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Grain boundary plays a key role in electromigration process of polycrystal interconnection. We take a free volume to

represent a ‘vacancy–ion complex’ as a function of grain boundary specific resistivity, and develop a new characterisation

model for grain boundary noise. This model reveals the internal relation between the boundary scattering section and

electromigration noise. Comparing the simulation result with our experimental result, we find the source as well as the

form of noise change in the electromigration process. In order to describe the noise enhancement at grain boundary

quantitatively, we propose a new parameter—grain boundary noise enhancement factor, which reflects that the grain

boundary noise can characterise the electromigration damage sensitively.
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1. Introduction

Electromigration in metal film has been a serious

problem in interconnection reliability since the critical

dimension has attained to ultra-deep submicron.[1,2]

As is well known, grain boundaries in polycrystal are

not only the fast paths for atoms diffusion, but also

mobile defects themselves, through absorbing energy

from moving conduction electrons, grain boundaries

contribute almost all the resistance in metals.[3] Based

on the view above, through analysing the electrons

scattering by grain boundaries, Dannenberg et al.[3]

focused on the study of boundary specific resistivity

of metal film, and derived a relationship between elec-

tron wind force and specific resistivity in the area of

grain boundary. Both simulative and experimental

results proved that the electron wind force near grain

boundary is 1–2 orders greater than in the bulk in

electromigration process.[3−5]

For years, with the durative development in reli-

ability characterisation and estimation, besides some

ordinary methods, such as drift velocity analysis,[6]

lifetime testing,[7] resistance monitoring,[8] in-situ

analysis, etc.,[9] noise testing has appeared as a

new method of analysing the electromigration dam-

age. Because of its convenient, sensitive and non-

destructive capability, noise soon became a hotspot in

research. At the present stage, researchers’ interests

mainly fasten on the comparison between noise and

ordinary parameters,[10] or the relationship between

noise and failure time, stress, geometry characterisa-

tion etc.,[11,12] or noise time–frequency analysis.[13−15]

However, there are fewer researches on the relativ-

ity between noise and the electromigration dominant

defect–grain boundary. Through noise testing for

polycrystal interconnections, Ciofi et al.[16,17] proved

that electromigration mainly takes place at grain

boundary. Yang and Butler[18] attributed the 1/f

noise in metal film to the electron mobility ratio fluc-

tuation caused by vacancy fluctuation at grain bound-

ary. Here, f is the noise frequency. These results in-

spire us to research the relationship between noise and

grain boundary deeply.

Based on the specific resistivity of grain boundary,

through the introduction of free volume, we establish

a grain boundary noise model. The simulative and the

experimental results show that during the early stage

of electromigration, noise is in the form of 1/f , it ori-

gins mainly from the scattering caused by the equi-

librium exchange of vacancies and atoms in the bulk;

along with electromigration process, vacancies gather

at grain boundary and form free volume scattering sec-

tion, the 1/f noise turns into 1/f2 noise. To quantify
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the enhancement of grain boundary noise, boundary

noise enhancement factor is proposed by consulting

the form of electron wind force enhancement factor.[3]

For regular metal interconnection materials, noise en-

hancement factor caused by free volume scattering at

grain boundary is on the order of 104, which is much

greater than the electron wind enhancement factor,

so noise can characterise the electromigration damage

more sensitively than conventional electricity param-

eters.

2. Model

Grain boundary is a special area, and its long-

range disorder results in more defects, where ions have

an irregular arrangement and greater freedom for mo-

tion. Hence, the grain boundary has a more intense

scattering for electrons as shown in Fig. 1. The con-

cept of free volume origining from noncrystalline solid

was used to describe the grain boundary,[19] we con-

sider grain boundaries as an array of scatterers in a

plane, the scatters are called ‘vacancy–ion’ complexes,

in which the vacancy represents the boundary free vol-

ume and the ion is an atom adjacent to the vacancy.

Thus, grain boundaries can be pictured as a distribu-

tion of missing pockets of jullium in a plane, and the

pockets represent the free volume found near the dis-

location cores. Associated with each pocket of missing

Fig. 1. Sketch of polycrystal grain boundary.

volume is an atom of the metal matrix whose interac-

tion with conduction electrons is stronger than atoms

coordinated only by other atoms. This scatter is called

a ‘vacancy–ion complex’. We assert that the scatter-

ing of conduction electrons by atoms of complexes be-

comes even more prominent than by ordinary atoms.

Based on the view above, several hypotheses are

proposed as follows:

(i) grain boundaries are considered as a series of

scatterers in a plane;

(ii) the scattering at the grain boundary is due

to free volume pockets in the net positive background

jellium;

(iii) free volume at grain boundary is a kind of

defect in the form of vacancy.

In order to research the relationship between noise

and boundary free volume, we should start with grain

boundary resistivity. According to Drude expression,

boundary resistivity can be written as

ρf(G) =
m

(n+ δn)e2
ωf(G), (1)

where m is the electron effective mass, n is the elec-

tron density in the bulk, n+ δn is the electron density

at boundary, e is the electron charge, and ωf(G) is the

scattering probability of free volume. The scatterings

are not independent of each other. The specific resis-

tivity of grain boundary can be written as[2][
∆ρ

∆ξ

]
= ρf(G)δ =

m

(n+ δn)e2
ωf(G)δ, (2)

where δ is the width of boundary. The scattering rate

at grain boundary is determined by the mean effect

of ions with different free volumes. Supposing that

p(vf)dvf is the probability of free volume between vf

and vf + dvf , a method like Maxwell–Boltzmann bal-

ance statistics is adopted to obtain the scatterer free

volume distribution function as

p(vf) = (Ng/Vf) exp[−(Ng/Vf)vf ], (3)

where Ng represents the ion density at grain bound-

ary, and Vf is the total free volume in the polycrys-

tal. Here we consider that the blank of vf tends to

minimum, thus p(vf) can be seen as a continuous dis-

tribution. When the velocity of electron motion is v

and the effective scattering sectional area is S(vf), the

scattering probability can be written as

ωf(G) =

∫ Vf

0

vS(vf)Ngp(vf)dvf =

∫ Vf

0

vS(vf)Ng(Ng/Vf) exp(−(Ng/Vf)vf)dvf . (4)

Substituting Eq. (4) into Eq. (2), an expression for boundary specific resistivity can be obtained as
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∆ρ

∆ξ

]
=

mδ

(n+ δn)e2

∫ Vf

0

vS(vf)Ng(Ng/Vf) exp

(
− Ng

Vf
vf

)
dvf

=

∫ Vf

0

mδvN2
g

(n+ δn)e2Vf
S(vf) exp

(
− Ngvf

Vf

)
dvf . (5)

Because the change of resistance is caused by the va-

cancy density change, we consider that the ions ad-

jacent to vacancies are all confined on an ion scale,

namely vf is a finite quantity, so∫ Vf

0

Ng exp(−(Ng/Vf)vf)

Vf
dvf = 1, (6)

and [
∆ρ

∆ξ

]
=

mδvNgS(vf)

(n+ δn)e2
. (7)

For different grain boundaries, the value of Ngδ can

be obtained by simulation, however, for convenience,

Dannenberg and King[3] obtained the following rela-

tionship through the missing jullium model:

Ngδ = na

(
∆V

A

)
, (8)

where na is the atom density, (∆V /A) is the free vol-

ume expansion per unit area of grain boundary. Be-

cause (n+ δn)/na = |Z∗(G)| is the effective valence

of the ion at grain boundary, Eq. (7) turns into[
∆ρ

∆ξ

]
=

mvS(vf)

(n+ δn)e2
na

(
∆V

A

)
=

mvS(vf)

e2 |Z∗(G)|

(
∆V

A

)
. (9)

Based on the 1/fγ noise theory in metal intercon-

nection, the relationship between voltage noise spec-

trum and resistivity can be written as

SV = SRI
2 =

B

fγ

ρj

kT
exp

(
−Ea

kT

)
I2, (10)

where f is the noise frequency as mentioned above,

j is the current density in noise test, k is the Boltz-

mann constant, T is the noise testing temperature,

Ea is the active energy for electromigration, and I is

the current in interconnection. Supposing that in the

electromigration process, the cross section area of in-

terconnection is S, the voltage noise spectrum of grain

boundary should be

SV(GB) =
B

fγ

[
∆ρ
∆ξ

]
j

δkT
exp

(
−Ea

kT

)
(jS)2

=
BS2

fγ

mvS(vf)j
3

δe2 |Z∗(G)| kT

(
∆V

A

)
× exp

(
−Ea

kT

)
, (11)

where B = B′NZ∗qD0, B′ is a constant related to

material, N is the density of atoms, Z∗q is the effec-

tive ionic charge, D0 exp(−Ea/kT ) is the diffusivity

at grain boundary. There are evidences showing that

Eq. (10) holds only for γ ≈ 2,[20] and finally, Eq. (11)

turns into

SV(GB) =
B′NZ∗qD0S

2

f2

mvS(vf)j
3

δe2 |Z∗(G)| kT

(
∆V

A

)
× exp

(
−Ea

kT

)
. (12)

3. Discussion

To verify our model, accelerated electromigration

testing was performed. The sample was made by a

1 µm standard CMOS technique, which was a stan-

dard aluminum interconnection with four pins and

plastic dual-in-line package. The sample was 2 µm

wide, 1325 µm long, and 0.5 µm thick. Our accelerat-

ing conditions were j = 2MA/cm2 for current stress

and TA = 130 ◦C for thermal stress. In the accel-

erated electromigration process, resistance and noise

were tested, after 28 hours, the sample failed in the

form of open.

Figure 2 shows the change of noise frequency ex-

ponent γ in the electromigration process. It can be

seen that the electromigration process was divided

into three parts by γ: in zone I, γ < 1 (0 h ≤ t < 4 h),

electromigration damage had not happened yet, we

call this period the latent period, the noise originated

from the defects introduced by the production tech-

nique; in zone II, 1 ≤ γ < 1.5 (4 h ≤ t < 16 h) ,noise

in this period exhibited a 1/f form, under the stress

of electron wind, vacancies started to be generated

and tended to gather at grain boundary, noise came

mainly from the scattering caused by the equilibrium

exchange of vacancies and atoms in the bulk; in zone

III, γ ≥ 1.5 (16 h ≤ t < 28 h), vacancies had gath-

ered at grain boundary mostly, boundary scattering

became the source of noise, and the 1/f noise turned

into 1/f2 noise.[21]

097202-3



Chin. Phys. B Vol. 19, No. 9 (2010) 097202

Fig. 2. Variation of noise frequency exponent γ in elec-

tromigration process.

Some researchers find that the 1/fγ noise in metal

film originated basically from scattering of carriers

by the random movements of impurities and defects,

but our noise model describes the 1/f2 noise at grain

boundary as being induced by free volume. Based

on the free volume theory, when vacancies gather at

grain boundary to a significant extent, the vacancy–

ion complex scattering section will be formed. In the

early period after the formation of free volume, its

section radius approximates to the ion radius, namely

S(vf) ≈ πr2. According to the analysis above, the

noises at two time points, after electromigration had

happened, were adopted from zone II and III, and

compared with simulation result. For Al intercon-

nection, the parameter values for our noise model are

shown in Table 1.

Table 1. Grain boundary noise model parameter values (for Al).

sign physical meaning value reference

Z∗(G) ion effective valence at grain boundary –456 [3]

T noise testing temperature/K 300

∆V/A free volume expansion per unit area at grain boundary/cm 0.05aAl
0 = 0.38× 10−8 [3]

Ea electromigration active energy/eV 0.6 [22]

r ionic radius/cm 0.535× 10−8

δ grain boundary width/cm 10 Å=1× 10−7 [23]

N atomic density/cm−2 6× 106 [24]

Z∗q effective ionic charge (C) 15× 1.6× 10−19 = 2.4× 10−18 [25]

D0 exp(−Ea/kT ) diffusivity at grain boundary/(cm2/s) 6× 10−13 (T = 553 K) [26]

B′ material constant

Figure 3 shows the comparison between testing

noise and simulation noise. At the early stage of elec-

tromigration (t = 4 h), the noise was 1/f noise, its

amplitude was relatively low; at the late stage of elec-

tromigration (t = 20 h), the noise turned into 1/f2

noise and its amplitude increased obviously. The noise

at this moment accorded with the simulation result

from the free volume model very well, which proves

that the 1/f2 noise derived from the scattering of

free volume at grain boundary indeed, simulation re-

sult, agreed with our theoretical prediction also. The

scattering section of the simulation result in Fig. 3

was of ionic dimension, and it showed at 20 h the

free volume scattering section just formed along with

electromigration process. The dimension of scattering

section changed constantly until the interconnection

failed, and it could develop into the linewidth dimen-

sion. Through adjusting the values of terms relevant

scattering, such as S, S(vf), and ∆V/A, Eq. (12) can

still be used to simulate grain boundary noise at any

stage of electromigration. Also, through the model,

the microcosmic change of grain boundary under elec-

tromigration can be obtained simply by noise test.

Fig. 3. Comparison between testing noise and simulation

noise.
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For a polycrystal film, once free volume formed at

grain boundary, its scattering for carriers will be more

intense than in the bulk, so noise will be enhanced,

too (as shown in Fig. 3). In order to quantitatively

describe the noise enhancement at grain boundary, re-

ferring to the electron wind enhancement factor,[3]we

propose a grain boundary noise enhancement factor β

β =
SV(G)

SV(∞)
, (13)

where SV(G) is the voltage noise spectrum at grain

boundary, and SV(∞) is the voltage noise spectrum

in the bulk under the same stress conditions.

The mass transport during electromigration is at-

tributed to the atom fluxes in grain and at grain

boundary. For atom fluxes, the relative contribution

of lattice diffusion and boundary diffusion is[23]

J1,met

Jb,met
=

N1,metdave,metD1,metZ
∗
1,met

Nb,,metwb,metDb,metZ∗
b,met

, (14)

where J1,met is the atom stream density in grain,

Jb,met is the atom stream density at grain boundary,

N1,met is the lattice atom density, Nb,met is the bound-

ary atom density, dave,met is the average grain size,

wb,met is the effective boundary width, D1,met is the

lattice diffusion coefficient, Db,met is the boundary dif-

fusion coefficient, Z∗
1,met is the effective ionic charge

in lattice, and Z∗
b,met is the effective ionic charge at

grain boundary. A basic hypothesis for 1/fγ noise

is that the spectrum density of resistance fluctua-

tion is proportional to atom stream density J , namely

Sr(J, f) = CJ/fγ , according to Eqs. (9) and (14),

the noise enhancement factor can be written as

β =
SV(G)

SV(∞)
= C ′ Jb,met

J1,met

= C ′ Nb,metwb,metDb,metZ
∗
b,met

N1,metdave,metD1,metZ∗
1,met

. (15)

For metal films, β is influenced by temperature: for

example, when T = 0.5Tm,cond (Tm,cond denotes the

melting temperature), there are[23]

Z∗
b,met

Z∗
1,met

≈ 1,
Nb,met

N1,met
≈ 1,

wb,met

dave,met
≈ 10−3,

Db,met

D1,met
≈ 107, (16)

therefore β ≈ 104. Comparing the 1–2 order enhance-

ment of electron wind force, the enhancement of noise

at grain boundary is remarkable.

4. Conclusion

In this paper the free volume is taken to charac-

terise the noise of polycrystal electromigration, the ex-

perimental results verifies the rationality of ‘vacancy–

ion complex’ hypothesis. The grain boundary noise

model can be used not only to explain the origin of

grain boundary noise but also to make it possible that

the microcosmic change and damage of interconnec-

tion can be discovered without expensive in-situ test-

ing. As an extension for noise characterisation, the

grain boundary noise enhancement factor is proposed

for the first time, and it validates the close relationship

between grain boundary and electromigration noise

again. How to make it practical should be our next

work.
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