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Abstract 

 
The presented work explores a novel approach towards improving resistance of Cu interconnects. The 

externally applied strain on Cu interconnects during annealing is used to promote the grain growth via grain 

boundary densification. The results indicate that externally imposed strain during annealing has positive effect on 
decrease in resistance of Cu interconnects. The drop in resistance of ~4k after annealing at 200 C

o
 is observed for 

externally imposed strain level of -0.210
-4

. Our analysis suggests that compressive strain is achieved along the 

longer axis of Cu interconnects which means that densification of the grain boundaries with surface vector parallel 

to the current path is stimulated. 
 
Introduction  

The ever-continuing drive to miniaturize semiconductor devices inevitably brought many 
fabrication processes to the level of nanoscience. The Cu-interconnects for future devices/microchips are 
becoming a true nanostructures with critical dimensions in the range of few tens of nanometers. The grain 
size in Cu interconnects scales with the half of the width of the interconnecting lines. Considering that 
these dimensions are now approaching only 10 nm, the grain boundary area per unit volume of 
interconnects becomes much larger as compared to the Cu thin films. Consequently, the resistivity of the 
Cu interconnects is higher due to the enhanced electron scattering from the grain boundaries. The grain 
growth via grain boundary densification (GBD) is one way to improve this situation. However, at this 

scale and for mid-temperature range (<300 Co), GBD becomes thermodynamically unfavorable process. 

Annealing at higher temperatures is not permissive due to the constraints posed by other microchip 
structures.  

The thermodynamic criteria used to predict weather the grain growth will occur via GBD is 

derived based on energy minimization principle [1], and it is commonly formulated as [2]: 

d0  d0
crit  E Cu (a Cu )2 (1)  

      

  2 GB (1  vCu )  0 ECu aCu 
 

Here, d0 and d0
crit are initial diameter of the Cu grains and critical diameter of the Cu grain above which 

the grain growth will occur via GBD process. The ECu, Cu are Young’s module and Poisson’s ration of 

Cu, while GB and aCu are grain boundary energy and grain boundary volume per unit area for Cu. The  
above criteria suggests that for a fixed initial strain of Cu grains, 0, there is a critical size of the grains, 

d0
crit

, beyond which the grain growth via GBD will occur always until the grain boundary grooving stops 
the process. In this case there is no practical minimum in total energy change and the total energy will 
always decrease as the grain grows. For initial strain in the grains being compressive (0<0), the d0

crit is 
very small and the grains will always grow via GBD process. For initial strain being tensile, (0>0), d0

crit 

is much larger, and thus, whether the grains will grow or not depends on satisfaction of the d0 > d0
crit 

criterion. If 0  2GB(1-Cu)/ECua, (for typical metals > 1%) the grain growth will never occur due to a 

large strain energy accumulated in the grains independent on their size (d0
crit) [2]. The criteria 
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described by eq.(1) is illustrated in Figure 1A for three values of ECu representing a typical values 

reported in the literature for electroplated Cu films, [3]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. (A) The prediction of the eq. (1) for critical grain diameter as a function of the initial strain in 

Cu grains. Calculations are done for three typical values of Young’s modules used for electrodeposited 

Cu [3]. Each curve represents the boundary between the regions where the grain growth via GBD process 

is possible (above the curve) and where it is not (below the curve). (B) Schematics of the Si cantilever 

with Cu interconnect structures. The bending of the cantilever along rr axis occurs due to difference in 

thermal expansion coefficient between Si and stress/strain control layer. 
 

The size of the Cu grains scales approximately with the half of the interconnect width. For this 

reason, in Figure 1A, the three different interconnect widths are indicated and their intersects with the 

lines representing the model calculation show the limiting strain below which the GBD will occur, and 

above which it will not for a given grain size. In this analysis, the initial grain size is considered fixed and  
function of the Cu-interconnect design. The initial strain in the Cu grains, 0, during annealing is a 
function of several separate contributions; 

0  i  th , (2)  
Where the growth strain i and the thermal strain th are the dominant ones. The growth strain in Cu can 

be evaluated using existing models in the literature based for grain zipping process and using the grain  
size to be equal to the ½ of the width of Cu-interconnect [4], (i  0.1  1.4 %). The th in Cu interconnect 

is more difficult to be evaluated due to complexity of the materials in the microchip hetero-structure. 
However, the basic estimate can be made using the Cu and Si as two materials with dissimilar coefficients 
of linear expansion. This analysis predicts the th  to be in the range of -0.14  -0.7 %. Using these  
calculations the initial strain in Cu interconnects during annealing can be evaluated as 0  -0.5 % to 1.3%. 
For these levels of the initial strain the grain growth via GBD process will unlikely happen for 
interconnect with critical dimensions below 50 nm (Figure 1A).  

The presented paper explores a novel approach to improve the resistivity of Cu interconnects. The  
main idea of presented work is to control the value of 0 externally by applying a controlled 

curvature/strain on the cantilever with fabricated Cu interconnects. This way, the strain in the grains will 
be brought locally to the value where thermodynamic criterion for the grain growth via GBD is fulfilled. 
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This should result in decrease of the grain boundary area per unit volume of Cu interconnects and thus a 

consequent improvement in conductivity of the Cu in interconnects. 
 
Experimental  

The Si cantilevers were fabricated with Cu-interconnect structures (50 nm width) on the front side, 

Figure 1B. The Cu structures were capped with 100 nm layer of protective dielectric to avoid oxidation. 

The imposed external strain on Cu interconnects is achieved by cantilever bending. The bending occurred 

along the cantilever longer axis (rr-axis) due to difference in the linear coefficient of thermal expansion 

between the silicone and stress/strain control layer deposited on the back side, Figure 1B. The Cu  
interconnects were positioned in such way that their longer axis was aligned with -axis of the cantilever. 

All experiments were done on specially designed set up [5] where the strain in Cu interconnects can be 

measured insitu during annealing. The entire experimental set up with cantilever clamping fixture was 

built on the optical bench and the curvature of the cantilever, R, was measured by laser reflection spot  
displacement on the position sensitive detector [6]. The average values of imposed external strain rr on 
Cu interconnects was calculated from the ratio: 


 rr  

t
Si 


 

0.5
 


 

t
Cu  , (3) 

 R  

Where tSi and tCu represent the thickness of the Si cantilever with stress/strain control layer (~780 m) 
and height of the Cu-interconnect structures (100 nm). The cantilevers were heated with two 
symmetrically positioned IR heaters from the back side, while the temperature of the Cu interconnects 
was measured by IR sensor (front side). The proportional feedback control allowed precise control of the 
annealing temperature and temperature ramping rates. The thermal conductivity of Si was good enough so 

that the difference in temperature of the front and backside of cantilevers during annealing was only 1 Co. 

All samples were annealed for one hour. Annealing temperatures were 200 and 250 C o. The strain 
reported is the one measured during annealing at particular temperature. The reported strain represents the 
difference in strain between relaxed state of cantilever at room temperature and the strained state of 
cantilever during annealing.  

During annealing, cantilevers were under biaxial state of stress, and the externally imposed strain 

rr and  (Curr) can be algebraically summed with initial strain existing in Cu grains 0. Due to 

geometry of the cantilever bending and position of the Cu interconnects, the rr>0 and <0 situation 

always applies. This means that resulting strain in Cu grains during annealing,  rr   rr  0  was such  
that  rr    0  and     0 are always achieved. The schematics of the strain sign and orientation in  
Cu-interconnects are illustrated in Figure 2A. As one sees, the strain in  direction was effectively 

reduced by bending of the cantilever which is expected to promote densification of the grain boundaries  
with surface vector parallel to  direction, Figure 2A. 
 
Results and Discussion  

More than 50 cantilevers were annealed with Cu-interconnect structures. The resistance of 

interconnects were measured before and after annealing and in all instances a significant decrease was  
observed (R<0, R=Rbefore -Rafter) . The values of R ranged between -2000  and -6000 . Five different 

stress/strain control layers were used giving a wide spread of achieved values of rr and They  
were in the range of 10-5 to 10 -4. The summary of the results is presented in Figure 2B as R vs. rr or R vs. 

- relation. Although the data have significant scattering for both annealing temperatures, they show  
an obvious trend. More externally imposed strain results in larger decrease in resistance of Cu-

interconnect. This result alone represents the crown proof of concept of our initial idea: Strain annealing 

of Cu interconnects is a new approach that can be employed to improve resistance of Cu-interconnects.  
We should note that according to the thermodynamic criteria stated previously, the external 

imposed strain should only benefit GBD process of the grain boundaries which have a surface vector 

parallel to the longer dimension/direction of the interconnects ( axis). This direction is also parallel to 
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the current path through the Cu-interconnects. Considering that length of Cu-interconnect is hundreds of 

microns while the width is only 50 nm, the dominant contribution to the resistance is the electron 

scattering from these particular grain boundaries. External straining obviously does provide 

thermodynamic conditions where densification of these grain boundaries is allowed at intermediate  
temperatures and thus the observed results are somewhat expected. The mean R value for 200 Co 

annealing temperature is -4000  with mean value of -0.210-4. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. (A) Schematics of the strain orientation and sign with respect to the axis of the interconnect and 

cantilever. (B) Cumulative data for more than 50 interconnects showing difference in resistance before 

and after annealing as a function of externally imposed strain. The dashed lines represent an upper and 

lower boundaries of the trend. 
 
Conclusion  

The tested data indicate that externally imposed strain during annealing has positive effect on 

decrease in Cu-interconnects’ resistance. These results are encouraging. The compressive strain is 

achieved along the longer dimension of Cu-interconnects which means that densification of the grain 

boundaries with surface vector parallel to the current path is stimulated. These grain boundaries are 

formed during the grain zipping process, and tensile strain is present in Cu grains along the same direction 

before annealing [6]. The application of compressive stain along this direction during annealing has a 

positive effect, decreasing strain energy in the grains and thus promoting the GBD process. 
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