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Distribution of Failures:
Commercial integrated circuits (PEMs)

FAILURE MECHANISMS, SITES, AND MODES
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Ideal/Theoretical Fracture Strength
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Brittle Cracking in Large/Practical Structures
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Plastic Zone Correction
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Figure 144 Relations between siress, strain, strain rate, and temperature in fracture.
Brittle stress—strain curves transform to ductile curves at increasing temperature or
decreasing strain rate (and vice versa) for most materials, Shaded areas under o-¢ curves
are some measure of the energy invelved in fracture. Change from brittle 1o ductile
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Fatigue Life

o e
e oy By R ——————
_ e e o
Y A 0¢N<._,-___--V RO

_ _/_;__L_4___;_____4::;_:_ e als

St S S S V5t S -2 N

B e e b B e

e kmpmc,.l rdMLwnik,/o “z%-— AZ}E“:

Bl “Me.: s ;;'_:if_‘_'i;

__1_-,____*__, i

- S, ___?(fww\d-vw«! corvecton

! )

i “‘l‘“" ”/ chae. f\fp = .’;fq'%:;'_ Y SR

!
—————ee 0 Q_O__M PR Mt

~—:~—-—m_& o= bl ek 3ge Y

af____)e'\-“é m&é S.éﬁ_ay-

Gl i ﬂ‘_—af“—_*““—“ AR ngadgL

T ___ﬂ_ﬂ.; Ay AT el

I n i P

0 ———

- _...-._'- PR S N
S S N

[ [

Iy — a."?f*'_‘ e
BT S B S “'”"""‘—"""—‘“‘A“%‘T%A@r;‘I;'—M L :

. ',.__ .
e CORE—.

- ' ﬁéé-“"“‘“
b 2L V“A?‘*i B . R

‘A, m__»_«.wul ccma\‘-wvb - ﬁ_: A

5/21/2012 ECE414/514 Electronics
Packaging Spring 2012

30




Kirkendall VVoids
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Electromigration

Temperature

Direction Void
of electron formation
flow

Hillock
formation

Fig. 5-15 Schematic model of damage in an interconnect subject to electromigration.
Hillocks and voids develop in response to temperature gradients superimposed on the
directed electron current flow.

Thermo- and Electrotransport Fail Mechanisms

3(a) Electromigration

+ Failure site: Metallization
traces.

« Failure mode: Increase in
resistance leading to open
circuit, short between lines.

« Failure mechanism: Transport of ions through a conductor resulting
from a passage of direct current leading to formation of voids /

hillocks.

« Environmental/operating loads: Temperature, current density.
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Electromigration
* Damage model
I £ IfJ"r“-l't?t‘
T,(hours) = - Y
(Jme’:‘) *C*ex‘p K T

die

« Package attributes
Metallization width, thickness.

* Accelerated tests
High temperature operating life with bias.
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(c) () in Fig. 17

G = o e vees srnn soar seen s00 ox et 400 se0 oo e

& Cu

FIG. 19. Schematic diagram depicting the effect of void formation and
propagation on the current entering the solder bump. While the current is
being displaced to the front of the void, there is little change in resistance.
Only when the void has propagated across the entire contact interface, the
resistance will jump abruptly (Ref. 59).

18



(a) x10% Alem?

—
(=
~

Current Density (x104 A/lcm?)

Y

FIG. 15. (a) 2D simulation of current distribution in a solder joint. (b)

5/21/2012 Display of current density distribution in the cross section of a solder joint
which is plotted on the x—y plane and the intensity of the current density is
plotted along the z axis (Ref. 59).
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Critical Product in Short Strip

D doQ) D

J=-C———+C—2Z%eE I —— Jem (_{

kT dx kT

Cathode [

If J =0, there is no net electromigration flux. —e TiN

AoQ) .
T =Zepj E= Electric Field (E=pj)

AocQ

= Critical product | (GAX) i = Zen
ep

If jAx <(Ax), == No electromigration damage

Electronic Thin Film Lab Materials Science & Engineering, UCLA

(with permission)
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10um Extrusion

Extrusion
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: e
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FIG. 6. Schematic diagram of a set of Al
on a base line of TiN. The longer the leng
cathode. Below the critical lengt
depicted by the last one on the left-hand side.
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strips of different lengths patterned
th, the larger the depletion at the
h, there is no electromigration damage as

39

TABLE 1. Melting point and diffusivities of Cu, Al and eutectic SnPb.

Melting Temperature ratio Diffusivities at 350 °C
point (K) 373 K/Tm Diffusivities at 100 °C (cm?/s) (cm?/s)
Cu 1356 0.275 Lattice D,=7X 1072 D,=5%x10""
Grain boundary Dg,=3X10""%  Dyp=12X10""
Surface D,=10"" D,=10"%
Al 933 0.4 Lattice D,=1.5x10"" D,=10""
Grain boundary D ,=6x10"" Dgp=5%1077
Eutectic 456 0.82 Lattice D,=2X107°-2X10""  Molten state D,>107°
SnPb
5/21/2012 ECE414/514 Electronics 40
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omall Critical Froduct In Solders

. _ AoQ ) YA £Q | Ao =YAg, Ae=0.2% at
(JAx). = Z'ep =\(jAx), = Z'ep elastic limit
Y(Gpa) z P(pQ2-cm)
Solder ~30 ~30 ~22
Al ~69 9ed 5
Cu ~110

0
e eA\

~ 5x10 ‘3(;'Ax)c_m1
10

( JAx ) c¢_solder

« At constant Ax, the current density needed to fail solder is 2~3 orders
smaller than that needed to fail Al or Cu

« If Al or Cu fails at 105 to108 A/cm?, solder will fail at 102 or 104 A/cm?

Electronic Thin Film Lab Is Sci & Engineering, UCLA

(with permission)

Mean Time To Failure

e Q n=18Q=08eV
MITF = A] exp ( ] (By Flip Chip Technologies)

kt
(hrs)
15A 1.8 A 22A
(1.9x10* A/em?) | (2.25 x10* A/em?) | (2.75 x10%A/cm?)
Expected | Actual | Expected | Actual | Expected | Actual
100 °C 380 97 265 63
125°C 108 573* 79.6 43 55.5 3
140 °C 46 121 34 32 24 1
* not failed, These MTTF are averaged value of three samples

These results show that a small increase in j and T has dramatically reduced
MTTF; a unique behavior of flip chip solder joint. by W.J. Choi, UCLA

Electronic Thin Film Lab Materials Science & Engineering, UCLA
(with permission)
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Mechanical and Thermo mechanical
Degradation mechanisms

e Mechanical Elastic and plastic
deformation
o 1 STRESS
CREEP
stress PLASTIC FLOW —=
&
strain

STRAIN

Ideal elastic material

CREEP PLASTIC F1,0W

5/21/2012 )
ECE414/514 Electronics 43

Packaging Spring 2012

1(a) Mechanical Fatigue Failure
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S-N curves

e
e Numbg o£%cles N%Mw et
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Effect of mean stress o,
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Coffin-Manson Equation
Flastic {oq &t ) i - \,_7
aazE%:af'(ZNf)b ol

= fatigue strength coefficient

="stress intercept at one load reversal

2N, =1"
N, =cycles to fail

2N , =no. of load reversals to failure

b =failure strength exponent

fleg (B5F) .

la—6
\-_

_ Plashc

L-JC -ciglﬂ.
sbrc élo 77

ﬁm = b*o
Elashe \tf
IR -
Elastic
Plastic
48
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Agﬂ ] c
— =& @)

&,'=fatigue ductility coefficient

="strain intercept at one load(2N , =1)"

¢ = fatigue ductility exponent (.7 < ¢ <-0.5)

Total strain
Ae,  Ag, Ae,

O-/‘" b ' c
==L QN,) 2, CN)

= +
2 2 2
' . &_G‘A \. . '_ G -‘ . - -. -v‘-:- - ."— - =
.{3 7 o . \‘.-P-, Pwrhat pesT or r.:?c-_ahn .
. R \ Steog bestat
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ferefols 4 ~aifare” : caches

Schematic representation of

oeneralized Coffin-Manson relation
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LOG SCRLE

TOTAL= ELASTIC AND PLASTIC
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REVERSAL TO FRILURE, 2Ny
LOG SCALE

ECE414/514 Electronics
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Palmer-Miner Cumulative Damage
Law

* If number of cycle #; at stress a,which would cause
failure N,cycles, etc

Failure predicted at point where Z": oy
where k =no.of different stress levels = N i
M
o, =1th sterss level Ca :
! [S— Noo o ¢ Fﬁi-‘cﬁlf‘P VJ'L(-A-\
n, =no.of cyclesat g, & : My A Ay -
e . N, TN R

N, =fatigue life at o, “ E : : =

Failure when ST [
(I e I
i L S s

i + _n2 + & =1 J1 L ! té}}ia.
N, N, N, M2 N "3 N, Na _
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Fatigue
Die Attach Fatigue

¢ Failure Site: Die attach

¢ Failure Mode: Delamination
of die eliminating heat
dissipation path and potentially B
causing thermal runaway and

mechanical damage
* Failure Mechanism: Crack initiation during high plunger forces during die
attach and high molding stresses and crack propagation due to CTE
mismatch and temperature cycling
* Environmental/Operating Loads: Temperature cycling

[1]:FastAdvice 2.0, Sandia National Laboratory

5/21/2012 ECE414/514 Electronics 52
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Fatigue

Die Fracture and Die Fatigue

¢ Failure site: On chip/die

¢ Failure mode: Open circuit due
to fracture

+ Failure mechanism:
Crack initiation during back

grinding operation, high
plunger forces during die attach and high molding stresses. Crack
propagation due to CTE mismatch between the die and the substrate
leading to catastrophic failure.

« Environmental/operating loads: Temperature, and temperature cycling

[1]:FastAdvice 2.0, Sandia National Laboratory

5/21/2012 ECE414/514 Electronics 53
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Fatigue

o There are two ways in which materials can be
fatigued:

» Mechanical cycle, by applying a sinusoidal stress of
constant amplitude.

» Thermal cycle generates a constant strain

Hence:

 Stress control for mechanical failure

 Strain control for thermomechanical failure
(thermal cycling)

5/21/2012 ECE414/514 Electronics 54
Packaging Spring 2012
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Stress control _ Strain control
AN % A_A.
\/ \/ vt OV

Cyclic dependent hardemng
g . Typical of

, g
\\ L L( /( A /\ - soft fully
A . annealed

Ve F‘ HLM T e

- samples

Cyclic dependent softening Typical of
. — = B N : initially
k"/i - /\ : © hard cold
=5 = ) worked
metal
samples

Strain control

Cycles
oo ' . ...., ‘—'_*"'"I" ]
i i
ket Eg
> &
i 7
A ‘,i_d VA B
/W&-w.tju -
for stable cycles:
Ae; _Ae, N Ag,
2 2 2
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Plotting the log of the plastic strain amplitude versus the
log of the cycles to failure — - a st. line
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Cycles to follure N,

Effect of Plastic strain on fatigue life
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Fatigue life (cycles to failure)
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Mechanical and Thermomechanical
Degradation mechanisms

Thermomechanical

5/21/2012 ECE414/514 Electronics 59
Packaging Spring 2012

Thermomechanical Deformation in
solder joints

Solder Joints Die/Chip Carrier Substrate

(a) Stress-Free or Reference Temperature (T}

|—— DNP ——l
Solder Joints

T

(b) Deformation upon Heating (Tmax)
DNP

Solder Joints

(c) Deformation upon Cooling (Tmin)

5/21/2012 60
|—— DNP ——l
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Maximum stress at the edge due to a large
DNP (distance from neutral point)

Maximum Stress
on Arc Edge

Failed corner balls

a) Rigid

Flip-chip
2 7 7 ﬁ% Solder
e © & & § Balls

—]
e W o

b) Thin or Compliant
5/21/2012 61

I avnuyiily opiny cvac

Nucleation and propagation of fatigue
crack in solder joints

Solder Fatigue

5/21/2012 ECE414/514 Electronics 62
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Fatigue life for MCM solder joints on the

various substrate materials vs. material's
CTE

r LASS-CERAMIC
- MULLITE+SILICA+ALUMINA
H ALUMINUM NITRIDE INORGANIC
o ALUMINA+BOROSILICATE MATERIALS
Z‘n 10,000
E LOW TCE POLYIMIDE
W E
o F ALUMINA
Q -
6- A EPOXY-KEVLAR ORGANIC
o 1000 L MATERIALS
s | E
= E siLIcON POLYIMIDE-GLASS
g, B MALEIMIDE-STYRIL
= EPOXY-GLASS
[T 100
c 1/72 COFFIN-MANSON EQUATION
1 1 1 1L 1 J
0 40 80 120 160 200
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Coefficient of Thermal Expansion (10 7/°C)

Plastic Package Failure Mechanisms
Filler particles Stress relieve agents

\ Vi

O"bawob

L 50

o &.° °
O O e
o~ e Qo _ . . v
I Deformation of

Mald compound metallization Ball bond fracture
L

Passivation
layer crucks\ Chip cracks
Chip—pl

Adhesive =7 T

y\ & Lead
e
|
Voids Delamination  Package cracks

Leadlrame

Figure 6.1 Typical failure mechanisms,  sites, and modes in plastic-
encapsulated devices

32



1

Thermal & Humidity Modes

E :é?jmuislure

- thermomechanical stresses due - ingress of moisture

to thermal

5/21/2012

expansion mismatches - accumulation at interfaces
- rapid localized vaporization of
moisture during IR reflow

ECE414/514 Electronics 65
Packaging Spring 2011

Popcorn Failure

Mold compound Dic
L[ad Wircbond Pic pad

Recessed Vapor » e LSl o
slot for lead Moisture  pocket Delamination Cracks side/diagonal
Conditioning Solder Solder Cooling

reflow refllow board
Muisll_:rc Vaporization Package assembly
absorption delamination deformation Cracking

Figure 4.12 Conditions leading to package popcorning  during assembly

[Nguyen 1993]

5/21/2012
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FIGURE 8-8 Mechanism for

Popcorn Mechanism
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induced package cracking on surface mour
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Comparision of package deformations for a moisture
saturated and dry package plotted vs temperaturc

50 100 150 200 250
Temperature (degs ()

69

1
Uptimum reflow temperature ramp rates

250
200 |
&)
&
. Ziso
Here, a ramp rate between o
0.50 and 0.75°C/sec was 2
found to be optimum for % 100 |
devices preconditioned at E
Level-1,
50 -
U o

0 200 400
Time (seconds)

CALCE Electronic Packaging Research Center University of Maryland

600

RO

e
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RIS AR

Popcorning in PQFPs

N
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< ® Vapor pressure/
s ° -
N’ /
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g o
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1
Py Crpcking pressure
& !
— +

200 210 220 230 240 250 260 270

Solder reflow temperature (°C)
* Provide manufacturing process guidelines

CALCE Electronic Packaging Research Center

University of Maryland

Test results

O | No crack
® | Crack "-'.3
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wure 4.14 Correlation of 260 °C dip soldering induced plastic quad flatpa.
5. wcking with varying die-pad sizes [Matsushita Electric  Industri 72

rporation 1993]
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x
100
3 —
] [ | Underside crack region Test results
2 | @ | Underside crack
% 50 X | Side crack
s 7 */e
- L )’82 x Test condition
g 1. Absorption
o 30k 85°C /85 % RH
3 X x 2. Reflow
g 260°C /30 sec (VPS)
a 3. Observation
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g u Side crack region
z L
Q -
05 [

/—L T N S | 1 !
3.0 50 10.0 200 30.0
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gure 4.15 Correlation of 260 °C dip soldering-induced small-outline J
5/21/2012  ckage cracking with the distance from die-paddle edge to package an
ickness of encapsulant under the die paddle for underside cracks or side ¢
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Packing Materials

Caution label

Caution T
. . This bag contains
Affixed to the outside surface MOISTURE-SENSITIVE DEVICES | o
of the moisture barrier .
th oisture barrier bag 1. Shell life in sealed bag: 12 months at < 40°C and
< 90% Relative humidity (RH).
The label provxdes: 2. After this bag is opened, devices that will be subjected to

(peak package body temp. 220°C) must be:
a) Mounted within
of <30°C/60% RH, or
e Shelf life in bﬂg b) Stored at < 20% RH.
3. Devices require baking, before mounting, if:

* Factory seal date

* Shelf life out of bag

. 5 b) 2a or 2b are not met.
(classification level) '

. Bakjng instructions temperature device containers, or

containers.
Bag Seal Dale:

infrared reflow, vapor-phase reflow, or equivalent processing

hours/days at factory conditions

a) Humidity card is > 20% when read at 23°C 15°C or

4. It baking is required, devices may be'baked for:
a) 192 hours at 40°C +5°C/-0°C and < 5% RH for low-

b) 24 hours at 125°C +5°C for high-temperalure device

Dry Packing T o e e

5/21/2012 ECE414/514 Electronics
Packaging Spring 2011
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