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Introduction/Motivation

• Surface and grain boundary scattering 
contribute significantly to the increase in 
resistivity as dimensions of polycrystalline 
conductors are reduced to and below the 
electron mean free path (39 nm for Cu at 
room temperature)
– Classical Resistivity Size Effect, first noted by 

J. J. Thompson in 1901
– Identified as an issue for interconnects in the 

late 1990’s and as a “Grand Challenge 
Problem” by the ITRS in 2007



Introduction/Motivation
• Challenges in determining the relative 

contributions of the various 
scattering mechanisms

– Preparation of suitably small conductors with:
• Low impurity content
• Identical scattering surfaces
• Low void fraction
• Independent variation of film thickness and grain size

– Experimental quantification of:
• Film thickness
• Surface roughness
• Void fraction
• Film grain size (for a statistically significant 

population)



Outline

• Introduction/background
• Experiments
• Models
• Model Selection
• Conclusions



Film Preparation
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Cu

substrate

dielectric thin film

dielectric thin film

air or vacuum

Ideal vs. actualSputter deposition from 99.9999% pure Cu

Encapsulation by SiO2 , SiO2 /Ta and 
SiO2 /TaSiN

Deposition at -40 °C

Annealing at 150 °C (30 min), 400 °C (6 s) 
and 600 °C (30 min), in Ar-3 or 5% H2



Film Characterization

• Film thickness: x-ray reflectivity
– 27-158 nm

• Film roughness: x-ray reflectivity
– 0.2-2 nm  

• Void fraction: high angle annular dark field 
imaging in the STEM
– 0-2.4%

• Grain Size: hollow cone dark-field imaging in the 
TEM
– 35-425 nm

• Film resistivity: four point van der Pauw 
geometry at room temperature and at 4.2 K



Void Fraction
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As-acquired HAADF 
TEM image

Processed image

void fraction

0.54%



Hollow Cone Dark Field TEM
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Grain Size
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-2 degree tilt 0 degree tilt

The Cu 111, 200, 220, 311, and 222 reflections were 
used to form high contrast HCDF TEM images.

+2 degree tilt



Grain Size
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100nm

Twin boundaries ignored

Result is average grain size and grain size distribution. Reported 
data includes 22 samples and more than 18,000 grains.



Grain Structure
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600°C-annealed, Ta/SiO2 -capped, 40 nm-thick Cu film.  
Single grain through thickness.



Grain Structure
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150°C-annealed, Ta/SiO2 -capped, 40 nm-thick Cu film.  
Multiple grains through thickness make tracing difficult.



SiO2 / Cu/SiO2

SiO2 /Ta/ Cu/Ta/SiO2
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Resistivity of Cu Films

Carnegie 
Mellon 

MRSEC

Fuchs-Sondheimer: Surface 
scattering

Mayadas-Shatzkes: Grain 
boundary scattering

Room 
Temp

4.2 K

p = 0 R = 0.47
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Models: Surface and Grain 
Boundary Scattering
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Model Name Model Description

Fuchs-Sondheimer 
(Surface Scattering)

Mayadas-Shatzkes 
(Grain Boundary 

Scattering)
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Models: Roughness Induced 
Surface Scattering

Model 
Name Model Description

Soffer
(Surface 

Roughness 
Scattering)

Rossnagel- 
Kuan
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Soffer Model – Cont.

• The specular reflection probability for top and 
bottom surfaces with root mean square 
roughnesses r1

 

and r2

 

are:

• Once surface roughness has been measured, the 
Soffer model has no adjustable parameters
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Models: Temperature 
Dependence
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Surface scattering: 
– Fuchs-Sondheimer (FS)

• Grain boundary 
scattering: 
– Mayadas-Shatzkes (MS)
– MST (Temperature 

dependent R)

• Scattering from a rough 
surface: 
– Soffer

• Intrinsic resistivity of Cu

∆ρFS
∆ρMS

ρi

∆ρSoffer

Calculated for the three models for a 
hypothetical film with h= 30 nm, g=30 nm



Models: Interactions vs. 
Mathiessen’s Additivity Rule
Model Name Model Description

Mayadas Shatzkes 
Surface (MSS)

(Interaction between 
surface and grain 

boundary scattering)

Mathiessen’s rule 
summations

Soffer+MS, FS+MS, FS+MS (Caps), RK+MS
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Resistivity of Cu Films
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Fuchs-Sondheimer: Surface 
scattering

Mayadas-Shatzkes: Grain 
boundary scattering

Room 
Temp

4.2 K

p = 0 R = 0.47



Bayesian Information Criterion

• Used for model comparison and selection
• Incorporates a penalty term for increased number of fitting 

parameters
• For the formulation given below 

– Errors are assumed to be normally distributed
– Good models have negative BICs
– The lower the BIC, the better the model
– The magnitude of the difference between the BIC values of two models 

must be >2 for one model to be a better predictor of experimental 
behavior than the other

)ln()2ln()ln()ln()ln(2 nann
n

SSEnnaLBIC +++=+×−= π

L = overall likelihood, i.e., product of likelihoods 
of all experimental data

n

 

= number of data points, 44 (22 measurements 
at each of two temperatures)

a

 

= number of adjustable parameters

SSE

 

= sum squared error

G. E. Schwarz, Annals of Statistics 6, 
461 (1978)
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Models Considered

Model Name Model 
Parameters

Number of 
Parameters SSE BIC

Soffer none 0 30.5 108.8

FS p=0 1 22.9 99.8

MS R=0.47 1 0.96 -39.4

Soffer+MS R=0.38 1 2.39 0.4

MSS p=0.61 R=0.82 2 0.85 -41.4

MST RRT =0.49 
R4.2K =0.45

2 0.59 -57.4

FS+MS p=0.52 R=0.43 2 0.48 -66.1

FS+MS (Caps)
pSiO2 =0.51 
pTa =0.55 
R=0.43

3 0.48 -62.2

RK+MS p=0.68 R=0.43 
nRK =18.2

3 0.43 -67.5



• Encapsulated Cu films with low impurity content, identical 

scattering surfaces, low void fraction, low surface roughness 

and (adequate) independent variation of film thickness and 

grain size were prepared and extensively characterized

• Clear dominance of grain boundary scattering over surface 

scattering is seen even in cases where grain size is larger than 

film thickness 

• A weaker, but significant, role is observed for surface scattering

• Surface and Grain boundary scattering should be combined 

using Matthiessen’s rule (simple addition of resistivities)

– grain boundary scattering preserves the component of 

electron momentum parallel to the grain boundary plane. 

Summary and Conclusions

T. Sun et al. PRB 79, 041402(R), (2009) and PRB, in press, T. Sun et al. JVST A26, 605 (2008)





Application to Lines
• The solid line represents a 34 

nm wide interconnects with 
aspect ratio varying from 1 to 5 
and grain size fixed at 34nm.   
Only a 7% reduction of 
resistivity occurs as a 
consequence of increasing 
aspect ratio.  The dashed line 
represents a 34 nm line-width 
interconnect having a fixed 1 to 
1 aspect ratio and increasing 
grain size.  The increase of the 
grain size to line width ratio 
results in 33% decrease in 
resistivity.  Clearly, producing 
interconnects with larger grain 
size is needed to mitigate the 
resistivity size effect. 

34 nm wide line

FS+MS
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