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Abstract— As logic devices continue to downscale, 
interconnections are reaching the nanoscale where quantum 
effects are important. In this work we introduce a semi-
empirical method to describe the resistance of copper 
interconnections of the sizes predicted by ITRS roadmap.  
The resistance calculated by our method was benchmarked 
against DFT for single grain boundaries.  We describe a 
computationally efficient method that matches DFT 
benchmarks within a few percent.   The 1000x speed up 
compared to DFT allows us to describe grain boundaries 
with a 30 nm channel length that are too large to be 
simulated by ab-initio methods. The electrical resistance of 
these grain boundaries has a probability density distribution 
as a function of the grain rotation angles. This approach 
allows us to quantitatively obtain the most likely resistance 
for each configuration.  

Keywords—Copper interconnects, Extended Hückel 
method,  coincident site lattice grain boundaries,  

 

I.  INTRODUCTION  
 

As transistor sizes are scaled down, interconnect sizes 
must also be reduced. According to the ITRS roadmap, 
interconnects are expected to reach 10-20 nm in the next 
decade[1]. Earlier work by Fuchs and Mayadas[2], [3] has 
shown that surface and grain boundary (GB) scattering 
play a major role in the resistivity for structures of this size 
[4]. This study is based on a few empirical parameters but 
scaling factors limit their applications to simple 
orientations.  

Recently first principles calculations have described 
the resistance of single grain boundaries based on a non-
equilibrium Green function (DFT-NEGF) approach[5].  
The results show a strong relationship between resistivity 
and the precise atomistic structure, which aligns both with 
experiments [6], [7] and previous theoretical work[8]. 
However, the studied structures are limited to single grain 
boundaries with less than two hundred atoms because of 
the computation cost of the DFT-NEGF calculation.  To 

study larger grain boundaries, an accurate and efficient 
computational model is developed in this work. 

II. METHODOLOGY 
An atomistic, tight-binding method with a non-

orthogonal basis based on the Extended Hückel (EH) 
tight-binding method[9] is used to describe copper 
interconnections.  The EH parameters for copper were 
obtained from Cerdá and Soria [10] and benchmarked in 
two ways. First, the bulk band structure of copper obtained 
from the EH parametrization was compared to DFT as 
shown in Figure 1. The bulk band structure from DFT was 
calculated with the Atomistix ToolKit [11] for FCC 
copper with a lattice constant of 0.361 nm as reported 
experimentally[12]. All DFT calculations were performed 
with a generalized gradient approximation (GGA) and 
PBE functional with a k-sample generated by Monkhorst-
Pack scheme of 10×10×10 and energy cutoff of 150 Ry. 

 
Figure 1:  Band structure of bulk copper with DFT (lines) 
against EH (circles) making use of Cerda’s parameters. 
The band diagrams show agreement between both 
models. 
 

Secondly, single grain boundary systems were 
constructed and the transmission spectra and resistance of 
those grain boundaries were benchmarked against those 
calculated by DFT-NEGF. Single grain boundaries and in 
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particular coincident site lattice (CSL) grain boundaries 
were obtained by generating a superposition of two 
periodic lattices.  One of the lattices was rotated with 
respect to the other, generating coincident points between 
the lattices for the specific rotation angle. This particular 
grain boundary is a special case of the general grain 
boundary. Still, it appears frequently in real 
interconnections because of the low interface energy[13]. 
High symmetry grain boundaries were constructed for 
structures smaller than two hundred atoms using the 
GBStudio package[14] (Figure 2 shows a Ʃ9 CSL grain 
boundary). The GBs were constructed from an FCC 
copper structure with a lattice constant equal to the value 
used for bulk calculations (0.361 nm).  After generation, 
the CSL grain boundaries were structurally relaxed with 
DFT making use of the parameters as described above for 
the electronic calculations but with a k-sample of 4×4×1. 
The relaxation was carried out until all the atomic forces 
on each ion were less than 0.0001 eV nm-1

.
  

 

 
Figure 2:  Representation of Coincident Site Lattice Ʃ9, 
the dashed lines indicate how the GB are created by a 
rotation of one of the lattices. 

Subsequently, an electric potential of 2 meV was 
applied to the system and the ballistic resistance was 
obtained with  Landauer’s equation assuming a low bias 
condition: 

 !
!
= !!

!
 𝑇 𝐸!      (1) 

where e is the electron charge and T(E) is the 
transmission spectrum evaluated at the Fermi energy Ef.  
The transmission was calculated by the NEGF method for   
the non-orthogonal basis implemented in NEMO5[15] and 
benchmarked against the self-consistent NEGF+ab-initio 
in the Atomistix ToolKit. The Fermi level of the GB in the 
EH framework is calculated by integrating the density of 
states to find the total number of states as a function of 
energy.  The states are then filled using a zero temperature 
approximation. For example, the density of states 
spectrum for a 1.6nm thick copper ultra-thin body with 
two periodic boundary conditions is shown in Figure 3(a).   
The total number of states as a function of energy Figure 
3(b) is obtained by integration of the DOS spectrum. 

 
Figure 3 Extraction of the Fermi level from the DOS from 
a 1.6nm Cu ultra-thin body using the T= 0K 
approximation  a.) DOS spectrum of the UTB b.) DOS is 
integrated up to the total number of states in the structure.  
In this case, 11 valence states per atom (Ns); 40 atoms (Na) 
yields 440 states (N). 

 

III. RESULT AND DISCUSSION 
Making use of the NEGF method, the transmission 

spectra of several CSL grain boundaries were compared to 
those calculated in DFT for an energy range between -2 
and 2 eV around the Fermi level. As shown in Figure 4, 
the transmission spectra for several CSL grain boundaries 
calculated by EH captures the main features of the DFT 
transmission spectra over a large energy window (not just 
near at EF= 0eV). 

 

Figure 4:  Transmission spectrum for Σ3 CSL computed 
using both DFT (lines) and EH (circles) methods.  

 

Making use of equation (1), the resistances of several 
single grain boundaries were calculated as shown in Table 
1. The results show that resistance calculated by EH 
method differs by less than 7% from the results obtained 
with DFT.  This gives confidence that the method can be 
used for structures too large to simulate with DFT-NEGF. 
The time required to compute the transmission spectrum 
for both methods per CPU for a single energy and 
transverse wave vector is also tabulated in Table 2. The 
timing results show that EH offers a 103x speedup 
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compared to DFT+NEGF. These two tables show not only 
the accuracy of the EH’s description of copper 
interconnects, but also that the EH approach allows for 
simulations of thousands of atoms to be completed in a 
reasonable time. 

GB Resistivity 
DFT(10-12   Ω  cm2) 

Difference  between EH 
and DFT (%) 

Σ3 9.44 1.82 
Σ5 10.41 3.98 
Σ9 12.78 4.27 
Σ11 9.60 0.38 
Σ13 12.86 6.32 
 Table 1: Resistivities for different coincident lattices (Σ) 

calculated by EH and DFT differ by less than 7% 
 

GB Time DFT (s)  EH (s) 

Σ3 19083.8 15.4 
Σ5 26762.3 13.2 
Σ9 27694.2 26.9 
Σ11 511166.8 46.1 

 Table 2: Total time for different coincident lattices (Σ) 
calculated by EH and DFT  

 
 

 

 

 

Large Grain Boundaries 

After benchmarking our EH model against ab-initio 
calculations, large periodic grain boundaries were 
constructed as shown in Figure 5. The channel used for the 
GB was 30 nm long and had a 10nm x 1 unit cell cross-
section as suggested in the ITRS roadmap[1]. The GB 
were grown in the [110] direction, which gives the highest 
conductance as previously reported in other studies[16]. 

Starting from a homogeneous [110] oriented structure, 
the multi-GB geometry was created according to the 
following steps: (1) generate scattered grain seeds; (2) 
create Voronoi cells using grain seeds; and (3) generate 
atoms inside grain boundaries. In this study, the GB 
channels were formed with three-grain boundaries that 
were rotated between 0 to 180 degrees as shown on 
figure5 b). After generation the GB channel was relaxed. 
Only non -ab-initio methods are available to relax 
structures of this size (more than 8 thousand atoms). 
Therefore a semi-classical EAM potential was applied[17] 
and benchmarked as well. However these results will be 
published soon.  

 

 

 

 

 
 

 
Figure 5 GB generation. (a) Generate random seed → 
Voronoi diagram → Divide original geometry into grains. 
(b) GB device with leads attached 
 

Following the method outlined above, 600 GB structures 
were generated and their resistivities were calculated 
according to equation (1) for the EH method. The 
resistivity 𝑅 was found to have a functional dependence on 
the rotation angles α,β,γ. Figure 6 shows the histogram 
overlaid with kernel density[18] curve for the resistivity 𝑅. 
The Shapiro-Wilk test showed the resistivity data does not 
follow a normal distribution with a 95% confidence[19]. 

 
Figure 6. Multimodal distribution of resistivity.  Values 
between 30.5 and  31 10-12   Ω cm2 (indicated by red bars) 
have the highest probability. 

 

    As previously defined, the resistivity changes 
according to the variation of the three angles (α,β,γ ). 
Figure 7 shows the resistivity distribution for different 
values of β. For instance, the boxplot presents the 
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resistance distribution as a function of β.   The 
dependence on angle shows a mirror symmetry about 
90!.  This result may be explained by the fact that the 
crystal symmetry of copper is not totally disrupted by the 
structural relaxation. Boxplot color was chosen in order to 
highlight the periodicity of the resistance with respect to 
the angle. It is important to mention that this symmetry 
pattern is the same for α and γ angles. Therefore, it is 
possible to identify the combination of angles that provide 
the highest resistance values. The maximum values of 
resistivity are most often in combinations of the following 
angles: 20!, 60!, 120!, and 160!. In summary, the 
resistivity is to first order a periodic function of the grain 
boundary angles.  To second order, particular 
arrangements of atoms can produce low-resistivity 
structures as show by the outliers in Figure 7. 

 
Figure 7. Resistivity distributions for angle β. The 
boxplots represent the resistance distribution, while those 
marked with a star represent outliers. 
 

IV. CONCLUSIONS 
In summary, a numerically effective method to calculate 
interconnect resistance was developed using a non-
orthogonal tight binding technique. Subsequently, large 
grain boundaries were constructed and relaxed by EAM 
potential. The calculations for this approach are 
significantly faster and the results show agreement with 
ab-initio methods for CSL grain boundaries. In the case 
of large grain boundaries, the resistivity was found to 
have a functional dependence on the rotation angles 
α, β, γ that does not follow a normal distribution.  Further 
studies will be performed to determine a relationship 
between the rotation of grain boundary and the resistivity 
using a statistical model that includes the quantitative 
effect of misalignment orientations and grain boundary 
size. 
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