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Abstract—As interconnects become smaller, their conductivity
increases along with the parasitic effects in MOSFET technolo-
gies [1]. Therefore, investigating how to model the scattering
effects on the nanoscale is important to determine how to
engineer interconnects to reduce those parasitic effects. In this
work, a fully atomistic method is studied to model the electronic
transport properties of copper thin films. For this purpose, a tight
binding basis previously benchmarked against first principles
calculations [2] is used to describe surface roughness and grain
boundary effects on copper thin films with a thickness compa-
rable to the values suggested by ITRS roadmap [3]. In contrast
with traditional models, the results show that the tight binding
method can quantify those scattering effects at low temperature
without fitting any experimental parameters [4], [5].

Index Terms—Grain-boundary, surface roughness, tight bind-
ing, copper interconnects

I. INTRODUCTION

The improvements in the density of integrated circuits
and device performance have been achieved through a long
journey of device downscaling and increase in chip size. The
tremendous push of the industry to aggressively scale devices
has increased the resistivity of the wire metalization which
negatively affects chip performance [6]. Therefore, a careful
design of interconnects is essential to reducing these parasitic
effects.

These unexpected parasitic effects are driving researchers
to explore new materials to reduce the resistivity of
interconnects [7], [8]. However, incorporating these materials
into interconnect applications is still far from being ready
for mass production on an industry level due to variability
during fabrication [9] and high temperatures at high bias
voltage [10]. Therefore, it is most likely that copper
will continue to dominate as the principal material for
interconnects in the next few years.

In general, the resistivity of copper interconnects has
been successfully captured by two semi-classical models:
Fuchs-Sondheimer (FS) [11] and Mayadas-Shatzkes model
(MS) [12]. Making use of the Boltzmann’s tranport equation,
the FS model describes surface roughness and the MS model
describes grain boundary effects. Recent technical advances
have resulted in fabrication of interconnects below a 50
nm thickness, and well-documented literature shows large
discrepancies between the semi-classical models and the
experimental observations in this thickness region [13], [14],
[15], [16], [17]. These discrepancies show the necessity

of constructing a more robust model which goes beyond a
semi-classical model, takes quantum effects into account, and
can provide a correct description of the electrical resistivity
for metal wires below a 50 nm thickness.

Recent efforts have established a fully atomistic approach
that can overcome some of the limitations of the semi-classical
models. One of the most relevant works has been introduced
by M. Cesar et al. [18] who systematically studied the grain
boundary effects on twin grain boundaries through a fully
atomistic quantum approach. For this purpose, a quantum-
transport analysis was used to calculate the resistance of grain
boundaries by density functional theory (DFT) with the non-
equilibrium Green’s function formalism (NEGF) [19]. This
parameter-free model was used to obtain the GB contribution
and also the reflection coefficient of several copper twin GBs
as described by the MS model [5]. The results obtained by
this method agree very well with experimental data as shown
in Refs. [20], [21]. However, the NEGF+DFT method is
limited to modeling very small structures. In order to describe
realistic structures as projected by ITRS [22], tight binding
methods have been proposed [23] to describe metal wires and
films. Additionally, this method has recently been shown to
describe grain boundaries effects [24]. Making use of this
method, this work proposes a study of the effects of surface
roughness and grain boundary effects for copper interconnects
at low temperature. These results are also benchmarked against
experiments [13], obtaining a reasonable agreement with the
reported results. The difference in surface roughness contri-
butions between these modeling results and the experimental
values may be because simulation approach does not include
a full description of the surface geometry.

II. METHOD

The resistivity for copper interconnects is calculated in
NEMO5 [25] by the NEGF method with a TB basis [ref]
making use of the Landauer formalism. The resistivity for
copper thin films such as the one shown in Fig.1 is simulated
assuming a different number of grains. In this work, each
grain is randomly oriented in the out-plane direction with an
angle between 1◦ and 90◦. Each grain has a constant length
of 5 nm. Each film was constructed with 0.36 nm thickness
which is periodic in the x direction. Each configuration has
attached leads (source/drain) oriented in the [110] direction.
The atomic position of each structure is obtained after an ionic
relaxation is carried out by a force-field potential method based
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on the embedded atom model (EAM) [26] as implemented in
LAMMPS.

Fig. 1. Side view of one instance of copper interconnect with 5 grains as
marked. In general, the copper interconnects are modeled by a system between
1 and 10 grains; each grain is 5 nm in length and 4-10 nm thick. Each
particular grain has a specific orientation between 10 and 900

III. RESULTS

The resistance for copper interconnects for thicknesses (T )
between 4 and 10 nm is plotted in Fig.2. In the figure, each
point corresponds to the average resistance for 10 different
orientations between 1 and 900. The error bars in Fig.2 cor-
respond to the standard deviation for those 10 configurations.
The results in Fig.2 clearly show a linear relationship between
the number of grains and the resistance. This result is expected
since increasing the number of grains implies more grain
boundary scattering. Fig.2 also shows that the resistance is
larger for thinner copper thin films as reported by Ref. [13].
These results agree with the fact that that thinner structures
will be more likely to have scattering against the atoms in the
surface. In this study, the surface roughness is the result of the
grain boundary orientation, however a realistic surface profile
was not included in this study.

Fig. 2. Resistance for copper interconnects at zero temperature calculated
with a TB basis for systems between 1-10 grains. Each point corresponds to
a particular configuration with each grain randomly oriented.

In order to quantify the effect of the surface roughness and
grain boundaries as a function of the length, the average
resistance per device length was computed making use of a

linear fit as shown in Eq.1. In this case, the device length
corresponds to the number of grains times the grain size (5
nm). The results show a coefficient of determination of 99%
for a linear relationship between length of the copper thin films
and the average resistance of those orientations.

R = ρ
L

A
+Rc (1)

where ρ is the resistivity, L is the total length of the thin film,
A is the cross section, and Rc is the contact resistance. The
results of the resistivity for a given thickness obtained by Eq.1
are shown in Fig.3

Fig. 3. Resistivity for copper interconnects with different widths. The blue
points correspond to the values calculated with our TB models at zero
temperature while the solid points correspond to the experimental values in
Ref.[13] measured at 1.8 K

Our results show that the TB method describes the same trend
as seen in experimental results for copper interconnects [13].
Some differences between the experimental results and the
calculated TB values are observed. First, due to computational
limitations a constant grain size of 5 nm was assumed, which
is expected to be much smaller than the experimental value.
Therefore, our grain boundary contribution is much larger than
the experimental one. On the other hand, the large jump in the
experimental results around 10 nm thickness could be due to
an increase in the surface roughness which was not modeled
in this work. While it is clear from the results that this TB
model can describe the resistivity of copper thin films at low
temperatures, some additional details of the surface geometry
and the grain boundary size are required to better match the
experimental data.
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