = [ | ® Qualcomm (Fabless)
e —@— Intel CPU (IDM) 2 - |—@—intel cPU (DM)
© 3000 —| W 1BM IDM (RFCMOS) AA g L | B 1BMIDM (RFCMOS)
8 - | A STMicroelectronics 8 60 |-| A STMicroelectronics
2 2500 — > L
g g L %
El N 2
S 2000 — o 2 o
3 T 40—
8 r % S L
5 1500 [— =
- BT
3 1000 3 [
g — ]
s r 8 A E owl

500 [— § L

0 | 0
180nm 1300m s0nm 650m  45i40nm 32/280m asom aonm s20m 280 221200m 140m 100m  70m
Technology Node (nm) Technology Node (nm)

After: Design Rules in a Semiconductor Foundry Edited by Eitan N. Shauly, 2022 Jenny Stanford Publishing

Eitan N. Shauly ~ Mar'25 page 67
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Logic CMOS Device Evolution

e ~20 Years of innovations
Materials engineering and architecture innovation

Lendy b

WITTER T EEVETD

Foundry 32/28nm 1 6/14nm 7nm 2nim  15A 10A

After: Naomi Yoshida, SC-1 VLSI 2023.

Eitan N. Shauly Mar'25 page 68
proprietary information of TOWER TOR LTD / y confidentially, and shal not be fumished to thid parties o
made public without prior ToweR S LTD | Eitan Shauly.
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Gate-All-Around Technologies: <3nm

e Stack of Nanosheets (NS) deliver the current from source to
drain

e FinFET “tri-gate” to GAA:
+ Improved electrostatic control

+ Stacked devices offer improved performance per footprint

Eitan N. Shauly ~ Mar'2s page 69
proprietary information f TO LTD / Eitan Shauly which shallbe reated confidentialy, and shall not e fumished to third partes or
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Material Reliability

e Semiconductor Substrate — Sustain vs Strong Electrical fields, that can
leads to junction breakdowns, very high currents and avalanche

breakdown.

e Insulators (Dielectrics) - Sustain vs Strong Electrical fields, that can
leads to dielectric leakage and dielectric breakdown. For example, Gate

oxide breakdown due to string Vgs.
e Metals (in BEOL) - Metal layers are used as contacts, electrodes,

resistors, and interconnect. High current densities can cause to

electromigration.

Eitan N. Shauly ~ Mar'2s page 70
propr information of TC

treated confidentially, and shall not be fumished o third parties or

ES TOR LTD /
TOWER TOR LTD | Eitan Shauly.
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MOS Failure Mechanisms - Overview

o Gate oxide degrade with the
passage of time due to charge S G D
injection I

- NMOS an.d PMOS: Hot carrier _// L
degradation (HCI)

e Broken Si-H bonds (at the

interface)

- PMOS: Negative Bias
Temperature Instability (NBTI)

e Broken Si-O bonds and creation of

traps > N

- Time Dependent Dielectric
Breakdown (TDDB)

Initially

After some time

Eitan N. Shauly ~ Mar'25 page 72
proprieary nformtion of T

LTD / Eitan Shauly which shall be treated confidentially, and shall not be fumished to third parties or
OR LTD /Eilan Shauly.
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72
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Device Failures at FEOL - NBTI

NBTI degrades PMOS transistor at

- Negative gate potential (high gate

field)
- Elevated temperature

The gate potential breaks Si-H bonds

and create positive charges at the

interface

The charges effect the threshold
voltage, disrupting device
characteristics

Results

- Threshold voltage increases
— Drain current decreases

S0,

Ho si pﬁ 5 go
si

W A o Y

Si Si Si Si SiSi Si Si Si

Curtsy: Dr. Efraim Aharoni

Eitan N. Shauly ~ Mar'2s page 73
propr information of T

G TOR LTD /
prior written TOWER TOR LTD | Eitan Shauly.

treated confidentially, and shall not be fumished o third parties or

73

Device Failures at FEOL - HCI
e HCI affects NMOS and PMOS
transistors
° Channel carriers get energy by CHE (channel hot electron) injection
. . . . Injection of lucky electrons without energy-losing collision
|mpaCt ionization Maximum degradation condition: Vg = Vd
— Most of the carriers are collected
at the drain, but some are Source (Vs) | Gate (vg) Draln {Vd)
directed toward gate or substrate |... ,Eﬂ%
- Energetic carriers breaks bonds  |insulaton fim = Gate electrode
in
o Gate oxide .
. . Deellon
e Silicon substrate interface Channel zone region
e Results P-type Si substrate J)
- Threshold voltage increases
— Saturation current decreases
- Leakage current increases
v At o e 1 Sty i shll b et confdentaly, and shll b e o i
74
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Device Failures at FEOL/BEOL - TDDB

e TDDB affects both PMOS and NMOS
transistors/capacitors,

¢ Gate dielectric suffers from short circuit -
Percolation current increase with time, charges
inside gate oxide align and results in a
continuous path

e Direct tunneling - Charges jump directly
across the oxide layer

e Accelerating factors: electric field (voltage),

temperature
- Oxide BD and loss of gate voltage control
- Increase in gate leakage current

Eitan N. Shauly Mar'25 page 75
[ information of

o LD confidentally, and shall not be furnished to third parties or
made public without pr o) LTD /Eitan Shauly.
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IMD-TDDB N

N-Well Poell
Silicon, Lightly doped by Boron (P-Substrate)

Port

2x Metal { (

1x Metal

Metal
vias

Eitan N

confidentially, and shall not be furnished to third parties or

‘made public without pr
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Interconnect Failures — Electromigration (EM)

e EM affect Al and Cu interconnects,

e Mass transport of metal atoms
(migration) due to

- Momentum exchange between
electrons and ions, combined with
ions vibration Accumulated Mass/Hillock

- Acceleration factors: Temperature,
current density, grains size,
mechanical str .

echa .ca st ess Void

- Prevention: Design rules, formation

materials/process

e Results

- Void formation
e High resistance
e Open circuits (disconnects)
e Shorts

Eitan N. Shauly Mar'25 page 78
proprietary information of

OR LTD
o LTD /Eitan Shauly.
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Example: 28nm Cu technoloqgy

After: F. Arnaud et al., “Competitive and Cost Effective high-k based 28nm CMOS Technology for Low Power
Applications,” IEDM 2009 (IBM/ST/Infinion/Charter/GF/Samsung/Toshiba/NEC)

Eitan N. Shauly ~ Mar'2s page 80
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Interconnect Failures — Stress Migration (SM)

e SM affect Al and Cu interconnects

- Happens without current (and if w/ current - so enhance EM)
- Due to mismatch of thermal coefficients
- Accelerating factor - temperature

Eitan N. Shauly Mar'25 page 81
proprietary information of TOWER TOR LTD /
prior written TOWER LTD / Eitan Shauly
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Electrostatic Discharge (ESD) — circuit failure

e ESD is a common phenomena,

- observed by rubbing two object that creates charges
(triboelectric effect)

e May occur at IC or system level
e ESD may damage devices or interconnects S
e Sources of charges T Faear piate or iha ihe
- Human body Discharge Model with Human Body
- Manufacturing machines
- Charged devices
e Results
- Transistor junctions burnout
- Metallization burnout
e Prevention
- Antistatic measures
- ESD-protection circuits (within the IC)

” |

ESD Damage

Eitan N. Shauly ~ Mar25 page 82
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Soft Errors

e Cause by alfa particles,

e Non-destructive change in CMOS
based storage devices

e JIonization impacts a single/multiple Ei& E> S —

cell/register/FF, causing change of

« ,, articles

state
The change is
- Random

- Non recurring.

N -

lectron-hole pairs ted along
the a-particle impinging trace

Electric field of depletion layer causes
movement of holes into the substrate.

Electrons are diffused to form an n-type

layer

- Single and multi-bit
e Sources of the damage are

d + 0 data reversal
© 0 o

- Alpha particles

- Neutrons
- Radiations
- Temperature
Eitan N. Shauly Mar'25 page 84
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