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Optimization of electrical treatment strategy for surface roughness reduction
in conducting thin films
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The surface roughness of deposited conducting thin films is responsible for various materials reli-
ability problems in nanoelectronics and nanofabrication technologies. Here, we report a modeling
and simulation study that aims at optimizing the electrical surface treatment of deposited conducting
thin films as a physical processing strategy for their surface roughness reduction. Our study is based
on a continuum model of film surface morphological evolution that accounts for the residual stress
in the deposited conducting thin film, the film’s wetting of the substrate layer that it is deposited on,
film texture and surface diffusional anisotropy, and surface electromigration. Through systematic
linear stability analysis and dynamical simulation protocols, we examine in detail the effects of film
surface crystallographic orientation and applied electric field direction toward minimizing the elec-
tric field strength required for film surface smoothening. We find that the critical electric field
strength requirement for surface roughness reduction on {110}, {100}, and {111} surfaces of face-
centered cubic crystalline conducting thin films exhibits a very strong dependence on the applied
electric field direction, expressed as the electric field misalignment with respect to the principal
residual stress directions in the film and the fast surface diffusion directions. Based on these find-
ings, we optimize the electrical treatment strategy for surface roughness reduction of conducting thin
films with respect to all relevant processing and material parameters. Published by AIP Publishing.
https://doi.org/10.1063/1.5047405

I. INTRODUCTION

Surface roughness is ubiquitous in deposited metallic thin
films that are used widely in the fabrication of plasmonic,1,2

electronic,3,4 and optoelectronic5,6 devices. Surface roughen-
ing occurs during various chemical7,8 and physical9–12

deposition processes. Tuning the deposition conditions can
result in slightly smoother thin film surfaces;13,14 however,
thermal annealing, usually an inevitable process for the relief
of stresses in deposited thin films and the activation of charge
carrier transport in electronic materials, causes further surface
morphological evolution that can increase substantially the
roughness of the deposited metallic thin films.15

The surface roughness of deposited conducting thin
films is responsible for significant reductions in the
thermal16–18 and electrical19–21 conductance of such films
due to the significantly increased scattering of phonons and
electrons in their transport through these films. As a result of
the continuous miniaturization of electronic devices, the
thickness and width of the metallic thin films in these
devices become increasingly smaller. The adverse effects of
surface roughness, namely, nanometer-scale surface rough-
ness, in such nanoscale-thin films are becoming more impor-
tant;22 consequently, such nanoscale surface roughness not
only hinders the further enhancement of the integration
density in integrated circuits (ICs) but may also lead to stron-
ger Joule heating effects, decreasing the energy efficiency of
modern electronic devices.

The mass transport phenomenon of electromigration,
driven by electric current in conducting materials, has long
been identified as the culprit for the short-cut or open-
circuit failures of ICs.23–25 However, in spite of these cata-
strophic electromigration effects, it has been shown theoret-
ically that electric current, if sufficiently strong and well
controlled, can counteract other surface destabilizing effects
driven by mechanical stresses and/or thermal gradients and
stabilize a planar surface morphology.26–30 These thin film
surface smoothening effects of electromigration have also
been observed in experiments, which demonstrated that
nanoscale rough copper thin films deposited on silicon
nitride layers become much smoother after electrical treat-
ment.31 Inspired by the above theoretical findings and
experimental observations, we developed a three-
dimensional (3D) continuum model for driven surface mor-
phological evolution in deposited conducting thin films.
Based on this model, we reproduced in self-consistent
dynamical simulations the experimental observations and
demonstrated that electric current treatment could effec-
tively reduce the thin film surface roughness, which, in the
absence of the electrical treatment, increases under the
action of the residual stresses in the deposited films.32 Our
study established the electrical treatment strategy as a viable
physical processing technique for surface roughness reduc-
tion of deposited conducting thin films.

The purpose of this article is to explore systematically
the effects of the various processing conditions and material
parameters on the effectiveness of surface roughness reduc-
tion by electrical treatment of deposited conducting thin
films and, by quantifying these effects, to optimize thea)Electronic mail: maroudas@ecs.umass.edu
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application of the electric field, i.e., through minimizing the
electric field strength requirement for the films’ surface
roughness reduction. Toward this end, we employ our 3D
fully nonlinear model of driven surface morphological evolu-
tion for such deposited conducting thin films in order to
analyze the morphological stability of the films’ planar
smooth surfaces.

II. SURFACE EVOLUTION MODEL

We consider a metallic thin film, with a nominal film
thickness of h0, deposited on a thick rigid substrate, as
shown schematically in Fig. 1. The film is subject to an equi-
biaxial compressive stress, with nonzero stress components
σxx ¼ σyy ¼ σ0 in the x- and y-directions, respectively, of a
Cartesian frame of reference; the Cartesian axes are chosen
to align with the principal stress directions in the biaxially
stressed deposited film to simplify the mathematical analysis
of the elastostatic boundary-value problem. The stress level
σ0 is typical of the residual stress in deposited copper inter-
connects33,34 and lower than the compressive yield strength
of copper;35 thus, plastic deformation phenomena in the film
can be safely neglected. An electric field E0, parallel to the
xy-plane in the Cartesian reference frame, is applied to
the thin film and its direction forms an angle fE with the
x-direction. We use the surface height function, h(x, y, t), to
parameterize the surface morphology of the film; h ¼ 0
refers to the planar surface of the substrate. Following classi-
cal phenomenology, the surface atomic flux is given by a
Nernst-Einstein equation. Expressing mass conservation
through a continuity equation involving this flux gives the
height evolution equation

@h

@t
¼ H0 δs

kBT
rs � Ds � Esq

�
s þ ΩDs � rsμ

� �� �
: (1)

In Eq. (1), H0 ¼ [1þ (@h=@x)2 þ (@h=@y)2]1=2,32 Ω is the
atomic volume, δs=Ω is the number of surface atoms per unit
area, kB is the Boltzmann constant, T is the temperature, rs

represents the surface gradient operator, q�s is a surface effec-
tive charge,33 Es is the component of the local electric field
tangent to the surface, i.e., q�sEs expresses the electromigra-
tion force on the surface atoms, and μ is the chemical

potential of the surface atoms. The chemical potential μ is
expressed as μ ¼ μ0 þ UE � γκ þ UW , where μ0 is the chem-
ical potential of the atoms in an unstrained planar surface,
UE is the elastic strain energy density, γ is the surface
tension (surface free energy per unit area) of the film, κ is
the local surface curvature, and UW is the wetting potential
density. The surface diffusivity, Ds, is expressed by a trans-
versely isotropic tensor29

Ds ¼ Dxx 0
0 Dyy

� �
¼ Dmin

xx f (θx) 0
0 Dmin

yy f (θy)

� �
; (2)

where f (θα) ¼ 1þ A cos2 [m(θα þ fα)], α ¼ x or y, is the
surface diffusional anisotropy function for face-centered
cubic (fcc) crystals33,36,37 and the x and y axes coincide with
the principal directions of the applied equibiaxial compres-
sive stress tensor. The surface orientation angle θα is formed
between the surface tangent vector, tα, and the α-axis, the
misorientation angle fα is formed between the α-axis and
the fast surface diffusion direction, A is the strength of the
anisotropy, and m is the number of fast surface diffusion
directions, as indicated by the dashed lines in Figs. 2(a1),
2(b1), and 2(c1) for {110}, {100}, and {111} surfaces, with
m ¼ 1, m ¼ 2, and m ¼ 3, respectively. To minimize the
structural complexity of the model, we consider only single
crystalline films but set the film surface crystallographic ori-
entation by setting the value of m to model the textured films
used for metallic interconnects. The misorientation angle fx

is denoted in Fig. 2 and fy can be determined by fx: fy ¼
�90� � fx for {110} surfaces, fy ¼ fx for {100} surfaces,
and fy ¼ �30� � fx for {111} surfaces. Due to this simple
dependence of fy on fx, the anisotropy function can be
expressed as a function f (fx) for specified values of θα, m,
and A. These functions f (fx) are plotted in Figs. 2(a2),
2(b2), and 2(c2) for m ¼ 1, 2, and 3, respectively, at θx ¼ 0
and θy ¼ 0 for A ¼ 10. The wetting potential density UW is
expressed according to the “transition-layer” model,38,39 i.e.,
a transition of the surface energy density from that of the
film γ to that of the substrate γ0 occurs over a thickness b
giving

UW ¼ (γ � γ0)b
H0π(b2 þ h2)

: (3)

The film surface morphological evolution is monitored by
integrating Eq. (1) with Es and UE calculated by solving self-
consistently the corresponding 3D boundary-value problems
(electrostatic and elastostatic, respectively) with the film
surface constituting a moving domain boundary. Finally, it
should be noted that, in the above model, all the material
properties of the crystalline film, such as elastic properties
and surface free energy, are assumed to be isotropic. Only
the surface diffusivity is taken to be anisotropic, since anisot-
ropy in surface mass transport is the strongest (kinetic)
anisotropy in the conducting crystalline films under consider-
ation in this study.33,36,37

FIG. 1. Schematic representation of a conducting thin film deposited on a
substrate layer and subjected to an equibiaxial compressive stress of magni-
tude σ0 and an external electric field E0. Both the thickness of the film, h0,
and its surface roughness have been amplified for clarity.
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III. RESULTS AND DISCUSSION

A. Morphological stability analysis

The morphological instability of a smooth planar film
surface leads to surface roughening. An applied electric field
that can reduce the film surface roughness should be able to
stabilize the smooth planar surface morphology. Thus, a
linear stability analysis for the morphological response of
planar film surfaces to low-amplitude shape perturbations can
predict the condition for the onset of surface smoothening.
Toward this end, we conduct a linear morphological stability
analysis, where the planar surface of a stressed thin film is
perturbed by a low-amplitude plane wave, Δ0 exp (ik � x),
with wave vector k ¼ (kx, ky). The surface tangential compo-
nent of the electric field, Es, and the surface elastic strain
energy density, UE, can be calculated asymptotically by
solving the corresponding 3D electrostatic and elastostatic
boundary-value problems, based on regular perturbation
theory.39–41 An analogous asymptotic expansion with terms
U(0)

W , U(1)
W , U(2)

W , and higher-order terms can also be written
for the wetting potential density UW . For linear stability anal-
ysis, solutions up to linear order only are retained, and the
curvature is expressed as κ(1) ¼ @2h=@x2 þ @2h=@y2.
Linearizing Eq. (1) and using a trial solution ~h(~x, ~y, ~t) ¼
~h0 þ ~Δ0 exp (~ω~t) exp (i~k � ~x) gives the dispersion relation

~ω ¼ β 2~k
3 � ~k

4 � ΞW þ ΞEξð Þ~k2
h i

, (4)

where tildes are used to denote dimensionless quantities. The
natural length scale for the stressed film’s dynamical
response is l ; Msγ

σ2
0
, where Ms is the biaxial modulus of the

substrate,41 and the corresponding diffusional time scale is
τ ; kBTl4

δsΩDmin
xx γ. For a typical Cu/Si3N4 system, i.e., a thin

copper film deposited on a silicon nitride layer, l and τ are
approximately 1 μm and 5.6 h, respectively.32 Henceforth,
tildes are dropped for notational simplicity, and all physical
quantities in the analysis are made dimensionless using the
above length and time scales. In Eq. (4), β ¼ (ζ2 þ 1)�1

[f (θx ¼ 0)þ Λζ2f (θy ¼ 0)], ζ ; ky=kx, kx = 0, k ;ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2x þ k2y

q
, and Λ ; Dmin

yy =Dmin
xx . ΞW ¼ [2b(γ0 � γ)=(πh3oγ)]

(Msγ=σ2
0)

2 and ΞE ¼ [E1q�s=(γΩ)](Msγ=σ2
0)

2 are the

dimensionless wetting potential strength and electric field
strength, respectively, both scaled by the elastic strain
energy. ξ ; { cosfE [df (θx ¼ 0)=dθx]þ Λ sinfE[df (θy ¼
0)=dθy]ζ

2}=[ f (θx ¼ 0)þ Λf (θy ¼ 0)ζ2] is a parameter repre-
senting the effect of surface diffusional anisotropy and the
alignment of the electric field, where fE is the angle formed
by the electric field direction and the x-axis.

Equation (4) predicts the initial growth (ω . 0) or decay
(ω , 0) rate of a plane-wave perturbation amplitude, and the
sign of ω determines if a perturbation of wave number k will
grow or decay over time. As shown in Figs. 2(a1)–2(c1), dif-
ferent surface crystallographic orientations correspond to
very different atomic arrangements on the surface plane. The
surface diffusional anisotropy function f in Eq. (2) has
widely different values as fx is varied at θx ¼ 0 than at
θy ¼ 0, as seen in Figs. 2(a2) and 2(c2), resulting in the
dependence of β and ξ in Eq. (4) on not only the wave
number k but also the direction of the plane-wave perturba-
tion wave vector. Although β ¼ 1 for {100} surfaces, due to
the identical profile of f (fx) at θx ¼ 0 with that at θy ¼ 0, as
shown in Fig. 2(b1), the parameter ξ still depends on the
plane-wave perturbation wave vector direction. The critical
electric field strength required to stabilize the planar surface
morphology, by leading to decay of the surface shape pertur-
bation amplitude at any perturbation wave number and for
any perturbation wave vector direction, is derived from
Eq. (4) to be

ΞE,c ¼ (1� ΞW )
minζ2[[0,þ1) (ξ)

: (5)

For a better fundamental understanding of the dependence of
ω on the perturbation wave number k and its wave vector
direction, we calculate ω as a function of the wave vector
(kx, ky), for {110}, {100}, and {111} surfaces, and plot the
results in Figs. 3(a1)–3(a4), 3(b1)–3(b4), and 3(c1)–3(c4),
respectively. Without any loss of generality, the parameters
chosen to plot such representative results in Fig. 3 are
ΞW ¼ 0:05, fx ¼ �10�, fE ¼ 20�, and A ¼ 10. The result-
ing ΞE,c can be easily calculated using Eq. (5). Figure 3(a1)
shows the contour map of ω for a {110} surface as a function
of the plane-wave perturbation wave vector (kx, ky) with

FIG. 2. Top views of the first layers of
(a1) {110}, (b1) {100}, and (c1)
{111} surfaces of fcc metals, and
plots, (a2), (b2), and (c2), respectively,
of the surface diffusional anisotropy
function for a planar surface morphol-
ogy in the x- and y-direction, θx ¼ 0
and θy ¼ 0, respectively, as functions
of the misorientation angle fx.
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ΞE ¼ ΞE,c. The contours are either open curves or elliptically
shaped loops, as opposed to round circular loops that would
be the case for isotropic surfaces with respect to atomic diffu-
sion, indicating that ω changes with both the wave number k
and the wave vector direction of a plane-wave perturbation.
If ω is always non-positive for any wave vector (kx, ky), then
the application of an external electric field suppresses
completely the growth of surface roughness, which is the
case for applied electric field strengths ΞE � ΞE,c. A
lower-than-critical electric field is unable to reduce the ampli-
tude of long-wavelength perturbations. For the surface of a
biaxially stressed film, another possibility is that a
lower-than-critical electric field can cause the decay of
surface perturbations in some directions only, but not along
all wave vector directions. As seen in Fig. 3(a2), the contour
map of ω with ΞE ¼ 0:6 ΞE,c, surface perturbations with kx
close to zero decay, while those with ky close to zero grow.
In this wave-vector landscape, there is a critical electric field,
Ξd
E,c(θk), that guarantees morphological stabilization with

respect to perturbations in a particular direction
θk ; arctan (ky=kx). The critical electric field strength
required for the full planar surface morphological stabiliza-
tion at any wave vector direction is the maximum of Ξd

E,c(θk).
In Fig. 3(a3), ω is plotted as a function of k with (1) ΞE ¼ 0,
(2) ΞE ¼ 0:6 ΞE,c, (3) ΞE ¼ ΞE,c, and (4) ΞE ¼ 1:6 ΞE,c, with

the perturbation wave vector directions being at θk ¼ 0.
Curves (1) and (2) show that a lower-than-critical electric
field is unable to reduce the long-wavelength perturbations,
while curves (3) and (4) show that a larger-than-critical elec-
tric field can reduce perturbations of any wave number k.
Curve (3) also represents the criticality condition for morpho-
logical stabilization at θk ¼ 0; thus, ΞE,c is equal to
Ξd
E,c(θk ¼ 0). In Fig. 3(a4), k ¼ 1, and ω is plotted as a func-

tion of θk with (1) ΞE ¼ 0, (2) ΞE ¼ 0:6 ΞE,c, (3) ΞE ¼ ΞE,c,
and (4) ΞE ¼ 1:6 ΞE,c. Curve (1) shows that in the absence
of an externally applied electric field, surface perturbations in
any wave vector direction grow. Curve (2) shows that with a
lower-than-critical electric field applied, surface perturbations
in some wave vector directions decay, while those in other
wave vector directions still grow. Curves (3) and (4) show
that for a stronger-than-critical electric field surface perturba-
tions decay in all wave vector directions.

Figures 3(b1)–3(b4) and 3(c1)–3(c4) demonstrate the
dependence of ω on the wave number and the wave vector
direction of plane-wave perturbations for {100} and {111}
surfaces, respectively. In a manner similar to the response
depicted in Fig. 3(a1), Figs. 3(b1) and 3(c1) show that ω � 0
for all perturbations when ΞE � ΞE,c. For ΞE , ΞE,c, Figs.
3(b2) and 3(c2) exhibit different contours from those in
Fig. 3(a2), implying that different patterns may form on

FIG. 3. Contour maps of the growth or decay rate, ω, of a surface perturbation as a function of the surface plane-wave perturbation wave vector (kx, ky) on [(a1)
and (a2)] a {110} surface with (a1) ΞE ¼ ΞE,c and (a2) ΞE ¼ 0:6 ΞE,c, on [(b1) and (b2)] a {100} surface with (b1) ΞE ¼ ΞE,c and (b2) ΞE ¼ 0:6 ΞE,c, and on
[(c1) and (c2)] a {111} surface with (c1) ΞE ¼ ΞE,c, and (c2) ΞE ¼ 0:6 ΞE,c. Expressing the perturbation wave vector as (k, θk), ω is plotted as a function of
(a3), (b3), and (c3) k with θk ¼ 0 and of (a4), (b4), and (c4) θk with k ¼ 1 for (a3) and (a4) {110}, (b3) and (b4) {100}, and (c3) and (c4) {111} surfaces. In
the plots of (a3) and (a4), (b3) and (b4), and (c3) and (c4), the strengths of the applied electric fields are (1) ΞE ¼ 0, (2) ΞE ¼ 0:6 ΞE,c, (3) ΞE ¼ ΞE,c, and
(4) ΞE ¼ 1:6 ΞE,c. In all cases, the other parameter values are Λ ¼ 1, ΞW ¼ 0:05, fx ¼ �10�, fE ¼ 20�, and A ¼ 10.
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perturbed surfaces with different crystallographic orienta-
tions. Note that in Fig. 3(b3), curve (2) shows that an electric
field of strength ΞE ¼ 0:6 ΞE,c can reduce the amplitude of
any perturbation with θk ¼ 0, meaning that although ΞE is
lower than ΞE,c in this case, it is stronger than Ξd

E,c(θk ¼ 0).
However, ΞE is still weaker than Ξd

E,c(θk ¼ +π=2) and, thus,
unable to reduce the amplitude of perturbations in the per-
pendicular direction, θk ¼ +π=2, as shown by curve (2) in
Fig. 3(b4). In Fig. 3(c3), curve (3) falls completely below the
level of ω ¼ 0, meaning that ΞE ¼ ΞE,c is stronger than
Ξd
E,c(θk ¼ 0). Furthermore, curve (2) in Fig. 3(c4) shows that

ΞE ¼ 0:6 ΞE,c is unable to reduce the amplitude of perturba-
tions with wave number k ¼ 1 in any wave vector direction
on {111} surfaces, contrary to the cases shown in Figs. 3(a4)
and 3(b4). In general, the results of Fig. 3 emphasize the
importance of designing the external electric field application
so that the planar surface morphology can be stabilized
against plane-wave perturbations of any wave vector in order
to guarantee surface roughness reduction.

Equation (5) can be used to calculate the critical electric
field strength ΞE,c for a particular material system at a known
electric field direction expressed by the alignment angle fE.
However, we can go beyond this prediction and find out the
optimal electric field direction, i.e., an alignment angle fE,o

that can minimize the value of the critical electric field
strength ΞE,c required to stabilize the smooth planar surface
morphology. The inset in Fig. 4 shows plots of the critical
electric field strength, Ξd

E,c(θk), for the reduction of surface
plane wave perturbations as a function of the plane wave per-
turbation wave-vector direction, θk, with the electric field
alignment angle, fE, set at 10�, 20�, 45� 70�, and 80�,
respectively. These curves show that for a particular value of
fE, Ξ

d
E,c varies with θk. Thus, for a given fE, the critical

electric field, ΞE,c(fE), that can fully stabilize a planar
surface for any perturbation wave vector is the maximum
value of Ξd

E,c, or the peak value of each curve. Analyzing all
of these curves gives the main plot of Fig. 4, where ΞE,c(fE)

is plotted. The location of the minimum in this plot gives the
optimal electric field direction, at an angle fE,o with the
x-axis and the corresponding minimum electric field strength
ΞE,c required for planar surface stabilization and roughness
reduction. It is worth noting that fE,o is always the angle that
makes Ξd

E,c a uniform (constant) function of θk, as shown by
the curve at fE ¼ 45�, the straight horizontal line in the inset
plot of Fig. 4. This criticality condition is expressed ana-

lytically as cosfE
d f (θx)
dθx

���
θx¼0

Λf (θy ¼ 0) ¼ Λ sinfE
d f (θy)
dθy

���
θy¼0

f (θx ¼ 0), which yields the optimal electric field alignment
angle as

fE,o ¼ arctan

d f (θx)
dθx

����
θx¼0

f (θy ¼ 0)

d f (θy)
dθy

����
θy¼0

f (θx ¼ 0)
(6)

and the minimum value of the critical electric field strength
as

ΞE,c ¼ 1� ΞW

sinfE,o

f (θy ¼ 0)
d f (θy)
dθy

����
θy¼0

: (7)

Note that the parameter Λ is cancelled out in the expressions
for the optimal values of Eqs. (6) and (7). For roughness
reduction of a Cu thin film surface in a typical Cu/Si3N4

system, i.e., a Cu thin film deposited on a Si3N4 layer, and
for the experimental conditions and parameters reported in
Ref. 31, Eq. (7) predicts a dimensionless value of critical
electric field strength ΞE,c ¼ 0:265, which corresponds to a
current density of 2� 104 A/cm2.32

These results are consistent (in the proper asymptotic
limits) with those obtained for the current-driven morpholog-
ical stabilization of uniaxially stressed bulk solid surfaces.26

For a uniaxial stress applied along the x-direction, ξ ¼
cosfE

d f (θx)
dθx

���
θx¼0

=f (θx ¼ 0) and the optimal electric field

alignment is fE,o ¼ 0�. For the stressed bulk solid, ΞW ¼ 0.

Thus, the critical electric field is ΞE,c ¼ f (θx¼0)
d f (θx)
dθx jθx¼0

, which is

exactly the conclusion in Ref. 26.
In closing this morphological stability analysis, we sum-

marize the key findings of the linear stability theory: (1) a
sufficiently strong and properly aligned electric field can sta-
bilize morphological perturbations from a smooth planar
surface in any direction and of any wavelength; (2) the elec-
tric field alignment angle fE is an important parameter that
affects the electric field strength requirement for the onset of
surface roughness reduction (through stabilization of the
smooth planar surface against roughening shape perturba-
tions); and (3) the optimal electric field alignment angle,
fE,o, and the corresponding lowest critical electric field
strength requirement, ΞE,c, are derived in Eqs. (6) and (7),
respectively, and these criticality conditions determine the
electric-field-induced onset of surface roughness reduction of
a crystalline conducting film.

FIG. 4. Critical electric field strength requirement for surface smoothening
(stabilization of the planar surface morphology), ΞE,c, as a function of the
electric field alignment angle, fE . Plots of the critical electric field strength
[Ξd

E,c(θk)] that can stabilize all the plane-wave perturbations with wave vector
in the θk direction, as a function of θk , with fE ¼ 10�, 20�, 45�, 70�, and
80�, respectively, are shown in the inset. Anisotropy parameters: Λ ¼ 1,
A ¼ 10, m ¼ 2, and fx ¼ �15�.
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B. Simulations of surface morphological evolution

To validate the conclusions of the linear stability theory
(LST), we conducted self-consistent dynamical simulations
of the stressed film surface morphological evolution accord-
ing to the surface evolution model of Sec. II. We discretized
the film surface into a grid of 128� 128 grid points,
employed a spectral collocation method to compute the stress
field39 and the tangential component of the electric field at
each grid point, and integrated Eq. (1) with an advanced
operator splitting-based semi-implicit spectral method with
adaptive time step size.42

We conducted numerous simulation protocols over the
range of our model parameters in order to validate the
application of the electric field as a processing strategy for

film surface roughness reduction as predicted by LST.
Representative results for the film surface morphological evo-
lution are shown in Fig. 5 for a typical set of surface diffu-
sional anisotropy parameters (A ¼ 10, m ¼ 2, fx ¼ �25�), a
scaled wetting potential ΞW ¼ 0:1, and a fixed electric field
direction fE ¼ 49�. According to Eq. (5), for this parameter
set, ΞE,c 	 0:357. Figures 5(a1)–5(a4) show top views of
configurations of the evolving surface morphology under the
action of an electric field with ΞE ¼ 0:03 , ΞE,c. The initial
randomly perturbed planar surface with nanoscale roughness,
as shown in Fig. 5(a1), is not morphologically stable under
the action of the biaxial stress in the film. The perturbation
amplitude grows and the film surface evolves into a rough
landscape consisting of 3D islands. During this surface mor-
phological evolution, the valleys between these islands keep

FIG. 5. 2D contour maps of simulated evolving surface morphology, h(x, y, t), of a stressed metallic thin film starting with a rough {100} surface under the
action of an electric field with (a1)-(a4) ΞE ¼ 0:03 , ΞE,c at t ¼ 0, t ¼ 0:95, t ¼ 2:45, and t ¼ 20:00; (b1)-(b4) ΞE ¼ 0:23 , ΞE,c at t ¼ 0, t ¼ 8, t ¼ 18, and
t ¼ 38:00; (c1)-(c4) ΞE ¼ 0:43 . ΞE,c at t ¼ 0, t ¼ 0:09, t ¼ 0:49, and t ¼ 2:00; and (d1)-(d4) ΞE ¼ 0:43 . ΞE,c at t ¼ 0, t ¼ 0:09, t ¼ 0:49, and t ¼ 2:00. In
all cases, 1D surface profiles, h(x; y, t), along the black solid lines marked on the 2D maps are plotted in the insets. The initial surface configurations of (a1),
(b1), and (c1) exhibit nanoscale roughness, while that of (d1) is merely characterized by atomic-scale roughness due to thermal fluctuations. Parameter values:
Λ ¼ 1, ΞW ¼ 0:1, A ¼ 10, m ¼ 2, fx ¼ �25�, and fE ¼ 49�.
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deepening into the film until they reach a very thin wetting
layer over the substrate, as seen in the inset of Fig. 5(a4). In
the absence of any wetting effects between the film and the
substrate (i.e., in the ΞW ! 0 limit), the film would eventu-
ally break into pieces under the action of the biaxial stress.
Figures 5(b1)–5(b4) show the sequence of configurations in
the evolution of the film surface morphology under the
action of an electric field with ΞE ¼ 0:23 , ΞE,c. The initial
surface morphology, as shown in Fig. 5(b1), is identical to
that of Fig. 5(a1) exhibiting the same nanoscale roughness.
In this case, although the electric field is still weaker than the
critical electric field for surface smoothening, it is stronger
than Ξd

E,c(θk) over a broad range of θk, meaning that the elec-
tric field is still capable of reducing roughness by causing
decay of surface perturbations over a broad range of perturba-
tion wave vector directions. However, over a certain narrow
range of θk, ΞE , Ξd

E,c(θk), resulting in the growth of the cor-
responding surface perturbations. Consequently, the initially
randomly perturbed surface evolves gradually into a strip
pattern, as shown in Fig. 5(b4). Applying an electric field
with a strength of ΞE ¼ 0:43 . ΞE,c to the same initially
nanoscale rough surface, Fig. 5(c1), leads to a gradual reduc-
tion of the surface roughness and evolution of the surface to
a smooth planar state, as shown in Figs. 5(c1)–5(c4). In the
case of Figs. 5(d1)–5(d4), the electric field of strength ΞE ¼
0:43 was applied to a film with an initially planar surface
perturbed by a very low-amplitude random shape perturba-
tion corresponding to mere thermal fluctuations, as shown in
Fig. 5(d1). The surface morphological evolution leads again
to a smooth planar surface morphology, as shown in
Fig. 5(d4). This dynamical response demonstrates that an
applied electric field with larger-than-critical electric field
strength can be used to drive surface mass transport that can
reduce even atomic-scale roughness caused by thermal
fluctuations.

To quantitatively demonstrate the evolution of the film
surface roughness of the four cases presented in Fig. 5, the
evolution of the root mean square (RMS) roughness of the
surface configurations of Fig. 5 has been calculated according
to the equation

RMS(t) ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N2

XN
i¼1

XN
j¼1

[h(i, j, t)� h0]2

vuut , (8)

and the resulting surface RMS roughness is plotted as a func-
tion of time in all four cases in Fig. 6. Curve (1) corresponds
to the film surface evolution of Figs. 5(a1)–5(a4) and shows
that the very weak electric field applied in this case is unable
to reduce the surface roughness. Instead, the RMS roughness
of the film surface grows at a fast rate and reaches a plateau
value over a time period of about t ¼ 1:5 τ. Curve (2) corre-
sponds to the film surface morphological evolution of Figs.
5(b1)–5(b4) and shows that, in this case, the application of
the electric field slows down the growth rate of the surface
roughness, although the applied field is not sufficiently
strong to reduce the surface roughness; the surface morphol-
ogy evolves and its RMS roughness reaches a steady state
that corresponds to the striped surface configuration of

Fig. 5(b4). On the contrary, curves (3) and (4), corresponding
to the surface morphological evolution of Figs. 5(c1)–5(c4)
and 5(d1)–5(d4), respectively, demonstrate that the applica-
tion of a stronger-than-critical electric field can continuously
reduce the film surface roughness resulting in a continuous
decay over time of the surface RMS roughness.

The most important LST predictions are the optimal
electric field alignment angle (direction) given by Eq. (6) and
the corresponding critical electric field strength requirement
given by Eq. (7) that prescribe how the electric field should
be applied in order to achieve surface roughness reduction.
To validate these predictions, for each pair of optimal values
(fE,o, ΞE,c) predicted by LST, hundreds of dynamical simula-
tions were conducted with the pair of parameters (fE, ΞE)
chosen to be in the vicinity of (fE,o, ΞE,c), to numerically
locate the actual (i.e., numerically accurate according to the
fully nonlinear model) optimal values fE,o and ΞE,c. This
approach is illustrated with an example shown in Fig. 7(a)
for representative values of the parameters A, fx, and ΞW at
m ¼ 2. The open circle in the diagram of Fig. 7(a) represents
the LST prediction. The solid squares represent the simula-
tion results, with yellow (black) color indicating the success
(failure) of the electric field application to accomplish film
surface roughness reduction. The solid squares indicate that
fE,o lies over a range of angles from about 38� to 52�, while
the numerically predicted ΞE,c is practically identical with
that predicted by LST.

For a given thin film, the principal directions of the
biaxial stress in the film are always taken to be the x- and
y-directions, respectively, with an angle of fx formed
between the x-axis and the closest fast diffusion direction.
The value of fx also affects the optimal values of fE,o and
ΞE,o significantly. For a {110} (m ¼ 1) surface, as the angle
fx is varied from �90� to 0�, the value of fE,o changes from
90� to 0�, while the value of ΞE,c first decreases and then
increases, as shown by the curves (LST prediction) in
Fig. 7(b). At fx ¼ �45�, ΞE,c exhibits a minimum, meaning
that the surface roughness is the easiest to reduce by applica-
tion of an electric field (minimum electric field strength
requirement) if the stress acts on this particular direction with

FIG. 6. Simulated evolution of {100} surface RMS roughness of a stressed
metallic thin film under the action of an electric field with (1)
ΞE ¼ 0:03 , ΞE,c, (2) ΞE ¼ 0:23 , ΞE,c, and (3) and (4) ΞE ¼ 0:43 . ΞE,c.
In cases (1), (2), and (3), the initial surface configuration exhibits nanoscale
roughness, while in case (4) it is merely characterized by atomic-scale rough-
ness due to thermal fluctuations. Parameter values: identical to those of
Fig. 5.
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respect to the fast diffusion direction. Five values of fx were
chosen, evenly distributed across the domain of fx, for
which the fE,o and ΞE,c values were calculated numerically
by the approach illustrated in Fig. 7(a), and are denoted with
open circles and solid squares, respectively, in Fig. 7(b). The
comparison of the LST predictions with the simulation
results for fE,o and ΞE,c shows a good agreement over a
broad range of fx, except for fx values close to its domain
ends, i.e., close to �90� or 0�, where LST overpredicts ΞE,c

compared to the simulation results. For {100} (m ¼ 2) sur-
faces, where fx is always equal to fy, fE,o does not vary
with fx, and is always equal to 45�, as shown by the hori-
zontal line in Fig. 7(c) which is also in very good agreement
with the simulation predictions. The LST-predicted ΞE,c(fx)
exhibits a minimum at fx ¼ �36:5�, with the simulation
results being in very good agreement with the LST predic-
tions. Finally, for a {111} (m ¼ 3) surface, the trends of fE,o

and ΞE,c as functions of fx, as shown in Fig. 7(d), are very
similar to those for {110} surfaces. The minimum ΞE,c is
located at fx ¼ �15� with fE,o ¼ 45� in excellent agreement
with the numerical simulation results.

C. Optimal electric field strength

With the above systematic validation of linear stability
theory, we then focus on investigating the effects of the film
thickness analytically using the major conclusions of the
linear stability theory, Eqs. (6) and (7). The dependence of
ΞE,c on the nominal film thickness h0 is derived according to
Eq. (7) through the dependence of the wetting potential
strength ΞW on h0. In Fig. 8, ΞE,c is plotted as a function of

the film thickness h0 (made dimensionless with the natural
length scale l) for all the three surface crystallographic orien-
tations examined, m ¼ 1, m ¼ 2, and m ¼ 3. The angles fx

and fE are chosen to minimize ΞE,c, and their values corre-
spond to the minima of the ΞE,c(fx) plots in Figs. 7(b)–7(d)
for m ¼ 1, 2, and 3, respectively. Figure 8 shows that when
h0 � hc, ΞE,c is equal to zero, i.e., no electric field is required
for surface roughness reduction, which means that the
wetting effects can stabilize the planar surface morphology
of a film that is thinner than a critical thickness hc. The
dimensionless critical thickness, under the assumption of iso-
tropic surface energy, is independent of the surface crystallo-
graphic orientation and is given by [2b(γ0 � γ)=(πγ)]1=3. For
film thicknesses higher than hc, the electric field strength
requirement ΞE,c increases with increasing film thickness.
This trend in the ΞE,c(h0) dependence is exhibited because
the wetting potential at the surface is decreased as the film
thickness is increased, and a stronger electric field is required
to stabilize the planar film surface morphology. As the film
thickness keeps increasing, the stabilizing effect of the
wetting potential is gradually diminished, and the critical
electric field strength ΞE,c reaches a plateau value. This cons-
tant value of ΞE,c depends largely on the surface crystallo-
graphic orientation. The ΞE,c plateau value for m ¼ 1 is
several times higher than that for m ¼ 2 and m ¼ 3. We also
see that, among the surface orientations examined in this
study, the ΞE,c strength required to stabilize the planar
surface morphology is lowest for the {100} surface, m ¼ 2.

FIG. 7. (a) Simulation predictions of whether the film surface roughness
grows (black solid squares) or decays (light yellow solid squares) at different
combinations of electric field strength, ΞE , and its direction expressed by the
alignment angle, fE . The open circle represents the prediction of the linear
stability theory for the critical electric field strength and its optimal align-
ment angle. Parameter values: A ¼ 10, m ¼ 2, fx ¼ �10�, and ΞW ¼ 0:1.
(b, c, d) Comparison of critical electric field strength ΞE,c (in red over the
range shown in the left vertical axis) and its optimal alignment angle fE,o
(in blue over the range shown in the right vertical axis) predicted by the
linear stability theory, represented by solid curves, with those predicted by
self-consistent dynamical simulations, represented by solid squares for ΞE,c

and open circles for fE,o, at varied misorientation angle, fx, for (b) {110},
(c) {100}, and (d) {111} surfaces. Parameter values: Λ ¼ 1, A ¼ 10, and
ΞW ¼ 0:1.

FIG. 8. Predicted critical electric field strength requirement ΞE,c as a func-
tion of film thickness, h0, for {110}, {100}, and {111} surfaces with m ¼ 1,
m ¼ 2, and m ¼ 3, respectively. The angles fx and fE are chosen to mini-
mize ΞE,c. Specifically, for m ¼ 1, fx ¼ �45� and fE ¼ 45�; for m ¼ 2,
fx ¼ �36:57� and fE ¼ 45�; and for m ¼ 3, fx ¼ �15� and fE ¼ 45�.
Other parameter values: A ¼ 10.

FIG. 9. Predicted critical electric field strength requirement ΞE,c as a func-
tion of surface diffusional anisotropy strength, A, for {110}, {100}, and
{111} surfaces with m ¼ 1, m ¼ 2, and m ¼ 3, respectively. The angles fx

and fE are chosen to minimize ΞE,c and are identical with those in Fig. 8.
Other parameter values: ΞW ¼ 0:1.
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The effect of the anisotropy strength, A, is also studied on
the basis of the LST conclusions for all the three surface crys-
tallographic orientations examined. The corresponding plots of
ΞE,c as a function of A are shown in Fig. 9. The angles fx and
fE are kept at the same optimal values as those used to yield
the results of Fig. 8. The wetting potential is chosen to have
the representative value ΞW ¼ 0:1. In a manner similar to the
trends of Fig. 8, {110} surfaces are found to require the
largest ΞE,c strength for planar surface morphology stabiliza-
tion among the surface orientations examined. However, we
find that a crossover value of approximately 6 exists for A,
below which the {111} surface, m ¼ 3, has the lowest ΞE,c

requirement, and above which the {100} surface, m ¼ 2, has
the lowest ΞE,c requirement for planar surface morphological
stabilization and, therefore, surface roughness reduction.

IV. SUMMARY AND CONCLUSIONS

In summary, we developed a fully nonlinear continuum
model for the surface morphological evolution of deposited
conducting thin films, accounting for the residual equibiaxial
stress in the film, the wetting effect between the film and the
substrate, the film’s surface tension and the diffusional
anisotropy of the film’s surface, and the action of an exter-
nally applied electric field that drives surface electromigra-
tion. Using linear stability analysis and self-consistent
dynamical simulations, we found that sufficiently strong elec-
tric fields can be used to reduce significantly the films’ nano-
scale surface roughness, achieving atomic-scale smoothness.
To optimize the electrical treatment strategy for the films’
surface roughness reduction, we conducted a systematic para-
metric study and derived the optimal electric-field direction
for minimizing the electric field strength required for surface
roughness reduction and calculated the corresponding electric
field strength for different surface crystallographic orienta-
tions. We found that the critical electric field strength require-
ment for film surface roughness reduction depends strongly
on the direction of the applied electric field and the film
texture expressed by its surface crystallographic orientation.
We also studied the effects of the deposited film thickness
and the film’s surface diffusional anisotropy strength on the
current-induced surface roughness reduction of face-centered
cubic crystalline metallic films. We found that, in such films,
{100} and {111} surfaces are easier to smoothen with elec-
trical treatment than {110} surfaces.

Our study provides a practical guidance for the optimiza-
tion of the application of electric fields to accomplish surface
roughness reduction of single-crystalline conducting thin
films by minimizing the applied electric field strength
requirement. Our study also sets the stage for analogous
studies of the more complicated problem of surface rough-
ness reduction of deposited polycrystalline conducting thin
films where the fast surface diffusion directions and, in the
case of polycrystalline films that are not textured, the surface
crystallographic orientation vary from one grain to another.
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