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As we enter the big data era, 5G communication technology and artificial
intelligence (AI) applications are ubiquitous due to the use of mobile internets and
devices. The continuing demand in mobile devices for smaller S{ more
functionality, lower power consumption, and reduced cost is alle}%ecause

Moore’s law of miniaturization in Si technology is ending, tually, a paradigm

change, from 2-dimensional integrated circuits (2D IC) 3) 1C, has occurred in

microelectronics industry for more than ten years. §Yet, thc)tra sition to 3D IC has

not been successful due to high cost and low r@aili . [1"- 3] Currently, the use of

5G technology in Al applications has pr%e impetus to promote 2.5D IC,

instead of 3D IC, into mass production\% ility has become a critical issue.
\

Owing to the strong attragtion ofithe huge market in 5G + Al applications,

some microelectronic compﬁ;tmo}msh out their 2.5D IC devise in mass

production without a de% reliability. Compare to 2D IC devices, the

adding of a Si interposer in 2.58,IC devices requires one more redistribution layer

(RDL) and one mo @f solder joints due to use of vertical interconnects. It has

been shownsth 'f/the pcw RDL was not designed properly, it becomes the weak-link

in the ij fails quickly. [4, 5] On the other hand, if we strengthen the RDL,

relative eaking, we just move the weak-link in the interconnect system from RDL
Vi . .
to other myirconnect units such as micro-bumps.
—

SIn the past, when we study electromigration in Al or Cu lines, we may care

—
K?out stress-migration because of back-stress, [6] but not thermomigration. This is
.y

S ecause Soret effect occurs in alloys. Thus, we have to wait until the wide
applications of flip chip C-4 (control-collapse-chip-connection) solder joint, which is

an alloy, and also when its reliability became an issue, the study of thermomigration
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began. [7] Across a C-4 solder joint of 100 pm in diameter, if there is a temperature
difference of 10 °C, the temperature gradient is 1000 °C/cm, which enables
thermomigration to occur.

In the dense 2.5D IC packaging, not only Joule heating is seri?ds, but also heat
dissipation is poor. To enhance heat dissipation, we need to h a.s%’g\@mperature
gradient. Unfortunately, the gradient can lead to thermomigrati This is
especially true in small structures; for a micro-bump ofd 0 w ‘1‘11\ eter, if there is a
temperature difference of only 1 °C across it, the tege?:lur radient is 1000 °C/cm.
Furthermore, the use of Si interposer enhances@late ?at transfer along the
interposer, and it has caused an unexpected rmo@tion failure. [8]

To analyze thermomigration failu@ , we found that there is no analysis
of mean-time-to-failure (MTTF) for thermemigration, nor for stress-migration too.

In electromigration, Black’s equa mf,M TF is well established. [9] The goal of
this paper is to find a common e of failure analysis, so that we can have a unified
model of MTTF for all tllgv\{h’ﬁn. To do so, we have based on entropy
production in irre ergb}srocesses as the common theme. What is very interesting

is that the expQnential meter of n = 2 on current density in Black’s equation can

o

be justifi ,\Q een a controversial issue for a long time! [10-16]
Qtthe exponent n =2 was obtained in the paper of Shatkez and Lloyd [11]
h

chvas atimportant step in the analysis of electromigration-induced failures. Yet,

4

heir go | was based on the unrealistic assumption of vacancy electromigration

=)

witheut vacancy sinks and sources. Authors of Ref. [11] solved the equation of

™

cancy redistribution under electromigration in semi-infinite line with blocking
boundary (zero flux) without vacancy sinks in the line and at the boundary. Failure
criterion in this paper was taken as reaching some critical value of vacancy

concentration at the blocking boundary. This approach was later significantly changed
3
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and improved (by simultaneous account of vacancy sinks and stresses) in the papers by

Kirchheim, etal [12] and by Korhonen, etal [13].

IL. A unified model of MTTF for electromigation, thermig%lon, and

stress-migration 5\
II.LA  Revisit Black’s equation of MTTF for electromigratio
On studying electromigration, we can vary tim@, and the applied
0 1g§

—

current density. Black’s equation of MTTF for elgctromi n has been given as,

MTTF = A(j™" )exp( ij C ~ (1)

] -
where the time (MTTF) is related W re and current density by three

parameters; the pre-factor A, the current deusity power factor n = 2, and the activation

energy Ea. The factor Ea 1

\\@V

Conventionally, letN mic flux driven by electromigration, we have

N
%/e i )

4
SN

oncentration; D = Doexp (- Ea/kT) is atomic diffusivity and for

ation energy of atomic diffusion in

electromigration.

it is s1sr e diffusion, and Do is pre-factor; Ea is activation energy; kT is thermal
en ; and the driving force is Z*e o j, where Z* is effective change number; ¢ is
arge; p is resistivity; and j is applied current density. [17]
Eq. (2) is a simplification because the atomic flux contains, in addition to the

gradient of electric potential, also the gradients of stress and concentration. A
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general model for mechanical stress evolution during electromigration has been
considered by Nix, et al. [15]

To understand the physics better, we try to distinguish processes, in which
electromigration, thermomigration, or stress-migration may play thjfmaj orrole. Of

course, sometimes such distinguishing becomes impossible. E %&Q&in

Nabarro-Herring explanation of Blech experiment for criticws of current
density and length, the total atomic (and vacancy) flux o@ting m
"M
electromigration and stress migration parts) becom¢s zeto, ning also zero entropy
production (except Joule heating compensated fy=hea sflux). However, we only
-

try to discuss our subject in the simplest cases be Y.

Now, let V* be the critical volume,o void formation at the cathode end,
which has led to opening failure, we'have Vet = QJAt, where Q is atomic volume, A is

the cross-section of the diffu< h) Lgr TTF) is time to failure, so
t=V*/QAJ. \\ 3)
The above eqéation shows that MTTF is proportional to 1/j, thus n = 1.
Tor M%" equation, we consider entropy production in irreversible
;.) 8, 19] The link between entropy production and microstructure change

ufider siechanical damage has been given. [20] According to Onsager, the entropy

/ . .
p “Stl rate 1S given as,
=

<

rod
) ms

1B gy (4)
Vdt

where T is temperature, dS/dt is rate of entropy production, V is volume of the test
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sample, and J and X are the conjugated flux and driving force, respectively.

In general, the entropy production is a sum of all products of driving forces and
corresponding fluxes. In this paper we try to consider different terms one by one,
under appropriate external conditions. There are atomic flux, he?/ﬂux, and charge

ess}%*between

charge flux and atomic flux, J has been given by Eq. (2), and X =%*eE = Z*epj,

flux in irreversible processes. In electromigration, which is a

where E = - d/dx = pj is electric field. ')
—~—

Now, we consider entropy production during electromigration. We treat MTTF
as a time to accumulate some threshold entrop(, S-thresh At that, we take into
account the entropy produced by electron ( ou@ating) is evacuated by the
heat out-flux. Thus, we may assume M mulation of entropy proceeds via
electromigration of atoms. We exclud€entropy production by Joule heating, from
the entropy balance. A detailed analysis of entropy production will be given in

Section III on Discussions. X\q\l us exclude also thermomigration and

stress-migration. The total*entropy production until failure is

JeXetfailure Tgﬁ\bv (5)
AY,
N 11 E
TT % - threshold — Ay__ — A =2 ex a 6
¥ wx, i VG ©

£
which' B’éck’s equation and it means that n = 2 is justified. ~We use Wilbull’s

e, 4 tril).ltion to obtain the MTTF where 50% failure occurs.

3 On the other hand, if we consider Joule heating in electrical conduction, it is

TdS . dé, .. .,
= o -EE = JE = 7
) dx] JE=Jjp (7)
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where j?p is “joule heating” per unit volume per unit time. Its unit is energy/cm?3-sec.
In Eq. (4), we note that entropy production cannot be in a steady state. While
the applied current can be steady or the rate of charges being transported is constant,
the entropy production increases, so the temperature without heat ?Ssipation will rise.
To reach a steady state, the system needs an outgoing heat %ﬁjzp, which

simultaneously will be accompanied by the outgoing entrouﬁﬂu\of Jo/T.

Usually, the power of joule heating is written a ‘)
—

P=IR =j?pV C (3)
)

-
where I is applied current and I/A =, w ross-sectional area of the sample,

R is resistance of the sample and R =pA/f-and / is the length of the sample, so the

volume of sample V=A/. Thus 5'R)lQP le heating per unit time (power =

energy/time) of the entire sample; ip is Joule heating per unit volume per unit

time of the sample. What% in the above is that j? is intrinsic in entropy
production in eleefrical conduction as well as in electromigration.

To make a pomp ison of entropy production between electrical conduction

and ele trom1 tion, we cons1der an Al interconnect. If we take j = 100 A/em? and

« -cm for Al, the Joule heating in electrical conduction is,

sTd—S—jE_ > =10°
3 Vdt cm’ sec

joule

For electromigration in Al interconnect, we have
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We take C = 10%* /cm? , T =400 K, D = 1076 cm?/sec, Z*¢ = 10°!® coulomb, p=10 °

Q-cm, and j = 10° A/cm?.  Substituting these data into Eq. (9), Yé%
TdS 107 joule® —9410° joule \K

vdt  (0.033eV )em’ sec cm’ sec )
—
i

where kT =0.033 eV at T=400 K, and 1 joule =6 j eV. Clearly, the Joule

-

heating due to electrical conduction is much la ’)
;

N

Similar to the above, the m 'er%nr production in thermomigration is due to
B

heat propagation under a teu‘e\% radient, [21]
1}
- 10
)FN ) (10)
y.

If we tak &Q éon in solder as x =50 J/msK, dT/dt= 1000 K/cm, and T =
in

400 l&:l dS/Vdt=1.2 x 10° J/m’sec.
Oft therthomigration, we have,

Q_) /
-~ ds D D _ dT.,
—=(C—X,)X, =C—QGk— 11

( T DX, kT( dx) (11)

5 dt
\ T~

where we have roughly taken the conjugated driving force Xn = 3k (dT/dx), where k is

II.B MTTF for thermomigratio

Boltzmann’s constant, and 3kT is local thermal energy per atom, and by taking dT/dx
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Publishing = 1000 K/cm, we obtain TdS/Vdt =3 x 10 - ¢ J/m3sec. which is much smaller than that
due to heat conduction. To calculate the MTTF of thermomigration, we take the

atomic flux in themomigration to be,
D o* /\
J = _Z2
=22 oy

where Q* is defined as heat of transport in thermomigrati QmLQ* has the same

_—
dimension as y, so it is the heat energy per atom. T conjuﬁat d driving force is,

x, =€ C (13)
T dx \
N

Thus, we have JaXnt™ilre = TS g
\

MTTF ~ ¢t — TV T (__)_2 PG (14
h

where B 1 1s a donstaf t

@ress-mlgratlon
ally, there is a fundamental difference between stress-migration and

Odnc : . T
electr m rat10n or thermomigration. The latter are cross-effects on the basis of

irreversible processes. This is because the atomic flow in electromigration or
ermomigration is accompanied by electron flow or heat flow, respectively. Yet,
NS, | o
there is no “stress flow” accompanying the atomic flow in stress-migration, especially
if we assume elastic stress.  Stress-migration is a primary flow of atoms, driven by

stress potential gradient, which is a chemical potential gradient. Often,
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stress-migration is called a steady state diffusional creep. [22, 23]
Stress potential is defined as ¢ (2, where o is stress and () is atomic volume.

Thus, the driving force of stress-migration is given as,

XS:doQ

5
dx \)\
and the atomic flux in stress-migration is given as, \
Q‘“
Jy :CMF:CE(@)ZE(‘Z_O') o (16)

kT~ dx ~ kT dx 3
5
N

. TS E
MTTF ~ tfmlure — threshold — B S Xp( a ) (17)
VI X, kT
\J~<

Where G is a constant. \&\
III.  Discussi Q
LA A [%? riving forces among electromigration, thermomigration,

7'1
Sd}q{migration

He;.d, we make a comparison among the driving forces of electromigration,

We have JsXstfilure = TS preshold/V

-

therm§migration, and stress-migration in solder. Specially, the growth of Sn whisker
LSlder a compressive stress is used to evaluate stress-migration because synchrotron
radiation measurement has been done.

We first consider electromigration. It occurs in Sn-based solder joints when

the applied current density is above 10 # A/cm? or 10 8 A/m? at temperatures above

10
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Publishing 100 °C. The driving force is Xe = Z*eE = Z*epj. For calculation, we take Z* =
10,e=1.6x 10" comb, p=10x 10® Qm, and j = 1 x 10® A/m?, we obtain F = 1.6 x

10 "7 N. The work done by an atomic jump distance driven by this force will be
Aw=Xexa=(1.6x 10" N)3x 10"m)=4.8 x 10 %’ I\h{%{ 10%7]

Next, we consider thermomigration in solder joint u&mperature
gradient of 1000 °C/cm near 100 °C.  Across an atom 6f &%nete £3 x 108 cm, the
—

AT due to the temperature gradient of 1000 °C/cmfis about 3% 10 ° K. The change

)

of thermal energy across an atom is ( -

-

3KAT =3 x 1.38 x 102 (J/K) X‘K\@ 1.3x1027J

\
which is of the same order of ma }TyeQS

given in the above. \\
Finally, we cons%%s—migration by calculating the driving force of Sn

whisker growth. {The ing force Xs = - do€2/dx, where o is normal stress and € is

he work done under electromigration

atomic volumg. The stress distribution around the root of a Sn whisker has been
measured{ -ray di élction using synchrotron radiation, as shown in Table [ in Ref.
[23]. Wastimate the stress gradient between the origin (x = 0, y = 0) and the lower
1éfi_ corher point at (x = - 0.5400, y = 0.8475), where Ax = 10 um and Ac = 4 MPa,

-
3

and “§ take the atomic volume of Sn atom to be 27 x 10 2* cm3.  The force is given

-
below,

_AoQ) 4x10°(N /m*)x27x107* (cm’) B 4x107 (dyne/ cm*)x27x107* (cm™)

X. =
s Ax 107 (cm) 102 em
-17
= M ~10 " erg /cm
10~ cm

11
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The work done by this force over a distance of atomic diameter of 0.3 nm is 3 x

10 27 joule, which is of the same order of magnitude of those calcyted in the above

for electromigration and thermomigration. It is worth mentio ng)tmef. [23],
g\d

while the stress distribution was measured, but no calculatidqf\ riving force was
given at that time because of no comparison! )
'M\
The above calculations show that the conjugatéd forces of electromigration,

thermomigration, and stress-migration in Sn o ric er are nearly the same.

This provides the justification of the following anaig?s of MTTF of three of them by

equating their driving forces. \\

\

zeep=nl -4 S50
X

Thus, we have \

stituting j2 into the original Black” equation, we obtain MTTF for

ig(ation and stress-migration below. For thermomigration, we obtain

3k dT E
5 MTTF, = A(———=—)* Za 18
0 (Z*epdx) eXp(kT) (18)

And for stress-migration, we obtain,

12
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MTTF, A(%p@) p(%‘,) (19)

1I1.B Link between entropy production and microstructure failure

It is important to provide a receipt for predicting the t eswy

corresponding to failure. In general, it is a very complicatedproblem because failure
have various mechanisms (modes). In this paper we i 't}msdyes with the case of
voiding formation at the cathode end in electromig ti:):l aSa echanism of failure.
To nucleate and grow the void, the cat de en should have accumulated a
sufficient amount of non-equilibrium vacanci ﬁ-the super-saturation by vacancies
is not large, the accumulation of extra v S\) Nv increases entropy by Nv*Ev/T,

where Ev is the formation energ of a ancy Then, equilibrium of vacancy

subsystem means zero derlv 1ve 0 1b% free energy:

S ds H,

S(N,))= H -T—=—="" (20)
& N, N, T

Thus, the dmg né, vacancy to the almost equilibrium system means the adding

of addi

I suyc

formati {nthalpy is close to vacancy formation energy, so that

)

ent y equal to enthalpy of vacancy formation divided by temperature.

itions of small pressures (typically less than gyga-pascal) the vacancy

) L @
Q '

Sooner or later these extra vacancies will unite into the void or crack stopping the

current and leading to failure. To stop the current completely, the void should have
13
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Publishing cross-section A of the interconnect and at the least the thickness of 6 = 0.2nm . Then

the threshold entropy may be very roughly approximated as

ASE,
QT

The rate of entropy production is \&
I
s _CD B
T PR

Sthreshold ~

pot

=——(Zepj) ~
vai = \Zer))

(4 Jo(2)
3
N m S 10

7 0.4-1.38-10 ™ (Joule)

\

<
Then we may evaluate the x Eq. (6),

[C_D(ZGp])zj g Fszthreshold :TAé‘ﬂ: A§EV ’
KT QT Q

{ 4

TTE _/\ ) 2x107° x1.6x10™"°

~ =1.9x10% sec ~ 6 years
Q[C%epj)z] 107 x10 75 x1.8x10° 4
kT

- V.,
HSN is the volume of the line, and / is the length of the line, which we take it

/
res

to bout 10 um. No doubt, the accumulation of Nv extra vacancies will increase

—

S tropy by Nv*Ev/T, but the gathering of these vacancies into void or going out from

the crystal will decrease entropy by the same magnitude.

14
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Thus, the accumulation of non-equilibrium vacancies indeed is related to
entropy production, but their transformation into a void means a drop of entropy after
increase.

According to Gleixner et al [24] voids may nucleate not due t(?fe accumulation of

vacancies but due to mechanical stress. But it makes predictio 33)’[” yre but of
voidsgh

7

void nucleation at the interfaces. For failure, the nuclei of t ould develop and

grow and/or migrate, and for this, void needs supply of, a@ies. oreover, as shown
"\

in [25-27] failure can be the result of the electromigration of pgeviously formed
interface nano-voids along the interface metal/dietectr their accumulation at the
-

cathode end. It proves that the transport o pty & ¢ is at least one of the main

reasons of failure. \\
IV.  Summary R\

Black’s equation of

been revisited from the vi

processes. eﬂaﬁ‘ed that the power factor on current density is n = 2, which

issue for a long time. Furthermore, on the basis of entropy
productiond we p id/a unified model of MTTF for thermomigration and
stress-migration.
}n eral, input of all sources of entropy production should be taken into
‘aecou iéultaneously — each of such inputs can lead to earlier arriving of the
troé' threshold, and decreasing of MTTF. Decreasing of MTTF due to thermal

g}adients was experimentally found in [28]. We use the accumulated entropy as a

S " parameter of failing of the device, in turn as the link between MTTF and threshold

entropy.

15
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