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Abstract: Electromigration is the transport of atoms in metal conductors at high electronic current-densities which creates
voids in the conductors and increases the conductors’ electrical resistance. It was delineated in 1961 by Huntington;then
modeled by the empirical electrical resistance formula derived by Black in 1969 to fit the dependences of the experimental
electrical resistance and failure data on the electrical current density and temperature. Tan in 2007 reviewed 40-years’ ap-
plications of the empirical Black formula to conductor lines interconnecting transistors and other devices in silicon inte-
grated circuits. Since the first Landauer theory in 1957, theorists have attempted for 50 years to justify the drift force or
electron momentum transfer assumed by Black as some electron-wind force to impart on the metal atoms and ions to move
them. Landauer concluded in 1989 that the electron wind force is untenable even considering the most fundamental and
complete many-body quantum transport theory. A driftless or electron-windless atomic void model for metal conductor
lines is reviewed in this article. It was developed in the mid-1980 and described in 1996 by Sah in a homework solution.
This model accounts for all the current and temperature dependences of experimental resistance data fitted to the empiri-
cal Black formula. Exact analytical solutions were obtained for the metal conductor line resistance or current. R (¢)/R (0)
=J()/J(0) =[1-2(t/z,)"a] "% ,in the bond-breaking limit with ¢ =1 to 2 and diffusion limit with ¢ = 2 to 4, from
low to high current densities, where z, is the characteristic time constant of the mechanism, containing bond breaking and
diffusion rates and activation energies of the metal.
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describe the transport or migration of atoms in metals

and metal lines at high electrical current-density (>

100kA/cm?) that creates or leaves behind voids in the

metal and metal lines. It was delineated in 1961 by

1 Introduction

Thin and narrow aluminum and other composite
metal conductor lines are employed to electrically
connect the transistors and other devices (diodes, ca-
pacitors, inductors and resistors) in silicon semicon-

Huntington'" in gold wires. In 1969, Black'*' gave an
empirical equation to fit the experimental data of the

ductor integrated circuits. The atoms of the metal electrical resistance of metal interconnect lines in

conductor lines migrate at high electrical current den-
sities leaving behind voids in the metal conductor

semiconductor integrated circuits, as a power law of
the electron-current density,J“,and sample tempera-

lines. These voids increase the electrical resistance of
the metal conductor lines and the current densities.
Heat generation, from the higher electrical current
density and higher resistance, increases the tempera-
ture which increases the migration rate of the atoms
of the metal conductors. This regenerative feedback
eventually ‘burns’ open the metal lines, disconnec-
ting the transistors and devices, and causing the inter-
grated circuit to fail.

Electromigration (EM) is the term employed to

ture, T, with a thermal activation energy, E,. The
time to failure, TTF,defined as 10% rise of the elec-
trical resistance of the line, was defined by the Black
formula: TTF= AJ “exp(+ E./kgT) where A,a and
E, are adjustable parameters to fit the experimental
data. Tan and Roy recently (2007) reviewed the 40-
year applications of the Black formula™'. Since the
first Landauer theoretical analysis in 1957, theorists
have attempted for 50 years to justify Black’s drift
force of the electrons, known as the electron wind

* This investigation and Jie Binbin have been supported by the CTSAH Associates (CTSA) , founded by the late Linda Su-Nan Chang Sah, in memory

of her 70th year.

T Corresponding author. Email : bb_jie@msn. com and tom_sah@msn. com

Received 21 April 2008, revised manuscript received 25 April 2008

(©2008 Chinese Institute of Electronics



816 e

{ZS

force, to move an atom or ion,which was used to de-
rive the Black formula. Landauer concluded in 1989"%
that the electron wind force is untenable even consid-
ering the most fundamental and complete many-body
quantum transport theory.

In 1984, Sah obtained a resistance formula with-
out any drift current while starting a PhD student on
a thesis research project”® to experimentally verify
the formula. The details of the derivation algebra of
this electrical resistance formula of a metal conductor
line was given in 1996 as a solution for a homework
problem in the Solution Manual of his undergraduate
textbook for the device core-course'® . This resistance
formula accounts for both the current density and the
temperature dependences of the experimentally ob-
served electrical resistance rise of a conductor line
that has been empirically fitted to the Black formula.
The 1996-Sah derivation details used a generic void
model,i. e. a one-dimensional scaling model that is a
crude shape-independent approximation to the realis-
tic random geometry of the voids. The transport theo-
ry of metal atoms excludes, deliberately at the onset
of the derivation, any atomic transport due to the
drift of the atomic ion in an electric field. This im-
plies that the ion core of the metal atom is completely
shielded by its valence electron cloud to provide a
neutral atom which cannot be polarized much by the
applied electric field. This is consistent with the ina-
bility to establish an clectric field in metals due to the
very high concentration of valence or conduction-
band electrons in metals,which is the key in Landauer
rejection ! of the electron-wind force or drift force
on the atomic ion. Thus,the only atomic migration or
transport in the 1996-Sah model is via the diffusion of
the neutral atom, or its ionic core and its spherical
symmetrical valence electron cloud together. But the
unique feature in this 1984-1996-Sah model is the in-
clusion of the “ generation-recombination-trapping
(GRT)” of conduction-band electrons and valence-
band electrons or valence-bond electrons, both in the

bulk of the conductor line near a void and also at the
internal surface of the void. In this paper,we shall re-
view this 1996-Sah windless-driftless model and we
shall also trace through the physics-based arguments
that are employed in the algebraic derivation of the
resistance formula and the time to failure (TTF) for-
mula defined as a 10% rise of the electrical resistance
of the conductor.

2 Derivation of 1996-Sah Formulas of Elec-
trical Resistance and Time-To-Failure

In this derivation,the interconnection metal con-

}7"% ﬂi ';g 29 %
L/\l. &Y‘
ALUMINUM T, | 0O,
POLY POLY )
Bed o, ey mR 1
| o/ { < [ J
GATE T =x
OXIDE ¢ °
p-Si

DRAWN BY CTS 1987 VLSI SPEECH

Fig. 1 The cross sectional-solid view of an example n-inversion
channel silicon MOS Field-Effect Transistor showing the two
aluminum metal conductor lines labeled L A, , which interconnect
the gate and the drain of this MOSFET to the other transistors
in a silicon integrated circuit. The aluminum interconnect line to
the source is not shown. From [6].

ductor line in silicon semiconductor integrated circuit
application was employed as the scheme. A cross sec-
tional-solid view of the silicon metal-oxide-semicon-
ductor field-effect-transistor is given in Fig.1
which shows the two metal lines connecting the gate
and drain of the transistor to the preceding and fol-
lowing or other transistors. The atomic picture used to
derive our driftless formula of the electrical resistance
of the metal interconnect line is given in Fig. 2.
The critical dimensions are drawn to scale in Fig. 2
and are described in the figure caption of Fig. 2. The
vertical axis is the Y-axis which is the width direction
of the metal line. The horizontal axis is the X-axis
which is the length direction of the metal line and the
direction of the electrical current. The crystalline
metal is employed for the metal line. The face center
cubic cell of the aluminum crystal is shown in Fig. 3.
There are two rate limiting analytical solutions of
the transport of the metal atoms in the metal line: (a)
metal-bond-breaking rate limited and (b) diffusion
limited by diffusion of the activated metal atoms in
the metal line,either via the bulk vacancy mechanism
(self-diffusion) or along the grain boundaries (sur-
face diffusion) . Bulk vacancy pathway is modeled.
The transport or rate equations are listed below.
In the flux equation, (1), we drop the atomic and
atomic-ion-core drift current

terms at the onset,

o Exm* + puy Exm ™ ,where m =m*+ m " ,m" is the
density of the neutral atoms and m ™ is the density of
the ionized atoms. These are the fudge-factor terms
assumed by all previous momentum-transfer/electron-
wind-force models, using current-proportional fudge
factors. There are two basic considerations that dimin-
ish the ion drift term, yu,. Exm " ,due to the electric
field Ex. (i) The electric field is very small,vanish-



%5 Sah and Jie:

The Driftless Electromigration Theory (Diffusion-Generation-Recombination-Trapping Theory) 817

Metal Interconnect Line

| —

; S CICION
OFR0JO

OO,

D OOOOO®
MOJOR OOOOOVOE
OOOOOOOVOOOOOO
OOOOOOOOOOOOO®

Fig. 2 The cross section view of an ideal void model for elec-

tromigration in a metal interconnect line. The void in the metal
interconnect line is enlarged in the lower figure, which is ap-
proximately to scale. From 1996-Sah™ with additional details on
the characteristic numbers. Small dots = electrons. Solid arrows
= clectron trajectories. Small broker circles = Aluminum atom
trapping sites on the interior surface of the void. Circled dots =
Aluminum Ion Core = Al"? with radius of ra .3 = 0. 26A (radii
from Table 162. 2 of [7]).m"? is the density or number of the
Al"? core. Large circles = valence electron orbits in isolated Alu-
minum in free space = 1.044A to 1.312A (radii from Table
162. 2 of [7]). @ ar-rccae = 4. 05A = size of the edge of the Face
Centered Cube of the aluminum crystal® . Interatomic core dis-
tance in FCCube da-a = 2.86A . Cubic average aluminum
volume density and aluminum atom separation = Na_ = 4/a® =
6.02%10%Al/cm® and aa s = Nad =2.55A. N = Average alu-
minum Valence Electron Concentration and electron-electron

-3 . = -3 —
dnd @ clectron - clectron — N -

separation = 3N, = 1. 81 X 10 cm
1.77A.V = Aluminum vacancy = missing Aluminum atom =
missing Aluminum Ion Core with its three valence bond elec-
trons or three valence electrons in the Debye sphere of Debye
length or radius of Apenye- screening - tengtn = 0- 576A. Autectron - mean - free— path
= 150A. Open-arrow = Track of Aluminum atom = inverse
track of Aluminum vacancy. J, is the average electrical current
density per unit cross-sectional area of the conductor line, far
from the location of the void, V. wy is the physical width of
the void. which increases during current stress towards the two
width edges of the conductor line with linewidth of Wyw. When
wy reaches Wy, the conductor line is opened and its electrical
resistance is infinite. TTF is the defined as the time when the e-
lectrical resistance increases by 10% or wy (t = TTF) = Wy /10.
M ¢ is the total number metal atom site on the interior surface
of the Void, which is the sum of the occupied and the unoccu-
pied interior surface sites,each by a metal atom. m is the num-
ber of interior surface site of the Void which is occupied by a
metal atom,or the number of trapped metal atoms (adatom) on
the interior surface of the Void. m is the total number of mo-
bile or activated metal atoms, each is ‘jumping’ into its adja-
cent atomic vacancy site V by the vacancy diffusion mechanism
with an atomic diffusivity of D, and thermal activation energy
of E, which is the potential barrier height between the vacancy
and its adjacent aluminum atoms. V' is the volume density of the
vacancy sites. N is the volume concentration of the conduction
electrons in the metal line.

Fig. 3
line. Picture shows the Face Centered Cubic Unit Cell of the

Aluminum metal with a cell edge of a = 4. 05A and interatomic

The crystalline metal model for the metal conductor

distance of da.-a. = 2.86A. The aluminum atomic ion cores.,
Al"? ,represented by the silver balls, has a radius of ra .3 =
0. 26A based on the core electron charge distribution'” and the
picture is 0. 42A, about twice larger, hence not to scale. The De-
bye length or radius of the conduction band or valence shell e-
lectrons is Apepye = 0. 576A, which gives the tightly bound elec-
tron distribution or spherical Debye electron cloud around the a-
luminum core when the aluminum atom moves to the adjacent

vacancy site or the vacancy mechanism of diffusion.

ingly small, in a metal with its very high concentra-
tion of conduction electrons, such as N = 1. 81 X 10*

*in Aluminum'™ . (See the captions of Figs. 2 and

cm
3 for the numbers.) (i) The neutral aluminum atom,
with ion core radius of @ .5 = 0. 26A, and a conduc-
tion-electron Debye screening length or Debye Cloud
radius of Apey. = 0. 576A~0. 58A, is not likely to be i-
onized by the small applied electric field. The ioniza-
tion probability can also be estimated by the cubic
separation of the electron and the Al"® with a
d ALclection = AALAL — @ electronclectron = 2. 55A — 1.77A =
0.68A, which is of the same order as the Debye
screening length, Apeye = 0. 58A., based on a spherical
electron distribution. The electric field in metal is
rather small to even significantly polarized the tightly
bound electrons to the aluminum ion core, Al™® +
3e” ,to make the first term from the drift of the neu-
tral aluminum, g, Exm?*, significant. These are con-
sistent with Landauer’s rejection of the electron-wind
model based on his many-body (many-electron) con-
siderations™®’
screening of the atomic ion core Al™? by the high den-
sity of conduction electrons in aluminum.

It is interesting and useful to point out that a sim-

that are akin to the Debye electron

ilar consideration as above for metals can be made al-
so for semiconductors with low or intrinsic conductiv-
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ities,and with high conductivity from high concentra-
tions of impurity or small energy gaps. The Debye
screening length or radius would be much larger due
to lower electron and hole concentrations, enable the
polarization and ionization of the host and impurity
atoms by the applied electric field. Furthermore,semi-
conductor devices contain fabricated composition
changes. such as a p/n junction, which gives high
build-in internal electric field. Thus, the drift under
the electric field of both the ionized and also the neu-
tral but polarized host and impurity atoms are possi-
ble.and in fact are causes of the long term,irreversi-

ble degradations of the reliability of semiconductor
devices.

The atomic transport equations and the current
and resistance equations are now listed below in equa-
tions (1) to (8). Here the sum of the polarized but
neutral atom and the ionized atom gives the total at-
om concentration, m = m* + m” . We drop the ions,
m "~ and for simplicity of notation,we use m for the
neutral atoms. Thus, m = m* + m " ~ m*. This nota-
tion simplification is reflected by Equation (1) given
below in which the two drift and one ion diffusion
terms are dropped.

Fy = —Duwdm*/dx +puExm*—Dydm” /Ix+ pn. Exm”

=—-DIdm*/dx +0 -D,.dm"/dx+0 (electron — windless = driftless)

=-D,dm/dx (neutral atom diffusion only) (1)
dm/dt = —dFy/dx teamr—con(Myr—mp)m (neutral atom continuity) (2)

=+D,*m/Ix*+(entcom)ms— cuMrr (diffusion + trapping) (3)
Imy/dt=—(epntcom)me+ coMyr (trapping) 4
where
emn = emJ or
en = ewlt’ (5)
J = Jo/[1=(wy/WWI=Jy/(1 - w) where w=(wy/ Wy) (6)
R/R, = 1/[1-(wy/WW1=1/0~-w) P,
(R/Ry) —1=AR/R,=w/(1—-w) =0.1 defines the Time to Failure or TTF (8)

Here the D’s and p’s are the respective diffusivities
and mobilities. e, is the emission rate of the atoms
trapped at the void surface trapping sites. c,, is rate of
capture of mobile atoms by the unoccupied surface
traps (Mrr — m+) at the interior surface of the void.

The two alternative current dependent forms of
Equation (5) give the release or emission rate of the
metal atoms trapped at the void’s surface, m,due to
the interaction or collision of the conduction electron
with the valence ‘bond’ electron (or the electron in
the Debye electron cloud) to break the metallic bond,
as shown by the solid arrows in Fig. 2. This activates
or releases the trapped metal atom, m ., from its sur-
face trapping site, M 1. Thus, this emission rate is pro-
portional to electron density, N, or the electron cur-
rent density, e, = e J,since the electron number is
proportional to the electron current density,J = gvyN
where v, is the drift velocity. At higher current densi-

Iwy/It =kdm/dt=k(e,t com)my— kcoymMg
= k(em>mT

= k€m1J>< MTTGXp( - E,\/kBT)

a(Wv/Ww)/at - k(emlJ()/Ww)MTTeXp( - EA/kBT)/[l_ (Wv/Ww)]

= dw/dt= (1/0)/(Q—w)

jdz/rs = i/n = J[l — G/ W) TdGwy/ W) = J(l - wdo
= {1 - [1 - (WV/WW>]2>/2 = w(l —a)/z)

1/'[] = k(em] MTT/Ww)J()eXp( _EA/kB T)

ties, we have a J* dependence, e, = e, J* because the
drifting electrons also enhance vacancy migration to
provide more vacancy sites for the released “mobile
atoms” to move into.

Analytical solutions of (1) to (8) can be obtained
for the two asymptotic cases of void-surface-bond-
breaking rate limited and bulk-diffusion-limited.
These are listed in the following subsections.

2.1 Void-Surface Bond-Breaking Rate Limited

In this case,we have in equation (3) the follow-
ing inequality,

Dnd?*m/Ix*C(en+ com)my — co Moy )
therefore (1) to (8) reduce to the following equations
and their analytical solution. Here k is a proportion-
ality constant relating the width of the void, wy,and
the number of atoms, m ,moved from the interior sur-
face of the void which increases the size of the void.

(10)
1y
(12)
(13)
14

(15)

(16)
17)
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(R/R¢) 1= w/(1—-w) (18)
te/t1= 1/2 Breakdown Time at R = « (19)
(R/Ry) —1= AR/R,= t/nioc J, Short Time and Low J, 20
TTF = t(AR/R;=0.1) = /10 21
= (Ww/10kewm M+1) (Jo) lexp(+ En/kgT) (22)
At high current densities,when e, = e, J* then (24)
TTF= (Wy/10kew, M) (Jo) 2exp(+ Ex/kgT) (25)

The general solution of the resistance as a function of time,from combining (15) to (16),is
R/Ry= [1-2Ct/z)]7V? (26)

which has initial linear rise with stress time and which breaks up at ¢t =, /2 as indicated by (19).
2.2 Bulk Diffusion Rate Limited

In this case, detrapping of m or generation of m is much faster than diffusion of m.Thus,m and m: on
the void’s surface, x = 0,has reached the steady-state as soon as the current is turned on. The boundary condi-
tion at x =0 and the kinetics in the region x>0 are given below.

At x=0
enmr— com(Myr—my) = 0 with mi(x=0,1) = Myand m(x=0,t) = M, 27)
My = exMup/Lea(Myp— M) ] = (en/Cm)(My/Mrp) (28)
= (emJo/ca)[1/A=w)Jexp(— EA/ ks T) (29)

In x>0
dm/dt = D,I*m/dx* 30)
m(x.t) = Myerfc[ x/2(D,t)"*] 3D
Fu(x=0,t) = = D.dm/dx|,-0= DuMy/(xD,t)"? (32)
Qutx = 0.0 = [Fy(x = 0.00dt = 2M (D, 1/ (33)
Let wy(t) = kOu(x=0,1) where k is proportionality constant (34)
Let D, = Dyexp(—Eg/ksgT) Vacancy or Grain Boundary (35)
Let My = Myexp(—Er/kgT) Thermally activated void surface atoms (36)
dlwy/ Wy /dt = (d/dt) (kQu/ Wy)= dw/dt = (k/ Wy Fy(x=0,1) 37
J(l - wdew = ol —w/2) = (t/t)"* (38)
= 2k Ceuns/eaWa) exp[— (By+ Eay /2) ks TIDu /0 dt/11 (39)
=2k CemJo/ca Wy expl = (Ex+ Epi/2)/ ks T1(Dyy /7)Y 21" 40)
2= (/D) (cnWy/dkew)? J5? expl + (2Ex + Epit) [k T 4D
t = Lol —w/2) ] (42)
AR/Ry= (R-Ry)/Ry= w/(1—w) (43
te= t(w=1) = 1,/4 Breakdown Time at R = < (44)
AR/Ry= w = (t/y)"?ccl, Short Time and Low J, (45)
TTF = t(AR/Ry=0.1) = ¢,/10 (46)
= TTFy X (Jo) *X expl + (2Es+ Epy)/ ks T 47)
At high current densities,enhanced vacancy generation by the high electron current gives a higher bond break-
ing or emission rate of trapped atoms, e, = e, J* (48)
then TTF = TTF,. X (Jy) * Xexpl+ (2E, + Epy)/ ks T] (49

The exact solution valid for all times can be obtained from (42) and (43) and is given by

R/Ry=[1 — 2Ct/e)"* ] "? (50)

3 The Compact Model

The amazingly simple asymptotic metal line resistance formulas,limited by the bond-breaking rate and dif-
fusion rate, given respectively by (26) and (50),immediately suggest the following analytical compact model
formula to cover the entire range of both bond breaking and diffusion limited mechanisms. These are summa-
rized and compared below.

J()/Jy= R(/Ry=1/[1 = (wy/ Wy ]
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=[1-2C1/z)V] "
t.=(01/2),
TTF(10%) =[1- (1/1.10)* ],
TTF(20%) =[1- (1/1. 20)* ]J*r,
TTF(50%) =[1- (1/1.50)* ]J*c,
TTF(100%) =[1- (1/2. 00)* J*z, = (3/4)“r,
Empirical Fit Parameters:
r,= AJyexp(+ E,/kgT)
a=1to4

Bond Breaking Limited o = 1to 2

Tu: T1:(Ww/kMTT>(1/em) eXp(+EA/kBT)
= (Wy/kMm)(1/em)Js exp(+ E /kgT)
= T — (Ww/kMTT)(l/emz)ngexp(+EA/kBT)

R(t)/R, = [1 — 2(t/z)]7 "

=t/ J
R(t=t.)/Ry= ® att = t1. = 71/2
Diffusion Limited o= 2 to 4

T, = T2 — (T(/Dm()) (CmWw/4k€m)ZeXp[+(ZEA+EDif)/kBT]
= ToL — (K/Dmo)(cm WW/4kem1)21(§26xp|:+(2EA+ED“~) /kBT]
= ou= (/D) (Cn WW/4kemZ>2J(;4exp[+(ZEA+EDif) /kBT]

R()/Ry=[1 — 2t/ 17"
= ([/Tz)l'/yzoc J()

R(t=t.)/Ry= o att = tye = 1,/4

The initial rise of the resistance is proportional to the
current density, J,, independent of the rate limiting
mechanism,as shown by (63) and (69). The mecha-
nism determines only the initial time dependence,lin-
ear in time, ¢, as shown by (63) if bond breaking is
rate limiting, and square-root in time, t"?, as shown
by (69) if diffusion is rate limiting. As anticipated,
the time to failure (10% increase in resistance in or-
der to be in the linear range) increases linearly with
the line width, W,,, if bond-breaking is rate limiting,
and parabolically with the line width, W2, if diffu-
sion is rate limiting. The material properties in the
time constants should provide the quantitative clues
for better materials, processing steps.and geometries,
to attain longer lasting interconnect lines, comple-
menting if not replacing the empirical rules accummu-
lated for four decades by semiconductor integrated
circuit engineers

4 Conclusions

The resistance and time-to-failure (defined as
10% rise of resistance) formulas of a metal conductor
line are derived based on diffusion transport of the
neutral metal atoms via the vacancy pathway and the
trapping or generation-recombination-trapping of the
metal atoms at the atom trapping sites on the interior
surface of the voids. These 1986-1996-Sah formulas
are identical in form to the empirical 1969-Black for-
mula. TTF= AJ * Xexp(+ E,/kgT) where A, a and

=M %29 %
(For The Compact Model, « = adjustable) (51)
(Breakdown time Infinite Resistance) (52)

(Time To Failure 10% rise of resistance) (53)
(Time To Failure 20% rise of resistance) (54)
(Time To Failure 50% rise of resistance) (55)
(Time To Failure 100% rise of resistance) (56)

(57)

(58)

(59)
Low J, (60)
High J, (61)
All times (62)
Short time t < 7 (63)
Breakdown time (64)

(65)
Low J, (66)
High J, (67)
All times (68)
Short time t <ty (69)
Breakdown time 70)

E, were empirical parameters introduced by Black to
be adjusted to fit the experimental data, which have
varied over a wide range,a=1 to 4 or more and E, =
0.5eV or less to 1. 5eV or more. These parameters in
the 1986-1996-Sah formulas are fundamental materials
properties of the metal conductor, therefore, they
provide the quantitative clues to search for metals and
compound conductors such as silicides that would give
higher endurance against electromigration failure. In
addition, they provide fundamental inputs to design
physical structures for higher endurance. This materi-
als and device physics based resistance formula ad-
vances the technology of electromigration into an en-
gineering science from 40 years of empirical recipe
that was started by the 1969-Black formula. Refine-
ments of the underlying physics from the simple con-
stant rate coefficients are expected, such as Debye

screening, and valence-conduction electron concen-
tration or local current density dependent bond-
breaking and bond-interaction or electron-hole inter-
action rates, all of which could give further insights
on the device design and processing to enhance the
endurance of metal interconnect lines in semiconduc-
tor integrated circuits.
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