
Isothermal stress relaxation in electroplated Cu films. II. Kinetic modeling
Rui Huanga!

Department of Aerospace Engineering and Engineering Mechanics, University of Texas, Austin, Texas
78712

Dongwen Gan and Paul S. Ho
Laboratory for Interconnect and Packaging, University of Texas, Austin, Texas 78712

sReceived 22 September 2004; accepted 21 March 2005; published online 13 May 2005d

In Part I we reported experimental results obtained from isothermal stress relaxation tests of
electroplated Cu thin films with and without a passivation layer and deduced grain-boundary and
interface diffusivities based on a kinetic model. Here in Part II we describe the detail of the model,
which is based on coupling of grain-boundary diffusion with surface diffusion for unpassivated films
and with interface diffusion for passivated films. Numerical solutions are obtained for the coupled
diffusion problems and analytical solutions are obtained for several limiting cases. The effects of
surface diffusivity and interface diffusivity on stress relaxation of polycrystalline thin films are
analyzed and compared with experiments. The model predicts a transient behavior of stress
relaxation and provides a quantitative correlation between stress relaxation and the kinetics of mass
transport. In particular, the models can be used together with isothermal stress relaxation tests to
characterize interface diffusion and to evaluate selected cap layers for improving electromigration
reliability of Cu interconnects. ©2005 American Institute of Physics. fDOI: 10.1063/1.1904721g

I. INTRODUCTION

In Part I of this study, a set of isothermal stress relax-
ation tests was conducted to measure grain-boundary and
interface diffusivities in electroplated Cu films, which pro-
vides a useful method to evaluate the effectiveness of differ-
ent cap layers and chemical-mechanical planarizationsCMPd
processes for improving electromigrationsEMd reliability of
Cu interconnects. A kinetic model is required for quantitative
correlation between the measured stress relaxation data and
the corresponding diffusivities. In general, stress in thin films
can be relaxed by multiple mechanisms, such as dislocation
plasticity1 and diffusional creep2 as well as voiding and
cracking under tension3 and delamination-buckling under
compression.4 Here we focus our attention on the diffusion
mechanism, which is most relevant to EM reliability in Cu
interconnects. Several authors have shown that, at moderate
temperatures, stresses in polycrystalline thin films can be re-
laxed by diffusional flow of matter between the free surface
and grain boundaries.5–7 For a Cu film passivated with a cap
layer, stress can be relaxed by mass transport between the
interface and grain boundaries. Electromigration studies in
Cu line structures showed that mass transport is dominated
by diffusion at the interface between Cu and the cap layer,
probably due to the presence of defects induced by CMP.8,9

Recently, effects of cap layers on stress relaxation of Cu
interconnect lines were observed experimentally10,11 which
indicates the coupling of interface diffusion and grain-
boundary diffusion as a stress relaxation mechanism in pas-
sivated Cu films. Figure 1 schematically illustrates the struc-
ture and diffusion paths in unpassivated and passivated thin

films, where the film ideally consists of one layer of grains
with the grain boundaries perpendicular to the film-substrate
interface.

The coupling between surface and grain-boundary diffu-
sion has been studied previously. For example, Rice and
Chuang12 formulated a theory for diffusive cavity growth at
grain boundaries. Geninet al.13 analyzed the effect of stress
on grain-boundary grooving by superimposing a solution
corresponding to the steady-state grain-boundary diffusion to
Mullin’s solution of grain-boundary grooving. Antipov and
Gao14 developed a model for stress-induced atomic diffusion
from a surface into a semi-infinite grain boundary. For un-
passivated polycrystalline thin films, Thouless15 developed a
model coupling surface diffusion and a steady-state grain-
boundary diffusion. Recently, Gao and co-workers16,17devel-
oped a model coupling surface diffusion and a constrained
grain-boundary diffusion, also for unpassivated films, but ac-
counting for the transient behavior of grain-boundary diffu-
sion and the nonsliding condition at the film-substrate inter-
face. For passivated films, however, we are not aware of any
previous study on the coupling of grain-boundary diffusion
and interface diffusion. Boweret al.18 recently conducted
numerical simulations of stress relaxation in a damascene Cu
interconnect considering diffusion at grain boundaries and
interfaces between Cu and surrounding layers.

This paper develops a kinetic model for stress relaxation
in unpassivated and passivated polycrystalline thin films
based on coupling of grain-boundary diffusion with surface
and interface diffusion, respectively. For unpassivated films,
the model differs from Thouless’s model15 in that the tran-
sient behavior of grain-boundary diffusion is explicitly con-
sidered, and differs from the model of Gao and
co-workers16,17 in that an approximation is made in calculat-
ing the normal stress at the grain boundary, which leads to aadElectronic mail: ruihuang@mail.utexas.edu
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simplified equation for grain-boundary diffusion and analyti-
cal solutions at limiting cases. For passivated films, the
model couples the grain-boundary diffusion with interface
diffusion and demonstrates the effect of a cap layer on stress
relaxation. In Part I, the model has been used to analyze
experimental results from isothermal stress relaxation tests of
electroplated Cu thin films with and without a passivation
layer, which allowed quantitative determination of the inter-
face and grain-boundary diffusivities that control the elec-
tromigration reliability of Cu interconnects. This paper de-
scribes the detail of the kinetic model. Section II considers
stress relaxation in an unpassivated film, and Sec. III consid-
ers a passivated film. The effects of surface and interface
diffusivities on stress relaxation in unpassivated and passi-
vated films are analyzed, respectively. Section IV discusses
the limitations of the present model in comparison with ex-
periments.

II. UNPASSIVATED FILMS: COUPLING OF GRAIN-
BOUNDARY DIFFUSION AND SURFACE DIFFUSION

As shown in Fig. 1, we assume that a film consists of
two-dimensional grains of a constant lengthl with grain
boundaries of heighth perpendicular to the film/substrate
interface. For an unpassivated filmfFig. 1sadg, atoms diffuse
along grain boundaries and the free surface. The atomic dif-
fusion is driven by the gradient of chemical potential. The
chemical potentials at the free surface and the grain bound-
ary are, respectively,

mS= m0 − kssdgSV, s1d

mB = m0 − sBsydV, s2d

wherem0 is a reference value,gS is the surface energy den-
sity, V is the atomic volume,k is the surface curvature,sB is
the normal stress at the grain boundary,y is the coordinate
along the grain boundary, ands is the curvilinear coordinate

along the surface. The contribution of the elastic strain en-
ergy to the surface chemical potential has been neglected as
Rice and Chuang12 have shown that the contribution from
the surface energy is much more significant in similar cases.
In this study we ignore lattice diffusion and interface diffu-
sion between the film and the substrate.

A. Equilibrium state

At equilibrium, the chemical potential is uniform. Con-
sequently, the surface of each grain has a uniform curvature,
i.e.,kssd=k0, and the normal stress at each grain boundary is
a constant, i.e.,sBsyd=sB0. By a simple geometric consider-
ation, the surface curvature at equilibrium is given by

k0 = −
2 cosc

l
, s3d

wherec is the dihedral angle at the intersection between a
grain boundary and the surface, determined by the balance of
local surface tension according to 2gS cosc=gB, wheregB is
the grain-boundary energy density. The sign convention for
the curvature is that a convex surface has a negative curva-
ture.

At the junction between a grain boundary and the sur-
face, continuity of the chemical potential requires that

sB0 = k0gS. s4d

The effective stress of the film is the average of the
normal stress along the grain boundary plus the in-plane
component of the surface tension at the junction, namely,

s f =
1

h
E

0

h

sBsyddy+
gS

h
sinc. s5d

Substituting Eq.s4d into Eq. s5d, we obtain the residual film
stress at the equilibrium state

sEQ =
gS

h
sk0h + sincd. s6d

The above stress is sometimes called zero-creep stress,2

at which stress relaxation by diffusional creep stops. For a
film with the dihedral angle close to 90°, the zero-creep
stress is approximatelygS/h, which can be significant for
films of nanometer thickness19 but negligible for thicker
films with h,1 mm.

B. Coupling of grain boundary and surface diffusion

At a nonequilibrium state, the gradient of the chemical
potential drives atomic diffusion along the surface and the
grain boundary. The atomic flux is given by the Nernst–
Einstein equation, i.e.,

JS= −
dSDS

VkT

]mS

]s
, s7d

JB = −
dBDB

VkT

]mB

]y
, s8d

wheredS is the thickness of the surface layer,DS is the sur-
face diffusivity,dB is the width of the grain boundary,DB is

FIG. 1. Schematics of polycrystalline thin films:sad an unpassivated film
and sbd a passivated film.
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the grain-boundary diffusivity,k is Boltzmann’s constant,
andT is the absolute temperature.

On the free surface, local divergence of the atomic flux
leads to change of the surface profile. Mass conservation
requires that

nn = − V
]JS

]s
, s9d

wherenn is the normal velocity of the surface.
Let ȳsx,td represent the surface profile. Combining Eqs.

s1d, s7d, and s9d and approximately takingnn=]ȳ/]t and k
=]2ȳ/]x2 by assuming that the slope of the surface is small
everywhere, we obtain that

]ȳ

]t
= −

dSDSgSV

kT

]4ȳ

]x4 , s10d

which is identical to the equation in the original analysis of
grain-boundary grooving by Mullins.20

Similarly, the divergence of the atomic flux along a grain
boundary causes a change in the normal stress. Thouless15

assumed that the grain boundary remains planar, leading to a
linear distribution of the flux that requires sliding at the film/
substrate interface. Gaoet al.16 eliminated such sliding by
considering the cracklike opening displacement and solving
the grain-boundary stress using an edge dislocation model.
Recent atomistic simulations by Buehleret al.21 showed that
atoms inserted into a grain boundary instantaneously crystal-
lize and add to either one of the two grains joined by the
grain boundary, rendering the structure of the grain boundary
invariant. As a continuum description of this behavior, we
assume that the mass insertion or removal due to the diver-
gence of mass transport at the grain boundary induces an
inelastic strainsor creep straind, «p, in the plane parallel to
the film-substrate interface. By mass conservation, we have

]«P

]t
= −

V

l

]JB

]y
. s11d

Due to the constraint of the substrate, the total in-plane strain
of the film remains constant under the isothermal condition.
Consequently, the change of the inelastic strain leads to a
change in the elastic strain and thus the normal stress at the
grain boundary. Neglecting other mechanisms for inelastic
deformation and assuming linear elastic grains, we obtain
that

]sB

]t
=

MV

l

]JB

]y
, s12d

whereM is the elastic modulus of the film.
Combining Eqs.s2d, s8d, ands12d, we obtain that

]sB

]t
=

MVdBDB

lkT

]2sB

]y2 , s13d

which is a standard diffusion equation in terms of the grain-
boundary stress. Equations13d is identical to the linear
spring model proposed by Guduruet al.22 for compressive
stress evolution during thin-film growth. Similar models
have been used by Chuang and Rice23 and Sheldonet al.24 In
particular, Guduruet al.22 compared the model with the dis-

location model by Gaoet al.16 and found that the two models
are in surprisingly good agreement despite the simplicity of
the linear spring model.

Equationss10d and s13d describe the surface and grain-
boundary diffusion, respectively, and they are coupled at the
junction joining the free surface with a grain boundary,
where the continuity of chemical potential and mass flux
requires that

U ]2ȳ

]x2U
x=0

=
sBsh,td

gS
, s14d

2JSsx = 0d = JBsy = hd. s15d

Furthermore, the dihedral angle is always maintained by the
local equilibrium, i.e.,

U ]ȳ

]x
U

x=0
= cotc. s16d

In addition, we assume the following boundary conditions:

U ]sB

]y
U

y=0
= 0, s17d

U ]ȳ

]x
U

x=l/2
= 0, s18d

U ]3ȳ

]x3U
x=l/2

= 0. s19d

Equations17d implies no atomic flux at the root of the grain
boundary. Equationss18d ands19d represent a zero slope and
a zero flux at the center of the grain surface as required by
symmetry.

C. Numerical solution

A numerical method is developed to simultaneously
solve Eqs.s10d ands13d with the conditionss14d–s19d. Start
with a stress distribution along the grain boundary,sBsy,td,
and a surface profile,ȳsx,td, at time t. The chemical poten-
tials at the surface and the grain boundary are calculated
using Eqs.s1d ands2d. Next, the atomic flux is obtained from
Eqs. s7d and s8d. The surface profile and the stress distribu-
tion are then updated according to Eqs.s9d and s12d, sub-
jected to the boundary conditions ins14d–s19d. The proce-
dures repeat for many steps to simultaneously evolve the
stress distribution at the grain boundary and the surface pro-
file. We employ an explicit algorithm with a central-space-
forward-time sCSFTd finite difference method and a suffi-
ciently small time step to ensure the stability of the method.
An unconditionally stable algorithm may be developed, but
will not be pursued here. The initial condition for the grain-
boundary stress and the surface profile depends on the ther-
mal process history and is generally uncertain. For simplic-
ity, we assume that the film initially has a uniform stress
along the grain boundary and an equilibrium surface profile
ȳ0sxd with the constant curvaturek0.

Special attention is paid to ensure continuity of the
chemical potential and the atomic flux at the junction be-
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tween the grain boundary and the surface. Applying the finite
difference approximation to Eqs.s14d–s16d, and solving two
coupled algebraic equations, we obtain that

sB
sNd =

sB
sN−1d + 3aSk0gS

1 + 3aS
−

2aSgS

s1 + 3aSdDx2fus2d − us3dg,

s20d

and

us1d =
Dx2

2gS

k0gS− sB
sN−1d

1 + 3aS
+

s1 + 4aSdus2d − aSu
s3d

1 + 3aS
, s21d

wheresB
sNd is the grain-boundary stress at the junction,sB

sN−1d

is the stress at the node immediately below the junction,us1d,
us2d, us3d are the vertical displacements from the equilibrium
surface profile, i.e.,usx,td= ȳsx,td− ȳ0sxd, at the first three
nodes starting from the junction,Dx andDy are finite differ-
ence spacings between adjacent nodes along the surface and
the grain boundary, respectively, andaS=sdSDS/dBDBd
3sDy/Dxd. The chemical potential at the junction can be
obtained using eithers20d and s21d. The atomic flux at the
junction is

JX = −
1

kT
S Dy

dBDB
+

Dx

3dSDS
D−1

3Hk0gS− sB
sN−1d −

2gS

3Dx2fus2d − us3dgJ . s22d

Figure 2 shows the numerical solution for the evolution
of the surface profile and the grain-boundary stress with
dSDS/dBDB=1. The time is normalized by a time constant

tB =
4kTh2l

p2MVdBDB
, s23d

which is the characteristic time for the grain-boundary diffu-
sion and will be discussed later. The parameters used in the
calculation ares0/M =0.001,h/ l =1.0, Mh/gS=105, andk0

=0. Under tension, the surface profile develops grain-
boundary grooving at the initial stage of relaxation. The
depth of the grooving depends on the surface diffusivity and
the initial tensile stress. Further relaxation refills the groove.
Similarly, under compression, the surface profile develops
hillocks at the junction. The grain-boundary stress relaxes in
a manner of a typical diffusion process, which starts at the
junction with the free surface and propagates into the film.

The effective stress of the film is calculated using Eq.s5d
and plotted in Fig. 3 as a function of time for various ratios
between the surface diffusivity and the grain-boundary dif-
fusivity. It can be seen that the relaxation curve is insensitive
to the surface diffusivity as long assdSDS/dBDBd.1. In such
cases, the surface diffusion may be approximately taken to
be infinitely fast, for which a closed-form solution will be
obtained below and is plotted in Fig. 3 as the dashed line. On
the other hand, the relaxation curve becomes more sensitive
to surface diffusivity whensdSDS/dBDBd,1.

D. Analytical solution for fast surface diffusion

Two limiting cases exist for the coupled diffusion prob-
lem. First, in the case of infinitely fast surface diffusion, the
finite difference approximations in Eqs.s20d–s22d reduce to
sB

sNd=k0gS, us1d=us2d=us3d, and JX=−sdBDB/kTdfk0gS

−sB
sN−1dg /Dy. Consequently, the surface profile maintains the

equilibrium curvature and the flux rate is controlled by the

FIG. 2. Evolution of the surface profile and the normal stress at a grain
boundary during isothermal relaxation of an unpassivated film with
dSDS/dBDB=1.

FIG. 3. Effect of surface diffusivity on stress relaxation of unpassivated
films. The dashed line is for the limiting case with infinitely fast surface
diffusion, predicted by Eq.s28d.
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grain-boundary diffusion. On the other hand, if grain-
boundary diffusion is very fast compared to surface diffu-
sion, we obtain sB

sNd=sB
sN−1d=gSkS

s1d, us1d=us2d+ 1
2Dx2fk0

−kS
s1dg, and JX=−s2dSDSgS/kTdfkS

s2d−kS
s1dg /Dx, where kS

s1d

andkS
s2d are the surface curvatures at the first two nodes near

the junction. In this second limiting case, the stress along the
grain boundary is always uniform and the kinetics is con-
trolled by the surface diffusion. Analytical solutions can be
obtained for both the limiting cases. Since surface diffusion
is usually faster than grain-boundary diffusion, we present
the analytical solution for the first limiting case below and
give the solution for the second case in the Appendix for
completeness.

Assuming infinitely fast surface diffusion, the continuity
condition s14d reduces to

sBsy = hd = k0gS. s24d

Solving Eq.s13d with the boundary conditionss17d ands24d,
we obtain that

sBsy,td = k0gS+ o
n=0

`

An cossknydexps− D̄Bkn
2td, s25d

whereD̄B=MVdBDB/ lkT andkn=fs2n+1dpg /2h. The coef-
ficientsAn can be determined from the initial distribution of
the grain-boundary stress. Assuming that initially the grain-
boundary stress is uniform and the effective film stress iss0,
from Eq. s5d, we obtain that

sBst = 0d = s0 −
gS

h
sinc. s26d

Applying the initial conditions26d to Eq. s25d leads to

An =
s− 1dn

2n + 1

4

p
ss0 − sEQd, s27d

wheresEQ is the zero-creep stress given by Eq.s6d.
The grain-boundary stress in Eq.s25d consists of a series

expansion with each term decaying exponentially with time,
similar to that obtained by Gaoet al.,16 but with different
eigenfunctions and eigenvalues. In addition, the present so-
lution includes the contribution from a zero-creep stress. A
characteristic time scale emerges from the solution, given by
Eq. s23d, corresponding to the relaxation time for the first
exponential term in Eq.s25d. The evolution of the grain-
boundary stress described by Eq.s25d is similar to the nu-
merical solution shown in Fig. 2 with slight difference near
the surface-grain-boundary junction.

Substitution of Eq.s25d into Eq.s5d leads to the effective
film stress as a function of time

s fstd = sEQ +
8ss0 − sEQd

p2 o
n=0

`
exps− D̄Bkn

2td
s2n + 1d2 . s28d

Equations28d describes the stress relaxation under an iso-
thermal condition, which clearly exhibits a transient behav-
ior: the rate of stress relaxation is fast initially but decreases
as the higher-order terms decay exponentially at higher rates;
after some time, only the first exponential term remains ef-
fective, corresponding to the steady-state creep. Eventually,

the relaxation stops when the film stress reaches the zero-
creep stress. Figure 4 plots the film stress as a function of
time predicted by Eq.s28d, in comparison with the steady-
state solution by Thouless15 and the approximate solution to
the dislocation model for constrained grain-boundary diffu-
sion by Gaoet al.16 While both the previous solutions predict
exponential relaxation with very close stress rate, the present
model predicts faster relaxation at the initial stage but
slightly slower at the steady state.

As indicated by the numerical solutions in Fig. 3, as far
as the surface diffusion is faster than the grain-boundary dif-
fusion, the analytical solution for the limiting case of infi-
nitely fast surface diffusion can be used as a reasonable ap-
proximation. In Part I of this study we have compared the
analytical solution to experimentally measured stress relax-
ation curves of unpassivated Cu films at different tempera-
tures and initial stresses, and the agreement is reasonable.
The grain-boundary diffusivity and its activation energy were
extracted, which are in good agreement with other studies.

III. PASSIVATED FILMS: COUPLING OF GRAIN-
BOUNDARY DIFFUSION AND INTERFACE DIFFUSION

For a passivated filmfFig. 1sbdg, we assume that atoms
diffuse along the grain boundary and the interface between
the film and the passivation layer but neglect diffusion along
the film-substrate interface. We further assume that the film-
passivation interface remains flat all the time and the mass
transport induces a locally nonzero normal stress at the in-
terface,sIsxd, similar to the normal stress at the grain bound-
ary. The mechanical equilibrium of the cap layer requires
that the total normal stress at the interface be zero, i.e.,

E
0

l/2

sIsxddx= 0. s29d

We define the chemical potential at the interface similar
to that at the grain boundary, namely,

mI = m0 − sIsxdV. s30d

The atomic flux along the interface is given by

FIG. 4. Stress relaxation of an unpassivated film, predicted by Eq.s28d, in
comparison with the steady-state solutions from previous studies.
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JI = −
dIDI

VkT

]mI

]x
, s31d

wheredI is the thickness of the interface andDI is the inter-
face diffusivity.

The mass insertion or removal at the interface due to
divergence of the atomic flux can be accommodated in two
ways, by deformation of the grains and by a rigid-body mo-
tion of the passivation layer. Assuming elastic grainsssimilar
to the linear spring model for the grain-boundary stress22d
and a rigid passivation layer, the local normal stress associ-
ated with the elastic deformation is

]sI

]t
=

M

h
FV

]JI

]x
+ DstdG , s32d

whereDstd is the displacement of the passivation layer per-
pendicular to the interface, assumed to be uniform for a rigid
layer passivation. Inserting Eq.s32d into Eq. s29d and noting
that the flux at the centersx= l /2d is zero by symmetry, we
obtain that

Dstd =
2V

l
JIs0,td. s33d

Combining Eqs.s29d–s32d leads to

]sI

]t
=

MVdIDI

hkT

]2sI

]x2 +
M

h
Dstd, s34d

which is a familiar diffusion equation with a time-dependent
source term.

We assume the following boundary conditions:

U ]sI

]x
U

x=l/2
= 0, s35d

U ]sI

]x
U

x=0
=

dBDB

2dIDI
U ]sB

]y
U

y=h
, s36d

sIs0,td = sBsh,td. s37d

Equations35d implies no flux at the center, and Eqs.s36d and
s37d ensure continuity of the flux and the chemical potential
at the junction between the interface and a grain boundary.
As before, the grain-boundary diffusion is governed by Eq.
s13d plus the boundary condition, Eq.s17d, for no flux at the
film-substrate interface. The coupled problem is then solved
numerically, following a similar procedure as that in the pre-
vious section.

Figure 5 shows the effect of interface diffusivity on
stress relaxation predicted by the present model. Compared
to Fig. 3, the stress relaxation is much more sensitive to the
interface diffusivity for passivated films than it is to the sur-
face diffusivity for unpassivated films. This is more so if the
diffusivities follow the general trend,dSDS.dBDB.dIDI.
Figure 6 shows the evolution of the interface stress and the
grain-boundary stress for the casedIDI /dBDB=1. Note that,
under a tensile initial stressss0.0d, a biaxial tensile stress
develops at the junction between the grain boundary and the
interfacesi.e., x=0 andy=hd, which starts with a high level
and decays as the film relaxes. Experiments have observed

voids in passivated Cu films,25 but not in Al films covered
with a native oxide. With interface diffusion in place, the
present model predicts an equibiaxial stress at the junction in
the plane of consideration as required by the continuity of
chemical potentialfi.e., Eq.s37dg. Such a stress state may be
responsible for nucleation of voids at the grain-boundary
junctions in Cu films. For Al films, however, the native oxide
inhibits interface diffusion, thus no biaxial stress at the junc-
tion.

FIG. 5. Effect of interface diffusivity on stress relaxation of passivated
films. The dashed line is for the limiting case with infinitely fast interface
diffusion, predicted by Eq.s28d.

FIG. 6. Simulated evolution ofsad interface stress andsbd grain-boundary
stress during isothermal relaxation of a passivated film withdIDI /dBDB=1.
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Similar to unpassivated films, there exist two limiting
cases. First, if the interface diffusion is very fast, the normal
stress along the interface remains zero, with all the mass
insertion into or removal from the interface accommodated
by the uniform rigid-body motion of the cap layer. Conse-
quently, the solution is identical to that for unpassivated films
with infinitely fast surface diffusion and zero equilibrium
curvaturesk0=0d, as given by Eq.s28d and shown in Fig. 5
as the dashed line. On the other hand, if grain-boundary dif-
fusion is very fast compared to the interface diffusion, the
normal stress along the grain boundary remains constant, but
depends on time. Similar to the solution presented in the
Appendix for unpassivated films, we obtain a closed form
solution for this limiting case,

sIsx,td = sBstd + o
n=0

`

An sinsknxdexps− D̄Ikn
2td, s38d

where

D̄I =
MVdIDI

hkT
, s39d

knl = s2n + 1dp, s40d

An = −
4s0

s2n + 1dp
, s41d

sBstd = s0
8

p2o
n=0

`
exps− D̄Ikn

2td
s2n + 1d2 . s42d

The effective film stress,s fstd=sBstd, relaxes as de-
scribed by Eq.s42d, which is similar to Eq.s28d, but with a
different time scale

tI =
kThl2

p2MVdIDI
. s43d

Note that the timetI scales withhl2 while the timetB in Eq.
s23d scales withh2l. Similar time scales were obtained by
Thouless15 for surface-diffusion-controlled and grain-
boundary-diffusion-controlled regimes, respectively. Gaoet
al.16 predicted a characteristic time scaling withh3 as a result
of constrained grain-boundary diffusion. However, the eigen-
value associated with the time depends on the aspect ratio of
the grain, therefore, not fundamentally different from the
present time scales.

Figure 7 replots the numerical solutions for stress relax-
ation in Fig. 5 with the time now scaled bytI to compare
with the closed-form solution for infinitely fast grain-
boundary diffusion. It is noted that, while the rate of stress
relaxation is sensitive to the interface diffusivity for
sdBDB/dIDId,100, it becomes insensitive when the ratio is
larger.

IV. DISCUSSIONS

As demonstrated in Part I, the present model captures
essential features of experimental observations of isothermal
stress relaxation in electroplated Cu films with and without a
cap layer, including the transient behavior, the zero-creep

stress, and the effect of interface diffusivity. However, we
caution that the model should be used within a certain range
of temperatures and stresses when the considered diffusion
mechanism dominates the deformation process. For example,
we found that the agreement between the model predictions
and experiments is poor when the initial stress is high or
when the temperature is high; in both cases, we expect other
deformation mechanisms such as dislocation glide and
power-law creep to intervene the process of interface-grain-
boundary diffusion. It may be possible to determine the
proper temperature-stress range for a particular mechanism
through a systematic set of stress relaxation experiments at
various temperatures and stress levels and construct a defor-
mation mechanism map similar to those for bulk materials.26

Both the model and the experiments in this study clearly
show the transient behavior of stress relaxation. Quantita-
tively, the transient stage predicted by the model is consid-
erably shorter than that observed in experiments, which leads
to an apparent discrepancy between the model prediction and
the experiments at the initial stage of stress relaxation, espe-
cially for unpassivated films. This discrepancy may be attrib-
uted to the uncertainty of the initial condition. Our model
analysis assumed that relaxation starts with a uniform normal
stress along the grain boundaries and an equilibrium surface
profile. However, in experiments, the starting point is se-
lected based on the average stress during thermal cycling
experiments, with no information on the stress distribution as
well as the surface profile. In addition, it is also possible that
other deformation mechanisms may contribute to the fast
relaxation at the initial stage. For passivated films, the tran-
sient stage is shorter, resulting in a better agreement between
experiments and the model.

Another point worthy of mentioning is the zero-creep
stress. While the present model includes a zero-creep stress
based on the equilibrium state for unpassivated films, the
predicted value is much smaller than that extracted from ex-
periments. The apparently larger zero-creep stress is not well
understood. In comparison with experiments for unpassi-
vated films, we used the analytical solution in Eq.s28d with

FIG. 7. Stress relaxation of passivated films. The dashed line is for the
limiting case with infinitely fast grain-boundary diffusion, predicted by Eq.
s42d.
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the experimentally extracted value for the zero-creep stress.
For passivated films, it takes much longer to reach any zero-
creep stress and the model assumes no zero-creep stress.

V. CONCLUDING REMARKS

We have modeled isothermal stress relaxation of unpas-
sivated and passivated polycrystalline thin films by coupling
grain-boundary diffusion with surface diffusion and interface
diffusion, respectively. For unpassivated films, stress relax-
ation is insensitive to surface diffusivity if surface diffusion
is faster than grain-boundary diffusion, in which case the
closed-form solution for infinitely fast surface diffusion may
be used to approximate the stress relaxation behavior. For
passivated films, stress relaxation is much more sensitive to
interface diffusivity, especially when interface diffusion is
slower than grain-boundary diffusion. Consequently, isother-
mal stress relaxation tests may be used as a quantitative
method to characterize kinetics of interface diffusion and to
evaluate selected passivation layers for improving electromi-
gration reliability of Cu interconnects.

Comparisons with experimental results in Part I have
shown that the model is applicable for the electroplated Cu
films within a certain range of the temperature and the stress
level, when the diffusion mechanism dominates the deforma-
tion process in the Cu films. At a high stress level, however,
other mechanisms such as dislocation glide and power-law
creep may intervene the diffusion process. Systematic stress
relaxation tests at various temperatures and stress levels may
determine the proper range for the diffusion mechanism as
well as other deformation mechanisms in thin films, similar
to the deformation mechanism maps for bulk materials.26 A
better understanding is also needed for the transient behavior
at the initial stage and the zero-creep stress.
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APPENDIX: SOLUTION FOR UNPASSIVATED FILMS
WITH INFINITELY FAST GRAIN-BOUNDARY
DIFFUSION

In the limiting case of infinitely fast grain-boundary dif-
fusion, the grain-boundary stress is always uniform, but de-
pends on time, i.e.,sBsy,td=sBstd. The surface diffusion is
governed by Eq.s10d with the boundary conditionss16d,
s18d, and s19d unchanged. In addition, the continuity of the
chemical potential at the junction requires that

U ]2ȳ

]x2U
x=0

=
sBstd

gS
. sA1d

The atomic flux into or out of the grain boundary contributes
to inelastic strain in the plane of the film. Due to the con-
straint by the substrate, the rate of the grain-boundary stress
relates to the flux at the junction by

dsB

dt
=

2MV

hl
JSs0,td. sA2d

EquationsA2d may be understood as the integration of Eq.
s12d with respect toy, noting that JB=0 at y=0 and JB

=2JSs0,td at y=h.
ConditionssA1d and sA2d combine to provide a mixed

boundary condition, namely,

S ]3ȳ

]x2]t
−

2MVdSDS

kThl

]3ȳ

]x3D
x=0

= 0. sA3d

The solution to Eq.s10d takes the form

ȳsx,td = ȳ0sxd + o
n=1

`

Anfnsxdexps− lntd, sA4d

whereȳ0sxd is the equilibrium profile of the surface,ln is the
eigenvalue, andfnsxd the corresponding eigenfunction. Ap-
plying the boundary conditions, we obtain that

ȳ0sxd = h − 1
2k0xsl − xd, sA5d

ln = kn
4dSDSgSV

kT
, sA6d

fnsxd = cosSknx −
knl

2
D + 2 expS−

knl

2
DsinSknl

2
D

3coshSknx −
knl

2
D , sA7d

whereknl is thenth solution to the following transcendental
equation:

x3F1 − cotS x

2
DG =

4Ml2

gSh
. sA8d

Note that the eigenfunctionsA7d satisfies the boundary con-
dition s16d approximately under the assumptionknl @1. It
can be shown that, for typical values ofh/ l s,1d andMh/gS

s@1d, the smallest solution to Eq.sA8d is approximately
k1l <2p, makingknl @1 a reasonable assumption.

Assume that the surface curvature initially takes the
equilibrium value k0 everywhere except at the grain-
boundary junction, where the continuity of chemical poten-
tial requires conditionsA1d. Consequently, we have

U ]2ȳ

]x2U
t=0

=
sB0

gS
− SsB0

gS
− k0DHsxd, sA9d

wheresB0 is the initial grain-boundary stress, andHsxd is the
Heaviside function. Taking the derivative of Eq.sA9d, we
obtain that

U ]3ȳ

]x3U
t=0

= − SsB0

gS
− k0Ddsxd, sA10d

wheredsxd is the Dirac delta function. EquationsA10d im-
plies an infinite flux rate at the junction, which is the result of
the discontinuity of the initial chemical potential assumed in
Eq. sA9d.
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It can be shown that the third derivatives of the eigen-
functionssA7d are orthogonal, i.e.,

E
0

l/2

fn-sxdfm-sxddx= 0 for mÞ n. sA11d

Thus, the coefficientsAn in Eq. sA4d can be determined from
the initial conditionsA10d, namely,

An = − SsB0

gS
− k0DE0

l/2

dsxdfn-sxddx

E
0

l/2

ffn-sxdg2dx

. sA12d

Inserting Eq.sA7d into Eq. sA12d, we obtain that

An = h
sB0 − k0gS

M
aSknl

2
D , sA13d

wherea is a dimensionless number given by

asxd =
4xssinx − cosxd

2x + 3s1 − sin 2x − cos 2xd
. sA14d

Substitution of Eq.sA4d into Eq.sA1d leads to the grain-
boundary stress as a function of time

sBstd = k0gS+ ssB0 − k0gSdo
n=1

`
4

knl
sinSknl

2
DaSknl

2
D

3exps− lntd. sA15d

The relaxation of grain-boundary stress predicted by Eq.
sA15d takes a similar form as that in Eq.s28d, but has a
different time scale depending on the surface diffusivity, i.e.,
tS=kThl2/MVdSDS. Figure 8 shows the evolution of the sur-
face profile forsB0/M =0.001. Other parameters used in the
calculation areh/ l =1.0, Mh/gS=105, andk0=0. Compared
to Fig. 2, the fast grain-boundary diffusion leads to enhanced
grooving under tension. After a sufficiently long time, the
stress is completely relaxed and the mass transport between
the surface and the grain boundary results in a uniform sur-
face displacements=−hsB0/Md. Figure 9 shows the displace-

ment at the grain-boundary junction as a function of time.
The maximum depth of grooving scales with the initial
stress.
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