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Abstract 

 

Scaling Effects on Microstructure and Resistivity for Cu and Co Nano-

Interconnects 

 

Szu-Tung Hu, Ph.D 

The University of Texas at Austin, 2019 

 

Supervisor:  Donglei Fan 

Co-Supervisor: Paul S. Ho 

 

The continued scaling of Cu low k technology is facing serious challenges imposed 

by basic limits from materials, processing and reliability. This has generated great interests 

recently to further develop Cu nanointerconnects and alternatives, particularly Co and Ru 

nanointerconnects beyond the 10nm node. In this paper, we investigate the microstructure 

evolution in Cu and Co nanointerconnects and the effects on resistivity, a key factor 

contributing to the RC delay and reliability of the nanointerconnects. 

The scaling effect on microstructure of Cu and Co interconnects was analyzed using 

a TEM-based high-resolution precession electron diffraction (PED) technique with 

capabilities to map in detail the orientation and size distribution of individual grains. The 

results of this study revealed a consistent picture of microstructure evolution with scaling 

in Cu nano-interconnects. As the (111) texture had been observed to switch from trench 

bottom to trench width to trench length, a trend which continued to the 22 nm linewidth 

with the appearance of more small grain aggregates, indicating further dominance of the 

interface energy in comparison to the strain energy with increasing surface to volume 
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ratios. The amount of twin boundaries continued to decrease with scaling line width as 

well.  

The microstructure evolution studies were carried out for Co interconnect using the 

TEM based high-resolution PED technique with line width of 220nm and 26nm. In contrast 

to Cu interconnect at line width of 26nm, the Co interconnect did not switch from the trench 

width direction to the trench length direction. This is an indication that the interfacial 

energy is not the only controlling factor, whereas the strain energy also plays an important 

role in texture evolution in Co interconnects, a conclusion supported by the large abnormal 

grains observed in narrow Co lines. The TEM study was supplemented by Monte Carlo 

simulation to project the grain growth for future technology nodes based on local energy 

minimization. In the simulation, the orientation-dependent grain boundary, strain, and 

interface energies were taken into account in order to examine the effect of scaling and 

material properties on grain growth for future technology nodes. Finally, the results of the 

microstructure study by TEM and simulation were used to analyze the scaling effect on the 

resistivity of Cu and Co nanointerconnects. We are able to account for the scaling effect 

on resistivity from the contributions of surface and grain boundary scatterings as reported 

in a recent study. 
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Chapter 1: Introduction 

1.1 BACKGROUND AND MOTIVATION   

Ever since the first introduction of integrated circuits (ICs) in the 1960, and initial 

commercialization of IC chips with Copper (Cu) metallization by IBM in 1997 [1], the 

microelectronic industry has been pursuing semiconductor chips with faster speed, higher 

device performances and lower manufacturing cost. In principle, this can be achieved by 

reducing the transistor dimensions while keeping the electric field constant, therefore 

reduced power consumption, lowering the operating voltages and have higher switching 

speed. It also enables the incorporation of more number of component per chip and reduce 

the fabrication cost-per-chip [2]. This device scaling approach has guided the IC industry 

in the development of semiconductor chips by reducing the minimal feature size of the 

transistor in modern electronic devices to meet the demand for faster and more complex 

computing. An example is shown in Fig 1.1 where the scanning electron microscopy 

(SEM) cross-section images are compared for the latest Intel chips at the 22nm and 14nm 

technology nodes [3]. In addition, Fig 1.2 [4] shows the incorporation of more transistor 

numbers along with the performance improvements in the processing speed achieved in 

the development of microprocessor from Intel 4004 [5] to Pentium-IV [6] and now at the 

sixth generation Core i7 with 4 data processing cores using Intel’s 14nm process 

technology [7]. This exponentially downscaling trend in device dimensions and 

performance improvement was first observed and predicted by Gordon Moore [8] in 1965, 

which has become the well-known Moore’s Law.   
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Fig. 1.1. The downscaling of chip components shown by cross-section SEM images of 

Intel chip at 22nm and 14nm nodes [3]. 

 

 

Fig 1.2. The evolution of microprocessor over time [4] shows the number of transistors 

(orange triangles) are increased following the Moore’s law, with the 

increasing chip performance (blue circles) and faster microprocessor speed 

(green square).  
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Even though the industry was able to follow the Moore’s law through various 

innovative approaches such as new device structure, circuit design, introduction of the new 

processing technique and use of new materials with better physical properties, further 

development of the Back End of Line (BEOL) structure has been slowed down [9-10]. In 

particular, one major reliability issue has been identified as the wire resistance at the 

advanced technology nodes. Although traditional transistor scaling can improve the gate 

delay by reducing the channel length, the increasing parasitic effect of chip wiring at BEOL 

has increased the interconnect resistance-capacitance (RC) delay [11-14]. As seen in Fig 

1.3, the signal delay caused by interconnect has significantly exceeded the transistor gate 

delay, by as much as 1000 times at the 16 nm technology node [15]. Therefore, the 

increasing dominance of interconnect RC delay had become the limiting factor for chip 

performance in future technology generations. 

 

 

Fig 1.3. Comparison of RC delays between Interconnects and Transistors [15]. 
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To address the RC delay issue, Cu/low-k interconnect structure was developed to 

replace the aluminum (Al)/SiO2 structure since 1997 [1]. The Cu metallization fabrication 

process, called the dual-damascene proves will be discussed in a later section. In order to 

continue to meet the expected improvement for device performance at the advanced 

technology nodes, the implementation of Cu/low-k structures requires the development of 

new integration scheme with distinct microstructure and interfaces, all of which can impact 

the performance and reliability of Cu/low-k interconnects, which will be discussed in later 

section as well. 

 

1.2 CU METALLIZATION IN INTEGRATED CIRCUITS 

The Cu wiring for on-chip interconnects was introduced to replace Al because of 

its better material properties such as a lower line resistivity (a resistivity of 1.8µΩ-cm 

compare to the Al resistivity of 3.3µΩ-cm), a smaller coefficient of thermal expansion and 

a better thermal stability. The different material properties of Cu also brought significant 

challenges to BEOL integration. For example, due to the difficulty of dry plasma etching, 

Cu cannot be patterned using the conventional reactive ion etching (RIE) process that was 

used for Al metallization. In addition, unlike Al which has a native stable oxide layer 

(Al2O3) to passivate the surface, Cu oxidizes easily and its oxide lacks the passivation 

function. Lastly, Cu can diffuse into the dielectric layer and eventually reach the underlying 

Si substrate to degrade the device performance. 

To overcome such integration challenges, the “dual-damascene” process was 

developed for Cu/low-k interconnects [1], where both trenches and via structure are 

patterned simultaneously by selectively etching the dielectric layer. A schematic dual-

damascene process example is shown in Fig 1.4. This is the “via-first” approach, which is 
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commonly used when etching the high aspect-ratio structures [16]. The dual damascene 

process begins with the deposition of 2 layers of dielectrics, then the via is patterned and 

etch throughout the 2 layers of the interlayer dielectrics (ILD), followed by patterning the 

trench and etched into the first ILD layer until reaching the etch stop layer. The next step 

is the Cu metallization process to fill the via/trench openings. The Cu metallization process 

starts with the deposition of a very thin Ta-based diffusion barrier layer in the trenches by 

a PVD process. Diffusion barrier is used to prevent Cu from diffusing into the dielectric 

layer, also acting as a base for the subsequent process. The following step is the deposition 

of a Cu seed layer and subsequent completing the Cu fill in both via/trench structure using 

the electro-chemical plating (ECP) technique. The electroplated Cu forms a thick coating 

above the trenches, where the excess Cu is referred as the overburden layer. Then the Cu 

microstructure in the via/trench structure is stabilized by a low-temperature annealing 

(~250˚C) treatment. Following this process, the overburden layer is removed using 

Chemical-Mechanical Polishing (CMP). Finally, a SiNx or SiCxNy capping layer is 

deposited on to the top Cu surface and then annealing again at ~400˚C for final grain 

growth within the via/trenches structure. This complex structure and process have created 

many interfaces that may significantly affect the grain growth phenomenon in Cu 

interconnect. 
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Fig 1.4. A schematic via first dual-damascene process for Cu interconnects [16]. 

 

1.3 CURRENT INTERCONNECT DEVELOPMENT AND CHALLENGES AT BEOL 

As mentioned in Section 1.1, the development of interconnect has become very 

important as it has become the limiting factor for the device performance. But the 

continuous scaling of the BEOL interconnects has encountered many challenges due to the 

very small dimension of interconnects. 

Research on several advanced technology nodes, both theoretically and 

experimentally, had been conducted [17-28] to investigate the scaling effect on the 

resistivity of Cu interconnects to address the RC delay issue. As shown in Fig 1.5, the 

resistance per unit length (R/L) increases because the electrical resistivity (ρ) of Cu 

interconnects increases as the cross-section area of the lines decreases due to scaling. The 
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rapidly increasing Cu resistivity ρ induced by scaling can be attributed to a much greater 

electron scattering when the grain size and interconnect dimensions become comparable to 

the mean free path λ of the electrons. In a metal, the valence electrons responsible for 

conductivity in general travel an average distance λ before colliding with lattice vibrations 

(phonon), impurities, grain boundaries or surface [17]. When the size of the interconnect 

feature and Cu grain is relative large compare to λ, the main contribution for resistivity 

comes from the scattering between electrons and the thermal phonons, as observed in the 

bulk resistivity. Once the scaling of interconnects reach the dimensions where λ is close to 

the grain and the feature size, the electron scattering at grain boundaries and 

interfaces/surface become significant, resulting in the rapid increase in Cu resistivity. The 

effect of both scattering mechanisms on the resistivity of Cu interconnects is shown in Fig 

1.6.   

 

         

Fig 1.5. Examples of Cu and Co interconnect R/L vs. wire cross section area [27]. 
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Fig 1.6. Schematic of electron’s surface and grain boundary scattering in Cu 

interconnects [29]. 

 

In addition to the increase in Cu resistivity during scaling, the fraction of the cross-

section area of Cu in the wire will decrease due to the presence of the diffusion barrier, 

which presents another challenge for the BEOL performance and reliability. The diffusion 

barrier is implemented in the Cu dual damascene interconnect to prevent Cu diffusion into 

the dielectric layer to avoid shorting of the transistors and chip failure. However, the 

diffusion barrier is usually made from materials with high resistivity such as Tantalum (Ta) 

or Tantalum Nitrite (TaN) that increases the interconnect resistance. Therefore, as the 

dimensions of Cu interconnects being scaled down, it is advantageous to scale the thickness 

of diffusion barrier as well. Previous studies have shown [13] that if the diffusion barrier 

thickness is reduced by 0.5nm at both the sidewall and the trench bottom, a 10% reduction 

in the interconnect resistance and 8% in the via resistance can be achieved. In fact, 

according to the International Technology Roadmap for Semiconductor (ITRS), diffusion 

barrier materials with less than 1nm are required when the pitch size in the first metal level 

is scaled down to 32nm in 2021 [2].  
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In practice, it is difficult to scale the diffusion barrier due to reliability limitations 

at advanced technology nodes. Diffusion barriers are primarily deposited using Physical 

Vapor Deposition (PVD), but the PVD process are reaching the conformal coverage limit 

[30] due to the intrinsically directional nature of PVD yielding a thicker barrier at trench 

bottom for lines with a high aspect ratio. In addition, several studies have shown that the 

ability for conventional barrier materials to stop Cu diffusion will significantly degraded 

when they are scaled to sub-nm dimensions to caused dielectric failure [31-33]. As a result, 

an increasingly large portion of the interconnect line is comprised of high resistivity 

materials. It is estimated that a Cu line with 15nm width and 30nm height will need barrier 

materials of 2.5nm thickness on both sidewalls and 3nm on the trench bottom in the 5nm 

technology node, which is almost 40% of the interconnect cross-section, in order to meet 

the required interconnect performance and reliability [23]. 

To address the aforementioned issues in meeting the line and via resistance target 

for advanced technology nodes, significant research interests have been generated on 1)  

thinner diffusion barriers to extend Cu BEOL metallization to maximize the Cu volume 

and 2) a potential Cu replacement with alternative metals to achieve a lower interconnect 

resistivity. 

Traditional deposition of diffusion barrier with Ta/TaN is performed with PVD 

based technology because PVD provides good film properties including high purity, grain 

size control and control of composition [34]. However, PVD does not meet the requirement 

for conformal deposition of high aspect ratio lines and thin film thickness. So attention has 

been shifted to Chemical Vapor Deposition (CVD) [35] or Atomic Layer Deposition 

(ALD) [30-31] of Ta/TaN diffusion barrier that provides the desired conformal deposition. 

Several studies [36-37] have shown that the CVD/ALD based diffusion barrier results in 

very high resistivity due to the high impurity content of the films. 
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Ruthenium (Ru) has been proposed to replace Ta/TaN as a diffusion barrier because 

of a number of unique characteristics: 1. it can be deposited by CVD or ALD, 2. a good 

adhesion with Cu, 3. a low immiscibility in the Ru-Cu system, 4. direct electroplating of 

Cu on Ru and 5. a lower resistivity than TaN; all of these attributes would make Ru a good 

candidate as a diffusion barrier [38-39].  However, recent studies show that Ru by itself is 

not a good barrier material; instead, Ru has to incorporate a very thin TaN layers to improve 

its barrier property [40-41]. Several studies have been performed on TaN and Ta films and 

the results showed that a thin TaN barrier has to incorporate a moderately thick Ta layer to 

provide an optimum barrier performance and reliability [42-43]. This indicates that there 

are serious challenges in meeting the very thin diffusion barrier requirement for advanced 

technology nodes. 

Another option for diffusion barrier is the so-called “self-forming” barriers [44-47]. 

By first depositing CuX alloy seed layer, with X being aluminum (Al), germanium (Ge), 

magnesium (Mg), manganese (Mn), or nickel (Ni) [45]. Koike and Wada [46] proposed 

using Mn as an alloy dopant, and with subsequence annealing to induce Mn diffusion into 

the dielectric material to react with SiO2-based dielectric in forming a MnSixOy barrier at 

the dielectric surface. The results indeed showed an improvement of the Cu resistivity 

because the barrier is formed at the dielectric side and does not decrease the Cu volume 

[45]. However, there are some limitations such as barrier formation depends on the 

composition and porosity of the dielectric materials [44].     

The most recent studies are focusing on replacing traditional high resistivity 

materials with 2-D materials such as graphene [48], Molybdenum disulfide (MoS2) and 

hexagonal boron nitride (hBN) [49] to meet the requirement of a sub-nm barrier thickness. 

Research have shown graphene and MoS2 of thickness less than 1nm still possess excellent 

capability to block Cu diffusion while reducing the resistivity of Cu [32, 50]. Another 
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simulation also predicted that 2D materials can have excellent diffusion barrier properties 

with sub-nm film thickness [51].  Nevertheless, serious processing and production 

challenges remain which have to be addressed. For example, it is difficult to grow graphene 

directly on dielectric materials at temperatures acceptable to standard BEOL processes 

[50], so a solution is to grow the 2D materials on a catalytic substrate first and followed by 

a transfer process to the dielectric substrate, which often introduce defects to barrier 

materials and lose the conformal coverages [48]. At this time, while there are potential 

superior 2D barriers, a compatible growth process for BEOL structure to deposit sub-nm 

2D barriers directly on dielectric is still lacking. 

With the many challenges to develop better and thinner diffusion barriers for Cu 

metallization, one other alternative to address the resistivity issue is to replace Cu with 

alternative materials that only need very thin or even no barrier [52]. Selection criteria for 

potential metal candidates are the size-effect on interconnect resistivity as well as the 

requirements for fabrication and reliability. As shown by Adelmann et. al. [52] concerning 

the interconnect reliability, the cohesive energy of metals is related to the melting 

temperature therefore to the formation of vacancies and diffusion kinetics. Here the melting 

temperature can be an indicator for electromigration and metal drift behavior. Another 

study by Gall [53] has focused on the size-effect on metal resistivity, which showed that 

the small dimension line resistance is proportional to the metal λ (electron mean free path) 

× ρ0 (bulk resistivity) value. Since the bulk resistivity of most metals is known, the author 

try to find a conductor with the lowest electron mean free path, such that the electron 

scattering at the interface and grain boundaries is negligible comparing to electron-phonon 

scattering, thus minimize the size effect on resistivity. Cobalt (Co) and Ruthenium (Ru) 

have been proposed as two promising candidates to replace Cu for interconnects at the 

nanoscale. As Co and Ru both have higher melting temperature (1495˚C and 2334˚C) than 
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Cu (1085˚C), so their lower diffusivity may improve the interconnect reliability. In 

addition, although Co and Ru have 3 to 4 times higher bulk resistivity (5.6μΩ-cm and 

7.1μΩ-cm) than Cu (1.68μΩ-cm), both materials exhibit λ×ρ0 value (7.31×10-16Ω.m2 for 

Co and 5.14×10-16Ω.m2 for Ru) that are close or even lower than Cu (6.70×10-16Ω.m2). 

These characteristics suggest that Co and Ru may be good alternative metals to replace Cu 

for nanoscale interconnects [53]. 

Extensive studies on resistivity for narrow line width of Co and Ru interconnects 

at advanced technology nodes have recently been reported. Several experiments [54-55] 

on Co interconnects showed that at 10nm node and 7nm nodes with the same barrier 

integration process as Cu, the resistivity of Co interconnects is still about 2 to 3 times higher 

than Cu and with the resistivity of the Co vias about 1.1 to 1.7 higher than comparable Cu 

vias. Since the experiments on Co was done using the same barriers as Cu, it was estimated 

that Co has the potential to replace Cu for future technology nodes if a thinner barrier or 

less resistive barriers can be integrated. It was subsequently demonstrated by Bekiaris et al 

[56] that Co interconnects integrated with 1nm TiN diffusion barrier can be successfully 

fabricated with good Co void-free fill down to the 10nm line width. Resistivity 

measurements on these Co lines show that a Co-Cu resistivity crossover is expected at a 

critical trench dimension of about 10nm, as shown in Fig 1.7 due to the barrier scaling 

challenges at small dimension Cu lines. So far, the experiments performed on Co suggested 

that it needs a diffusion barrier to prevent diffusion along Co/dielectric interfaces [57].  

However, if a very thin diffusion barrier with superior barrier quality can be developed for 

Co [56], the superior resistivity at nanoscale and the electromigration lifetime for Co 

interconnects [23, 56-57] would indeed render Co one of the promising metals to replace 

Cu at nanoscale and with good reliability. 
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Fig 1.7. Line resistivity as a function of line critical dimensions for Co with 1nm liner, 

ideal case for Cu lines with 1nm liner and practical case for Cu lines with 

3nm barrier and 1.5nm liner [56]. 

As for the case of Ru interconnects, experiments on the resistivity of several Ru 

interconnects with various line width [58] showed that with the same interconnect cross-

section area ranging from 900nm2 to 1250nm2, the resistivity of Ru interconnect is about 3 

times higher than Cu interconnects. These studies suggested that impurities introduced at 

the Ru film during CVD deposition process may play a role to increase the line resistance.  

Nevertheless, in this cross-section region Ru did show some promising signs. The rate of 

resistivity increase in Ru lines due to scaling is less than Cu, which indicates a better scaling 

potential at future technology nodes.  Additionally, no interconnect failure was observed 

after electromigartion test at 395˚C for a time significantly longer than the lifetime of Cu 

with a Co cap, which suggests a good interconnect reliability. Further experiments [23, 59] 

on the scaling effect on Ru interconnects resistivity with cross-section area from 200nm2 

to 800nm2 showed that Ru has a higher resistivity than Cu. Nevertheless, the Ru resistivity 
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was reduced from 18μΩ.cm to 16μΩ.cm by implementing a different diffusion barrier, for 

example, by switching from PVD TaN barrier to a very thin ALD TaN as diffusion barrier.  

The results provide a resistivity crossover possibility between Ru lines and Cu lines at the 

narrow line width where a thick liner for Cu is needed for reliability issues. A recent study 

on electromigration for barrierless Ru lines shows no Ru drift into any dielectric [60], 

suggesting Ru can be used as a barrierless metallization in interconnects with a huge 

advantage as high resistivity barrier materials to lower the interconnect resistance. Along 

with the capability to fabricate highly scaled Ru lines with line width of less than 10nm 

[60], a cross-section area as small as 33nm2 [61] with good Ru fill have been reported 

showing that Ru could be a good candidate to replace Cu at line dimensions below 17nm, 

where a resistivity crossover is expected. 

The studies reported so far on the size effect on resistivity have focused on an 

approach to replace Cu with an alternative material with a lower electron scattering mean 

free path λ.  This was based on the classical resistivity models by Fuchs and Sondheimer 

(FS) [62-63] and by Mayadas and Shatzkes (MS) [64-65] indicating that a shorter λ could 

reduce the resistivity by minimizing the scattering effects of the interface and grain 

boundary.  According to these models, one of the approaches to minimize the interface 

and grain boundaries scattering is to increase the grain size of the interconnect lines, which 

unfortunately has not been reported in these studies. In this study, we will investigate the 

grain growth phenomenon in the Cu and Co interconnects to analyze the scaling effect on 

microstructure with the objective to extend the BEOL metallization at advanced technology 

nodes. 

Thermodynamically, grain growth is driven by minimizing the overall Gibbs free 

energy, which includes the grain boundary energy, the surface/interface energy and the 

strain energy in the polycrystalline materials. This topic has been extensively studied based 
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on experiments and theoretical modeling of grain growth, where the texture of the 

polycrystalline materials was found to play an important role on grain growth [66-68]. In 

polycrystalline materials, the grain boundary energy can be minimized by reducing the 

total grain boundary area.  In general, grains with different crystallography orientations 

have different magnitudes of surface energy so grain growth is favored for the grains with 

the lowest surface energy. The same holds for the strain energy minimization where grains 

with different orientations have different strain energy densities and the growth is favored 

by the grain orientation with the lowest strain energy. In general, the overall free energy 

minimization becomes a competition amongst the grain boundary energy, the surface 

energy and the strain energy. For a faced center cubic (fcc) metal such as Cu, grains with 

the (111) orientation can minimize the surface energy whereas strain energies are 

minimized with grains with the (100) orientation. Studies had shown that in fcc thin film, 

grain growth in a thicker film is dominant by strain energy minimization and for a thinner 

film dominated by surface energy minimization, as shown in Fig 1.8 [67]. 

 

 

Fig 1.8. The map showing the expected texture favored by grain growth as a function of 

elastic strain and film thickness [67] 
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Grain growth in nanointerconnects is more complex than in thin films since 

interconnects are dimensionally constrained and surrounded by multiple interfaces 

fabricated using complex processing. In general, grain growth still follow the same 

thermodynamic principle of minimizing all the energy contributions which are mutually 

competitive and generally depend on the line width and the interconnect geometry. In a 

previous study on Cu interconnects, Cao et.al [69] reported that when the line width scaling 

down from 1.8µm down to 70nm, 45nm and 40nm, the grain structure in interconnects 

shifts from a bamboo structure to polycrystalline with small grains agglomerated at the 

lower half of the line mixing with near-bamboo grain sections in the line. This can be 

attributed to the results of preferential sidewall growth of the {111} type grains which in 

turn restricts the growth of the {111} grains from the trench bottom of the interconnect 

line, resulting in the small grains to fill up the remaining bottom space in the line. With 

continues scaling, the ratio of surface and interface area to volume increases, making the 

contribution from sidewall interface to Cu grain growth to become more dominant with 

respect to the trench bottom surface. This leads to the shift of the {111} bottom-up grain 

growth to a sidewall growth of the {111} Cu grains in order to minimize the interfacial 

energy. The grain size distributions of Cu lines with 40nm, 45nm and 70nm line widths are 

shown in Fig 1.9, where an abnormal grain growth was clearly observed during annealing.  

The results also correlated well with the grain structure evolution due to the {111} sidewall 

growth to minimize the interfacial energy. In addition, the grain size was found to decrease 

with decreasing line width, indicating that more small grains were pinned at the sidewalls 

and the trench bottoms. Finally, since about 70% of the grains were smaller than 40nm (Cu 

mean free path is ~39nm at room temperature), the results suggest the resistivity of Cu 

nanoscale interconnects will rise significantly due to contribution of interfaces and grain 

boundaries scattering. 
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Fig 1.9. Grain size distributions of Cu lines from 40nm to 70nm [69]. 

1.4 DISSERTATION OBJECTIVES AND OUTLINE 

The objectives of this dissertation are as follows: 

1. To investigate the effect of geometrical scaling on Cu interconnects to understand 

the microstructure development and extend the established database on Cu 

interconnect texture by further scaling down to 22nm line width. 

2. To investigate the effect of geometrical scaling on microstructure evolution for Co 

interconnects with line width of 220nm and 26nm, using a TEM-based high-

resolution orientation mapping technique. Here the aims are to establish the trend 

for microstructure development in scaled Co interconnects and analyze the grain 

growth mechanism of Co lines by comparing with a well-established Cu database. 

3. To develop a simulation model for grain growth in nanoscale interconnects based 

on the thermodynamic energy minimization to analyze the grain structure and 
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texture for both Cu and Co interconnects. The model is validated by comparing 

with the scaling effect on grain structures observed for both Cu and Co 

interconnects. The model will then be used to project the scaling effect on 

microstructure evolution for Cu and Co beyond the line width of 22nm.  

4. To project the scaling effect due to microstructure evolution on the resistivity of Cu 

and Co using the simulated grain size to beyond the line width of 22nm. 

To accomplish the above objectives, this dissertation is organized into five chapters. 

In Chapter 2, the current techniques to analyze the microstructure, along with their 

limitations to investigate the microstructure in nanoscale interconnects are briefly 

discussed. Then the specific technique of Precession Electron Diffraction (PED) in 

Transmission Electron Microscopy (TEM) used in the microstructure study and analysis 

will be introduced. 

In Chapter 3, the scaling effect on microstructure evolution is investigated. First the 

grain growth mechanisms in polycrystalline thin films structure is reviewed, followed by 

reviewing the previous microstructure studies in Cu interconnects from wide line width 

down to the 40nm line width. Then the experimental studies will be carried out to observe 

the microstructure of Cu interconnects based on precession electron diffraction (PED) in 

transmission electron microscopy (TEM) for microstructure analysis. To supplement the 

previous study on Cu nano-interconnects, the results for 22nm Cu lines will be presented. 

Finally, the scaling effect of Co interconnects at line widths of 220nm and 26nm will be 

investigated using the PED technique. The results will show the role of surface/interface 

energy and elastic strain energy on microstructure evolution of Co and discussed. 

Chapter 4 further investigates the development of microstructure in Cu and Co 

interconnects by developing a grain growth simulation model for nanoscale interconnects, 

taking into account the orientation dependence of the surface, grain boundary and strain 
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energies. The simulation is validated by experimental results and will be used to assess 

further scaling effects on the grain structure for nanoscale Cu and Co interconnects as well 

as the impact on line resistivity in nano-interconnects.  

In Chapter 5, the effect of scaling microstructrure on the line resistivity is 

investigated and extrapolated to future technology generation using the simulated data. The 

line resistivity is estimated base on the classical FS-MS model by considering the electron 

scattering at the interfaces and grain boundaries. The implication of interconnect grain 

structure on the electromigration is also discussed by considering the length distribution of 

poly-grain clusters.  

Finally, this dissertation concludes with a summary of the main results and suggests 

future studies. 
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Chapter 2: Precession Electron Diffraction Transmission Electron 

Microscopy (PED-TEM) for Microstructure study 

2.1 TECHNIQUE TO DETERMINE CRYSTAL LOCAL ORIENTATION AND TEXTURE 

To date, most of our understanding of crystal structure have been gained from 

diffraction studies such as x-ray diffraction and electron diffraction in TEM or SEM. 

Several techniques have been developed for microstructure studies in polycrystalline 

materials across a wide range of resolution scale. The physical diffraction process can be 

described as elastic and coherent scattering of incident waves from the scattering centers, 

such as the atoms in a crystal.  While the coherent scattering preserves the precision of 

wave periodicity [70], the scattered waves emitted by atoms of different types and positions 

in the crystal result in constructive and destructive interferences along different crystalline 

directions. Such interferences result in maximum and minimum wave intensities at certain 

angles comprising of the so-called diffraction patterns. The diffraction patterns provide an 

unprecedented amount of material crystallographic information from space-group 

symmetry data right down to the dimension of single unit cells [71]. It is also important to 

note that in diffraction experiments, the incident waves must have wavelengths comparable 

to the spacing between atoms [70].  

 

2.1.1 X-ray Diffraction  

The most common technique to analyze the texture information of polycrystalline 

materials is X-ray Diffraction (XRD). Experimentally, a beam of monochromatic X-ray is 

generated and directed at the sample. As shown in Fig. 2.1, the specimen is rotated through 

angel θ and the detector rotates through 2θ with precise position control. The intensities of 

the X-rays after interaction with the specimen are then collected and plotted in the form of 
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discrete peak versus rotation angel 2θ. For certain crystallography planes in the materials, 

the intensity maxima is observed when the incident angle satisfied the Bragg’s condition: 

        

2𝑑ℎ𝑘𝑙 sin 𝜃𝐵 = 𝑛𝜆 

                                                                                     (2.1) 

where 𝑑ℎ𝑘𝑙 is the interplanar spacing of the (hkl) plane in the materials, 𝜃𝐵 is the Bragg’s 

angle, λ is the incident X-ray wavelength and n is an integer representing the order 

parameter [70]. The acquired XRD data can directly provide the average texture in the 

materials and identify crystal structure. In addition to the crystallography information, it 

can also provide the information on strain within the structure and accurate lattice 

parameter measurements. The width of the peak can be calculated to obtain the average 

crystallite size [70, 72-73]. Even though XRD can provide such quantitative microstructure 

information, one of problem is that X-ray do not carry any charge, thus it cannot be 

deflected/focused by electric or magnetic field on to the sample with individual nanoscale 

grain to obtain local texture. Therefore, other diffraction techniques are required to image 

and characterize local texture from the nanocrystals. 
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Fig 2.1. A schematic diagram of some typical components and angles of the θ-2θ x-ray 

diffractometer [70]. 

 

2.1.2 Electron Backscatter Diffraction 

Another commonly employed technique to investigate and characterize individual 

grain orientations, local texture and grain size distribution in polycrystalline materials is 

SEM based Electron Backscatter Diffraction (EBSD). The specimen was first mounted 

with surface normal to electron beam in SEM, which is the optimum position to visually 

exam the microstructure using backscattered electrons. Following the examination, the 

specimen is then tilted between 60˚ and 70˚ from the horizontal to carry out EBSD 

experiment, and the diffraction patterns are acquired on the phosphor screen [74]. EBSD 

patterns are generated by backscatter diffraction of a stationary beam of high energy 

electrons with the crystal planes to form the characteristic feature of backscatter Kikuchi 

patterns, an example of typical EBSD pattern is shown in Fig 2.2a. The intersections of 
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Kikuchi bands form prominent and distinct zone axes [75]. The geometry of Kikuchi band 

can be interpreted as a gnomonic projection of the crystal lattice on the flat phosphor 

screen. The lines form bands from the diffraction cones as shown in Fig 2.2b. Considering 

more than one Kikuchi bands in the diffraction pattern, the angles between the Kikuchi 

bands correspond to the interplaner angles of the projected plane orientations. The angular 

width of the Kikuchi band {hkl} is twice the Bragg angle. Thus the width of the band is 

related to the interplanar spacing 𝑑ℎ𝑘𝑙 according to the Bragg’s law.  

The acquired diffraction pattern is then indexed in an automated fashion using a 

template matching algorithm as the geometry of a Kikuchi pattern is unique for each 

particular crystal structure and crystal orientation. Initially, a Hough transformation is 

applied to the diffraction pattern [76] and subsequently mapped each Kikuchi line to a point 

in the Hough space. Then the transformed patterns are compared with a pre-calculated 

templates using cross correlation. The match with the highest correlation is consider the 

best solution [77]. It is important to note that the grain orientation can be determined with 

high precision by analyzing the positions and widths of the Kikuchi pattern without 

measuring the intensities of the bands. The automated pattern analysis process also allows 

us to get rapid and reliable orientation mapping information of the polycrystalline structure. 

However, one of the disadvantage in EBSD to analyze nanocrystalline materials is 

the limitation of spatial resolution. It is because the inherent resolution of EBSD is 

governed by the excitation volume on the sample surface instead of the diameter of the 

beam spot at the point of impact on the surface. As shown in Fig 2.3, the shaded area 

represents the excitation volume, which is a fraction of the interaction volume where the 

pattern forming backscattered electrons leave the crystal without further scattering. The 

excitation volume also increases for lighter materials and high beam voltage. Due to the 

consequence of steep sample tilting, the elongated projection of beam spot, the lateral 
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resolution of EBSD at its best with an SEM equipped with a Field Emission Gun (FEG) is 

about 25nm for Cu [75]. For the 45nm technology node and beyond, Cu interconnects had 

been found to have large and small grains with grain diameter significantly smaller then 

line width, especially at the trench bottom. Therefore, EBSD is no longer suitable for 

comprehensive Cu microstructure analysis due to the spatial resolution limit. 

 

 

Fig 2.2. (a) Backscatter Kikuchi pattern taken from Cd at 20Kev and (b) Schematic graph 

of typical EBSD setup and formation of Kikuchi lines [75]  

 

 

Fig 2.3. Interaction of electron beam with sample surface and excitation volume in 

EBSD, along with spatial resolutions, δ [75] 
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2.1.3 Selected Area Diffraction in TEM 

Selected Area Diffraction (SAD) employed in Transmission Electron Microscope 

(TEM) is one of the most common techniques to acquire spot diffraction patterns from a 

solid crystal. In a typical TEM setup with electron ray paths as depicted in Fig 2.4, a parallel 

electron beam is first incident on the sample surface. However, the diffraction pattern 

acquired from the whole area of specimen illuminated with the beam might not be useful 

as the specimen may often be buckled. In addition, the direct beam is usually so intense 

that it will damage the viewing screen or saturate the CCD camera [71]. One solution to 

this problem is to select a specific area of interest on the specimen that will only contribute 

to the diffraction pattern and reduce the intensity of the direct beam as well. This can done 

by inserting a selection aperture called the intermediate aperture (or SAD aperture) that is 

positioned at the image plane of the objective lens. By inserting the intermediate aperture 

at the image plane, which is conjugate with the specimen to create a virtual aperture at the 

plane of specimen. Then the strength of the intermediate lens is adjusted to project the back 

focal plane of the objective lens onto the viewing screen. With the insertion of the SAD 

aperture, any electron that hits specimen outside of the area defined by the virtual aperture 

will be excluded from the diffraction pattern [71]. The result of coherent incident 

illumination in SAD creates sharply defined diffraction spots that is very useful for perfect 

crystals. 

However, there are other limitations to use SAD to determine texture and local 

orientation of nanocrystalline materials. First is the size of the SAD aperture. Since it is 

very challenging to make aperture size smaller than 10µm, and given the limitation by 

spherical aberration of the objectives lens, therefore the minimum area can be selected is 

about 0.4µm [70-71]. It is almost impossible to obtain diffraction patterns from individual 

nano-size features from the area of interest. Fig.2.5 gives an example of the aforementioned 
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problem [78] as the diffraction pattern shown in Fig 2.5b contains information from all the 

nanostructure within the selected area.  The second limitation is the complex process of 

indexing the diffraction pattern, which is not available for automated processing. The 

accuracy of indexing relies on the precise measurement of distance between each 

diffraction spots and directed beam, as well as the angle between each diffracted spots to 

get the zone axes of the interested feature. It is very time consuming and tedious to 

accurately index one diffraction pattern. In the case of Cu interconnects that may consist 

of hundreds of grains within one line, it will be very difficult to get a complete texture 

information using the SAD technique. The last problem encounter in typical TEM 

diffraction is the presence of dynamical diffraction. Dynamical diffraction referring to the 

diffracted beam traveling through crystal is re-diffracted either within the same crystal or 

when it passes through a second crystal. The dynamical diffraction has a high probability 

because the scattered beam act as the incident beam with the same Bragg angle for the 

second crystal plane to undergo Bragg diffraction again, resulting in multiple elastic 

scattering during the process, as shown in Fig 2.6. Most TEM samples are sufficiently thick 

to allow dynamical diffraction to happen. The effect of dynamical effect can be understood 

by using Fig 2.7 as an example. A diffraction pattern under kinematical diffraction is shown 

in Fig 2.7a with diffraction spots located at circle dots and no diffraction intensity at two 

forbidden spot marked with “X”. However, due to the dynamical diffraction, the diffracted 

beam is strong enough to serve as an incident beam and generates the same diffraction 

pattern, as shown in Fig 2.7b.  The result diffraction pattern will contain intensity at the 

forbidden location, as shown in Fig 2.7c [70]. This will greatly increase the complexity for 

an accurate indexing of the acquired diffraction pattern. 
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Fig 2.4. Electron ray path of SAD mode (left) and imaging mode (right) in TEM [71] 
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Fig 2.5. (a) Bright field TEM image of Ag nanoparitcles with the circle indicate the 

approximate area selected by the SAD aperture. (b) The SAD diffraction 

pattern acquired from a cluster of nanoparticles [78]. 
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Fig 2.6. Schematic diagram depicting dynamical diffraction. 1 and 2 indicate the incident 

beams and P1 and P2 represent the diffraction plane at Bragg angle θ. Any 

beam that is Bragg scattered once is automatically in the ideal orientation to 

be rescattered again [71]. 

 

 

Fig 2.7. The formation of diffraction intensity at forbidden diffraction locations due to 

dynamical effect [70]. 
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2.1.4 Nanobeam Diffraction and Convergent Beam Diffraction in TEM 

One of the solutions to address the limitation of aperture size using SAD is the 

development of Nanobeam Diffraction (NBD) and Convergent Beam Diffraction (CBD) 

technique in TEM. In NBD, a nano-sized beam with quasi-parallel illumination is created 

to obtain spot diffraction pattern from the nanosize crystal. While in CBD, the convergent 

incident electron beam is a cone of incident electron waves impinging on the sample over 

a range of angles (semi angle of convergence). Both technique have the ability to reduce 

the area of illumination that is much smaller comparing to SAD and thereby more suitable 

for analysis of nanocrystalline materials. The use of NBD would be able to acquire a sharp 

and easily indexable spot diffraction pattern from an individual nanocrystal. As for CBD, 

the consequence of having a convergent beam with incident electrons ranging certain 

angles, the diffraction pattern would consist of diffraction disks instead of diffraction spots. 

It is also because sending electrons over a range of incident angle that some scattering 

vectors have large components in the z-direction, causing higher-order Laue Zones 

(HOLZ) to become visible in diffraction patterns, the resulting diffraction becomes a three-

dimensional phenomenon [70]. The diffraction disks from CBD contain a wealth of 

crystallography information from structure of specimen, space group and point group, to 

lattice parameter in the crystals. 

However, to operate both of these techniques in TEM requires constant toggling 

between image and diffraction modes. This process is a potential cause for beam shifts in 

TEM, therefore it would affect the accuracy significantly, especially when operating on 

nano-size features that often are separate by few nanometers. In addition, it is very 

challenging to index diffraction disk accurately in CBD due to possible disk overlaps and 

the inability for automation in the NBD mode become of very time consuming at indexing. 
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Therefore, NBD and CBD are still not the most suitable techniques to employ for Cu 

interconnect texture analysis. 

 

2.1.5 Diffraction Scanning Transmission Electron Microscopy 

A new technique called Diffraction Scanning Transmission Electron Microscopy 

(D-STEM) was developed in the JEOL 2010F TEM/STEM instrument to address the 

limitation on electron diffraction techniques such as EBSD, SAD, NBD and CBD [79]. In 

the D-STEM technique, the strength of the magnetic lens inside the microscope was 

modified by using what is called a free-lens control under the original STEM configuration. 

By doing so, instead of the convergent beam we got under regular STEM mode, it is able 

to produce a near parallel beam with probe size around 1~2 nm on the specimen. This probe 

can be scanned to acquire both bright field and dark field STEM images. It can also be 

positioned on the image with precision at the area of interest as small as 3nm to acquire 

sharp spot diffraction pattern. Furthermore, it can be coupled with software from Gatan 

called STEM Diffraction ImagingTM to allow an automated acquisition of sharp spot 

diffraction patterns from a line or area scan, thereby enabled a fast pixel by pixel acquisition 

of diffraction patterns. 

Even though D-STEM is able to acquire much information of crystallography in an 

automated fashion, one major problem encountered is that sometimes the crystal may be 

orientated off a prominent zone axes, resulting in a quasi-two beam condition or a 

systematic row of reflection, an example is shown in Fig 2.8. In this case, it is impossible 

to index the diffraction pattern correctly without significant sample tilting inside the TEM, 

which may be limited by the width of the pole piece setup in TEM. As a result, there are 
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still some limitations and difficulties to employ D-STM to obtaining the statistical 

distribution of grain orientations for a large population of nanoscale grains.  

 

 

Fig 2.8. Diffraction pattern showing a systematic row of reflections due to the grain 

orientation is off zone axes. 

 

2.2 PRECESSION ELECTRON DIFFRACTION MICROSCOPY 

2.2.1 Introduction 

To address the above-mentioned limitations on diffraction acquired techniques, a 

novel high-resolution automatic orientation mapping technique was developed by Rauch 

et al. [80]. It was based on a TEM technique called Precession Electron Diffraction (PED), 

which was introduced by Vincent and Midgley in 1994 [81]. In the precession electron 

diffraction with a schematic electron path diagram shown in Fig 2.9, the incident beam is 

first tilted off the TEM optic axis by a precession angle (α in Fig 2.9, usually ranging from 

0.1˚-3˚), and simultaneously precessed around the optic axis (θ=2π) at a constant angle 
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forming an effective hollow cone upon the specimen and scanned on the sample to acquire 

diffraction patterns. As the beam is rotated conically on the specimen surface, the diffracted 

intensities generated a rotating diffraction pattern as well. To compensate for the movement 

of diffraction pattern and keep diffraction pattern stationary, the diffracted intensities are 

de-scanned in a complementary manner with respect to the tilt scan signal to restore the 

spots to their default locations. It can be seen in Fig 2.9 that Circle I is created by beam tilt 

scan and de-scan collapse circle I to spot II creating a stationary spot [82].  

As a result, the observed diffraction pattern is an integration of all the diffraction 

patterns within the precession cone and is directly interpretable as a conventional 

diffraction pattern. Since the diffraction pattern contains integrated intensities from 

incident beam from all off-axis direction, fewer beams are excited simultaneously, much 

of the dynamical scattering that is strong at the exact Bragg condition are avoided, 

therefore, much of the dynamical effects is reduced to achieve quasi-kinematical 

conditions. In addition, using the precession technique allows more Higher Order Laue 

reflections to be excited under a kinematical condition and enable a collection of increased 

number of diffraction intensities, which is useful for eliminating the indexing ambiguity of 

spot diffraction patterns [80]. Precession is also able to obtain quite symmetrical diffraction 

patterns even when the crystal orientation is off zone-axis by as much as 1˚, hence there is 

no need for perfect zone orientation when acquiring the diffraction pattern [84]. Therefore, 

Precession Electron Diffraction has been recognized as a promising technique for acquiring 

highly reliable orientation solutions from the collected spot diffraction patterns. An 

example of improvement in diffraction pattern quality when employing PED is shown in 

Fig 2.10 [83], where in Fig 2.10a, a SAD diffraction pattern was collected from a thick 

Mg3V2O8 sample, while Fig. 2.10b is the diffraction pattern with a precession angle at 5.2 

mrad from the exact same location. The reduction of the dynamical effect is readily 
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observed as evidenced by the fact that the faint Kikuchi line from Fig 2.10a has disappeared 

in Fig 2.10b after precession is employed.  In addition, more diffraction spots can now be 

observed after the beam precession is employed. 

 

 

Fig 2.9. Schematic electron ray diagram of precession electron diffraction [82] 
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Fig 2.10. Diffraction pattern of Mg3V2O8 with (a) SAD pattern with no precession angle 

and (b) precession angle at 5.2 mrad [83]. 

 

2.2.2 The Instrumentation: the ASTARTM system 

2.2.2.1 Introduction and Hardware Setup 

The ASTARTM system developed by NanoMEGAS Inc. is a dedicated commercial 

precession hardware and software package to allow the implementation of the TEM-based 

PED technique. The system is installed on the JEOL 2010F TEM at UT-Austin with an 

accelerating voltage of 200 keV. The schematic setup of ASTARTM system is shown in Fig 

2.11 [83] and is described below. Initially, a hardware unit called the DigiSTARTM 

controller is connected to communicate between the computer and the microscope for 

externally control the beam and image deflector coils in the TEM. The components of 

DigiSTARTM were hardwired to the amplifiers of the individual deflector coils, allowing 

the electron beam to be precessed and scanned at the specimen, also enabling the de-scan 
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below the specimen for collecting stationary diffraction pattern, thereby forming the 

electron beam configuration same as shown in Fig 2.9 when the precession is employed.  

Subsequently, a high frame rate external optical camera is mounted at an angle of 

45˚ with respect to the phosphor screen for rapid acquisition of spot diffraction patterns 

with precession. The diffraction pattern is actually recorded from the small viewing screen, 

which was also tilted at the angle of 45˚ to ensure the optical camera is perpendicular to 

the screen during acquisition. The acquired diffraction patterns are recorded then indexed 

in an automated fashion using a template matching software called ACOMTM (Automated 

Crystal Orientation Mapping). The detailed procedure will be discussed in Section 2.2.2.3. 

      

 

 

Fig 2.11. The schematic hardware setup for ASTAR system [80] 
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2.2.2.2 Beam alignments 

After connecting the DigiSTARTM controller to the TEM, the basic TEM 

alignments including the high tension alignment, condenser aperture alignments and beam 

deflection/tilt alignment need to be performed first with the unprecessed beam. After that, 

using the DigiSTARTM controller software on the computer, a series of alignments with 

precessed beam are carefully performed before acquisition to ensure that the incident beam, 

diffraction pattern and image are stationary during beam precession and thereby forming a 

high quality diffraction pattern. To be more specific, the computer software provides three 

kinds of alignment options which are called the beam pivot point alignment, the descan 

alignment and the image pivot point alignment. The user interface for the DigiSTARTM 

software showing the beam control functions is shown in Fig 2.12.  

Beam pivot point alignment is performed by adjusting the amplitude and phase of 

external signal in X and Y directions (Fig 2.12a) provided to the lower sets of the beam 

deflector coils in TEM to ensure that during beam precession at the desired precession 

angle, the incident beam is circular and stationary while it rotates. In other words, to ensure 

the electron beam above the specimen form the conical shape. It is carried out under the 

TEM image mode. Descan alignment is performed by adjusting the amplitude and phase 

of external signal in X and Y directions (Fig 2.12b) provided to the lower sets image 

deflector coils to ensure that the diffraction pattern formed at the screen remain stationary 

as the beam is precessed. It is carried out under the TEM diffraction mode. As for Image 

pivot point alignment (Fig 2.12c), it is performed by adjusting the Z-height of the specimen 

to ensure the tip of the precession cone lies on the surface of the specimen. The objective 

of the alignments is to ensure no lateral movement of the beam above and below specimen 

during precession. 

 



 38 

 

Fig 2.12. The DigiSTARTM software interface for (a) Beam pivot point alignment (b) 

Descan alignment and (c) Image pivot point alignment 

In addition, due to the inherent spherical aberrations of the microscope, sometimes 

the amplitude and phase adjustments are not sufficient to create the circular probe. In this 

case, DigiSTARTM software provides the instrument-dependent compensation feature to 



 39 

the Lower Beam Deflection coils that can be employed in x and y directions. The results 

can be seen in Fig 2.13, as in the beginning the precessed beam is broadened and have 

irregular shape due to the spherical aberrations of TEM lens, but after adjusting the 

compensation, it is able to create a very well aligned probe with circular shape, thus 

increase the spatial resolution of the final orientation map [85]. 

 

 

 

Fig 2.13. (a) Irregular beam shape due to spherical aberrations in the lens by adjusting (d) 

instrument-dependent compensation curves in x and y direction, resulting in 

turning (b) distorted beam to (c) straight lines and finally to (e) well aligned 

beam [85]. 

 

2.2.2.3 Acquisition and index of diffraction patterns 

After setting up the TEM using DigiSTARTM software for the beam alignments, the 

system is ready for acquiring spot diffraction patterns from the area of interest and 

subsequently index those diffraction patterns to get orientation map of the sample. The 

detailed procedure can be explained with Fig 2.14. First the precessed electron beam is 

scanned through the area of interest, as shown in Fig 2.14a. Since the lens configuration 

can be setup and controlled to achieve a 1-2nm near-parallel beam, it is able to provide the 

crystallography information with spatial resolution about 1-2nm. During scanning, the 
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diffraction patterns at each pixels (red dots) are recorded by the external camera 

simultaneously as 8-bit gray scale images and saved in the computer. 

Then by input the crystal structure, space group, lattice parameter and atomic 

positions for the material of interest to the diffraction pattern generator software, the spot 

pattern under kinematical diffraction condition are entirely generated for all the Euler angle 

in the fundamental zone (Fig 2.14b) depending on crystal symmetry. The default angular 

resolution is set as 0.8˚, since spot diffraction patterns are insensitive to crystal tilts of less 

than this angle [85]. The collection of all the diffraction patterns generated is called 

template bank (Fig. 2.14c) and stored in database [86]. In the case of fcc Cu, with 

orientation step between two successive templates being less than one degree, about 2500 

templates will be generated. 

The next step is to compare the experimentally acquired diffraction pattern with 

every templates in the template bank using another unit from the ASTARTM system called 

ACOMTM. The best match will be selected as the solution and superimposed on to the 

acquired diffraction pattern (Fig 2.14(d)). The degree of matching for a given template is 

governed by the equation:  

 

𝑄(𝑖) =  
∑ 𝑃(𝑥𝑗 , 𝑦𝑗)𝑇𝑖(𝑥𝑗 , 𝑦𝑗)𝑚

𝑗=1

√∑ 𝑃2(𝑥𝑗 , 𝑦𝑗)
𝑚
𝑗=1 √∑ 𝑇𝑖

2(𝑥𝑗 , 𝑦𝑗)𝑚
𝑗=1

 

                                                                             (2.2) 

where Q(i) represents the correlation index of the i template, 𝑃(𝑥𝑗 , 𝑦𝑗) and 𝑇𝑖(𝑥𝑗 , 𝑦𝑗) 

represents the intensity function of the acquired diffraction pattern and template i, xj and yj 

represent the coordinates of the jth pixel with respect to the transmitted beam and m is the 

total number of pixels in the templates [86]. The highest value of Q corresponds to the best 

matched solution. The advantage is that even though typical number of m is around 2 ×
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104, but intensities in the templates will only show up at the location of diffraction spot, 

therefore the total number need to be compared is drastically reduced to about 50 pixels 

for every orientation and greatly improve the processing time. As a result, it is able to 

generate a correlation index map (Q map) for every diffraction pattern (Fig 2.14(e)) by 

plotting every Q value that cover all the possible orientations for the given crystal 

symmetry on to the stereographic projection triangle [86], thus able to visually identify the 

result.  

However, correlation index Q itself is not enough to represent the actual orientation. 

The reason is that the ideal situation is for every acquired diffraction, there is a unique 

solution in the template bank to match. It is not always the case as sometimes there would 

be two high correlation solutions. As a consequence, the reliability may be weight by the 

index R that is defined as: 

                     

𝑅 = 100(1 −
𝑄2

𝑄1
) 

                                                                                    (2.3) 

where Q1 and Q2 are the correlation indexes for the first two highest maxima [82]. If R 

vanishes, it implies that there are more than one solutions to the acquired diffraction pattern 

and it is not possible to specify a unique solution from the given information. For example, 

if the diffraction pattern is acquired from a grain boundary region where two diffraction 

patterns are superimposed, there will be two templates that matches the acquired diffraction 

pattern, resulting in two very high Q value but a low reliability R value. Or it can simply 

be poor diffraction pattern where spot intensities are too low or number of diffraction spot 

is not sufficient, thereby not able to find a unique solution. It is imperative to understand 

that, the software will always give a solution to each diffraction pattern no matter how good 
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the matching between the templates are. Therefore, it is critical not only considering Q 

value but also R value to ensure that the solution is reliable. 

 

 

Fig 2.14. Indexing diffraction pattern starting with (a) Acquire diffraction patterns from 

the specimen (b, c) Templates are generated for all orientation over the 

stereographic triangle under kinematical condition (d) Experimental pattern 

are compared with templates (e) The correlation index map shows the most 

probable orientation [80,86] 

 

2.2.2.4 Optimization of Index results 

 It is worth noting that since the diffraction patterns are recorded as 8-bit gray scale 

images, there are some image processing parameters in the ACOMTM software that are 

adjustable and can be optimized to find the most reliable solution [85]. The user interface 

of ACOMTM software with several parameter tabs is shown in Fig 2.15. The acquired 

diffraction pattern is shown on the left and possible index solution is shown on the right. 
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There are several tabs and parameters that can be adjusted. Of the many adjustable 

parameters, two of them are consider critical for obtaining a reliable index solutions. 

   

    

Fig. 2.15. The user interface of ACOMTM software, with several index parameters able to 

adjust. 

The first parameter that is critical to adjust is the Camera Length, or the 

“magnification” of the diffraction pattern, that dictate the distance between transmitted 

beam and diffracted beam in the recorded image. Usually camera length is given by the 

TEM setting but it may deviate from the actual number a little bit thus introduce 

inconsistency in the solution. The optimization of camera length can be done by 

considering the evolution of correlation index Q. A series of value were chosen (e.g. from 

15cm to 16cm with step size of 0.1cm) and the diffraction pattern image went through 

homothetic expansion (or contraction) based on the chosen camera length value. For every 



 44 

camera length, there may be some degree of matching with the template therefore a 

corresponding Q value (Fig 2.16) is given. The camera length with the maximum Q value 

will be chosen as the optimize camera length [86]. In this case, the camera length setup in 

TEM is 15cm and a camera length of 15.3cm is chosen as the optimize value. As expected, 

it has a small deviation from the TEM setup when optimize camera length is determined. 

The importance of optimizing camera length can be demonstrated in Fig 2.17, especially 

in the sample with multiple phases exist. As Fig 2.17a shows the actual acquired diffraction 

pattern, Fig 2.17b and Fig 2.17c each represent the index results by choosing camera length 

equal to 15cm and 16cm. Both results indicate high correlation index but with completely 

different phase of hcp and fcc. Therefore it is critical to optimize and select the correct 

camera length for indexing diffraction patterns.  

 

 

Fig 2.16. Variation of the Correlation Index Q with respect to different chosen camera 

length 
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Fig 2.17. (a) The actual acquired diffraction pattern. (b) Index result with CL = 15cm 

shows a hcp phase (c) Index result with CL = 16cm shows a fcc phase 

Another important parameter is the distortion to acquired diffraction pattern. Since 

the diffraction patterns are recorded at a tilted viewing screen, in addition, the external 

camera is not always mounted at the exact perpendicular position to the screen, the 

recorded diffraction patterns are always introduced with some degree of distortion. The 

distortions can be optimized the same way as camera length, by choosing a series of value 

(arbitrary unit) for the diffraction pattern images to go through transformation, and with 

the highest Q value indicate the optimize solution. The ASTARTM software provides six 

different transformation algorithms that applied on to the diffraction pattern images to 

reduce the distortion. These algorithms are shown in Fig 2.18 [87].  

In addition to these two critical parameters, there are some image processing 

parameters that can be adjusted to improve the indexing results. They can be performed by 

adjusting the three image preparation panels in the software as well (Fig 2.15). The 

purposes of the image processing are to reduce the noise and enhance the diffraction spots 

in the images and thereby increase the reliability to find the best solution in the template 
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bank. Since in the technique of template matching, what is really important is the intensity 

of the diffraction spots with respect to local brightness. Especially with the case of 

diffraction spots that has weak intensities, it is critical to differentiate those spots from the 

background noises. So the software defined the intensity of a given pixel in the image is 

equal to the original recorded value minus the average intensity calculated on a circle of 

radius r centered at that pixel. If that value is negative, then that pixel is considered noise 

and set to 0. In other words, if the pixel has intensity lower than the average intensity within 

the local circle r, it is considered the background. So by adjusting softening loop and spot 

enhanced loop, it is able to reduce the noise signal and enhanced the intensity of the pixel 

that has diffraction spot. As for spot detection radius r, it is the circle stated above in pixel 

number. Finally, anything with intensity lower than the noise threshold will also be filtered 

out as background noise.  

A study by Kobler et al. [88] had suggests that, with the combination of image 

processing parameters setting same as red square in Fig 2.19 would give the best index 

solution. It can be compared between Fig 2.15 and Fig 2.19 that, with the same diffraction 

pattern, along with same camera length and distortion setting, by using the optimal image 

processing parameters settings, the correlation index Q and reliability R has increased in 

Fig 2.19. Another example of the advantage in using these optimal settings can be seen in 

Fig 2.20. A Nickel thin film specimen was indexed by using the ACOMTM default setting 

(Fig 2.20a) and optimal image processing settings suggest by Kobler (Fig 2.20b). The result 

images are the orientation map superimposed with reliability map. Noticeably, the grain 

within the red circle has very low reliability in Fig 2.20a, but was visible in Fig 2.20b. The 

overall reliability in the images had also increase about 5~10% as well. The results suggest 

that using the optimized parameters can increase the detection of diffraction spots and 

thereby increase the reliability of finding a best solution in the templates. 
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Fig 2.18. Six image transformation algorithms that is applied on to the diffraction pattern 

images to reduced distortion [87].  
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Fig 2.19. The optimal image processing parameters setting suggest by Klober [88] results 

in increase of correlation index Q (563) and Reliability (64). 

 

 

Fig 2.20. The reliability map of a Nickle thin film using the (a) default ACOM setting 

and (b) using the optimal image processing parameters. Noticeably, the 

grain in red circle had low reliability is now able to be indexed.  



 49 

2.2.3 Frame of Reference Calibration  

After indexing the diffraction patterns from the area of interest, the orientation map 

is generated by ASTARTM system that contains 3-dimensional orientation information of 

each pixel in the microstructure and is expressed in terms of Euler angle. The data is then 

exported to another software called TexSEM Laboratories Orientation Imaging 

Microscopy (TSLTM OIM) data analysis developed by EDAXTM, which is able to provide 

us information such as orientation distribution function, grain boundary characterization 

and grain size distribution.  

But before any analysis can be carried out on these data, it is first important to 

calibrate the frame of reference with respect to which the crystal orientations are specified. 

This step is crucial to determine the absolute orientation of grains in the sample, especially 

for analysis on interface characterization that can only be obtained if absolute orientations 

are measured correctly. The two steps that are considered for reference frame calibration 

are (a) calibration of the rotation between the image and the diffraction pattern, and (b) the 

rotation between the frames in ASTARTM system and TSLTM OIM system [89].  

In the ASTARTM system, the positive x direction is given by the scan direction and 

z direction is the direction parallel to the microscope optical axis. The y direction is chosen 

to obtain a right handed orthogonal coordinate system [78]. Since the diffraction pattern is 

rotated with respect to the image about the optical axis, and the ideal scanning direction is 

chosen to ensure that there is no additional rotation is introduced between the image and 

the diffraction pattern, it is necessary to calibrate the image rotation with respect to the 

diffraction pattern and the orientation of the scanning direction. 

Detailed procedure of this calibration is discussed in literature [71]. By using a 

crystal of α-MoO3 with orthorhombic structure, the calibration of image rotation in JEOL 
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2010F TEM was found that a rotation of 186˚ in counter-clockwise direction is needed to 

coincide the diffraction pattern to the bright field image [78]. 

Finally, it is important to note that the definition of the reference frame is not 

consistent between ASATRTM and TSLTM OIM software as shown in Fig 2.21. According 

to the notation in TSLTM OIM software, the x axis is defined as the rolling direction (RD), 

the y axis is defined as the transverse direction (TD), and the z axis is defined as normal 

direction (ND). An example of [111] pole figure from a point in the orientation map from 

a Cu thin film in the ASTARTM frame of reference is shown in Fig 2.21a. The [111] pole 

figure from the same point using TSLTM OIM frame of reference is shown in Fig 2.21b. 

The difference in these two image is due to the fact that the definition of reference frame 

is different between ASTARTM and TSL software and thus need to be taken into account 

when exported the data from ASTARTM to TSL [89]. The calibration of reference frame 

between these two software can be corrected by applying a rotation of +90˚ in counter-

clockwise direction about the ND to coincide the two reference frames. 

 

 

 

Fig 2.21. An example of [111] pole figure in (a) the ASTARTM frame of reference and (b) 

the TSLTM OIM frame of reference [89]. 
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Chapter 3: Scaling Effects on Microstructure of Cu and Co 

Nanointerconnects 

3.1 INTRODUCTION 

One of the biggest challenge encounter during interconnect scaling is the significant 

increase in line resistivity [17-18]. It has been shown that microstructure, particularly the  

grain size in interconnects has played an important role contributing to the resistivity 

increase, as smaller grain size increases the grain boundary area and therefore the grain 

boundary electron scattering [64-65]. 

Since Cu interconnects incorporate a more complex fabrication process than Al, the 

microstructure of Cu interconnect can be quite different from the Al lines due to the 

decrease in the line width and the elastic anisotropy as discussed in this chapter. The dual-

damascene process to fabricate the Cu interconnects was briefly discussed in Section 1.2. 

It starts with the deposition of dielectric layers, then the via/line structure are patterned and 

etched simultaneously onto the dielectric layers to start the dual-damascene process. The 

next step is the deposition of thin diffusion barrier covering the line/via structure to prevent 

Cu from diffusion into the dielectric, followed by the deposition of Cu seed layer and 

subsequent completing the Cu fill by electroplating. For the line/via structure that has high 

aspect ratio and narrow line width, chemical additives in the electroplating bath are 

required for a super-conformal filling that lead to defect free deposition [90]. 

The chemical additives in the electroplating bath play an important role in 

controlling the grain growth in Cu damascene line, which has been extensively studied [90] 

and reviewed by Harper et.al [91].  In general, the microstructure evolution in the Cu 

damascene line follows the annealing processes in fabrication. First, upon depositing, the 

grain boundary pinning of the additives would hinder the growth of electrocrystallites, 

resulting in electroplating Cu lines with very fine grain size of about 15nm in the as-
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deposited state. This is followed by an annealing upon deposition around 200°C to activate 

grain growth by recrystallization or self-annealing thereby decreasing the resistivity about 

20% [91-92]. Additional annealing takes place in subsequent fabrication processes at about 

400°C after completion of the Cu line to enhance further grain growth in interconnect 

structure, resulting a “bamboo like” grain structure and further reduce the line resistivity. 

However, with continuous scaling of interconnect dimensions, the mechanism of 

microstructure evolution in the Cu lines becomes more complicated as the barrier material 

and the line dimensions become increasingly important in the nanoscale. Its study will be 

the focus of this chapter.  

Since microstructure have significant influence on the interconnect resistivity, this 

has generated great interests to investigate the texture evolution as well as the grain growth 

mechanism in scaling Cu interconnects. Especially when microstructural control become 

more challenging in the advanced nodes, as the implementation of damascene process for 

Cu metallization have introduced many new parameters that may affect the grain growth 

process. For example, grain growth in electroplated Cu lines may be affected by parameters 

such as the properties of Cu seed layer and diffusion barrier layer, interconnect geometry, 

film deposition conditions, plating bath chemistry, initial grain size and presence of 

impurities [93].  

In this chapter, the mechanism that drives the grain structure evolution in confined 

interconnect structure from an energetic and kinetic perspective will be discussed first. This 

is followed by a review of the previous studies of microstructure on wide Cu line widths 

and texture evolution with scaling of line width from 180nm to 40nm.  In this study, the 

characterization of microstructure in scaling Cu interconnects is extended to line width of 

22nm (15nm node). Finally, as Co has emerged as one of the alternative materials to replace 
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Cu for advanced technology nodes, the microstructures of Co interconnects of 220nm and 

22nm line width are analyzed and presented.  

 

3.2 MECHANISMS FOR GRAIN STRUCTURE EVOLUTION IN INTERCONNECTS 

3.2.1 Grain Growth by Energy Minimization 

The grain growth phenomenon in polycrystalline materials has been extensively 

studied and reported [66-68]. Thermodynamically, a change in system creates a driving 

force to reach a stable equilibrium state by minimizing the Gibbs free energy. In 

polycrystalline thin films, grain growth is driven by the reduction in the total grain 

boundary area and the corresponding energy reduction accompanies by the area decrease. 

This occurs through motion of grain boundaries to eliminate the small grains and increase 

the average size of remaining grains [67]. This is described as a normal grain growth, which 

is characterized by a monomodal grain size distribution at a “steady-state”.  

The grain boundary migration, driven by the energy difference between grains 

creates a driving force for atoms at the high-energy grains jumping across the boundary to 

a lower energy grain. This free energy difference can be considered as a force pulling the 

grain boundary towards the grain with the higher free energy, as shown in Fig 3.1 [94]. 

The amount of free energy released when the grain boundary advances a distance δx is 

given by  

∆𝐺 ∙
𝛿𝑥

𝑉𝑚
 

                                                                                    (3.1) 

where ∆𝐺 is the free energy difference between the initial and the final states, 𝑉𝑚 is the 

molar volume so 𝛿𝑥 𝑉𝑚⁄  is the number of moles of materials that jump to another grain. 
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Since Equation 3.1 can be equated to work done over the distance 𝛿𝑥, the pulling force per 

unit area of boundary tan be represent as  

 

𝐹 =  
∆𝐺

𝑉𝑚
 𝑁𝑚−2 

                                                                             (3.2) 

In other words, the force on the boundary that drives the grain boundary migration is simply 

the free energy difference per unit volume and Equation 3.2 can be applied to any boundary 

that cause a decrease in free energy when the boundary migrates [94]. 

 

Fig 3.1. The schematic image showing adjacent grains with different energies is subjected 

to a pulling force F separated by the grain boundary [94]. 

 

From the kinetics standpoint, grain boundary migration can be described as the net 

flux of atoms jumping across the boundary between two adjacent grains. This process 

depends on the thermal activation energy ΔGa, the frequency of atomic vibrations υ, the 
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number of atoms n that are in favorable position to make the jump, the probability A of 

jumping atoms being accommodated in the other grain at temperature T. Therefore, the 

atomic jumping rate, expressed in terms of velocity of grain boundary motion 𝑣 is given 

by  

 

𝑣 =
𝐴𝑛𝜐𝑉𝑚

2

𝑁𝑎𝑅𝑇
𝑒(

−Δ𝐺𝑎
𝑅𝑇

) Δ𝐺

𝑉𝑚
 

                                                                             (3.3) 

Equation 3.3 can be simplified as 

 

𝑣 = 𝑚 ∙
∆𝐺

𝑉𝑚
 

                                                                             (3.4)   

where m is the grain boundary mobility. In other words, the velocity of grain boundary 

motion is proportional to the driving force ∆G 𝑉𝑚⁄  [94]. 

In the interconnect line, the grain growth is much more complex than in bulk and 

thin films since it involves the surface/interface energy and strain energy due to its 

dimensionally constrained system and its complex structure and processing. Therefore, the 

driving force for grain growth in interconnects is determined by the minimization of the 

overall energy that includes grain boundary energy, interface energy and strain energy in 

the system. In the following subsections, grain growth by overall energy minimization and 

texture evolution will be examined. 
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3.2.1.1 Grain Boundary Energy   

A grain boundary in a single-phase polycrystalline material refers to the interface 

that separates two crystals with different crystallography orientations. The nature of a given 

boundary depends on the misorientation of the two adjoining grains (3 degree of freedom) 

and the orientation of the boundary plane relative to them (2 degree of freedom). Using 

these five parameters of degree of freedom, a general grain boundary can be characterized 

into 3 types in the polycrystalline materials: tilt boundaries, twist boundaries and mixed 

boundaries. As illustrated in Fig 3.2 [94], tilt boundaries occurs when the axis of rotation 

is parallel to the plane of the boundary, whereas a twist boundary is formed when the 

rotation of axis is perpendicular to the boundary, and a mixed grain boundary combines 

the twist and tilt boundary characteristics. 

 

 

Fig 3.2. The schematic image showing the relative orientations of the crystals and the 

grain boundary plane forming (a) a tilt boundary and (b) a twist boundary 

[94]. 
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The grain boundary energy is the excess free energy that is associated with the 

interface. To estimate the grain boundary energy, a simple assumption can be made where 

the total grain boundary energy 𝛾𝐺𝐵 is related to the dislocation density (1 𝐷)⁄  within an 

unit area of the boundary, where D is the spacing between the dislocations [94]. The 

dislocation spacing in low-angle grain boundary can be described as    

  

𝐷 =  
𝑏

sin 𝜃
 =̃  

𝑏

𝜃
 

                                                                             (3.5) 

with b is the Burgers vector of the dislocations and θ is the angular misorientation across 

the boundary. Therefore, the grain boundary energy 𝛾𝐺𝐵  that is approximately 

proportional to dislocation density can be rewritten as   

 

𝛾𝐺𝐵  ∝  𝜃 

                                                                             (3.6) 

As the misorientation angle θ increase above 10˚ - 15˚, which is known as high-

angle boundaries, the grain boundary structure changes from atoms very well fitted in 

lattice sites with only slightly distorted atomic bonds to a large poorly fitted area with 

highly distorted or even broken bond that consequently result in relative high interface 

energy. Because of the increasing dislocation density in high angle boundaries, the strain 

fields caused by the dislocations have the opportunity to cancel each other, resulting in 

grain boundary energy, which is almost independent of the grain boundary misorientation 

as shown in Fig 3.3 [94].   
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Fig 3.3. A schematic diagram showing the variation of grain boundary energy with 

misorientation between crystals [94]. 

 

However, not all high angle boundaries have highly disordered structures and high 

energy. For example, twin boundaries are special high angle boundaries with specific 

orientation relationship allowing the two adjoining lattices fit together with relatively little 

distortion and hence lower the boundary energy. As discussed in a section, the Σ3 

boundaries belong to these special type boundaries which are highly coincided with each 

other. Therefore, depending on the grain boundary misorientation and grain boundary plane 

type, it become quite complicated to estimate the grain boundary energies in polycrystalline 

materials.  An example of the Al grain boundary energy measured experimentally is 

shown in Fig 3.4 [94]. It can be seen in Fig 3.4a that when two grains are related by a 

rotation about <100> axis, most of the grain boundary energy have about the same value 

and can be considered as random high angle boundaries. But when they are related by a 

rotation about <110> axis as shown in Fig 3.4b, a significantly lower energy is observed at 
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some high angle misorientations, which correlate to the specific orientation of twin 

boundaries that allows very good atomic fit between the two grains. 

 

 

Fig 3.4. Measured grain boundary energies for Al when (a) the rotation axis is parallel to 

<100> and (b) the rotation axis is parallel to <110> [94]. 

 

Since grain boundaries are relatively high-energy regions to increase the free 

energy in polycrystalline materials comparing to a single crystal. Therefore, starting with 

a thin film in the as-deposited state that normally possess a large number of small grains, a 

high amount of energy is stored in grain boundaries. The grain boundary energy is reduced 

by increase the average grain size to induce grain growth where the large grains grow at 

the expense of the small grains, thereby lowering the grain boundary area and grain 

boundary energy. In addition, a curved-shape boundary is acted on by a force of γ/r towards 

its center of curvature, with γ being the boundary energy and r the radius of the grain. 

Therefore, the rate of grain growth process 𝑣 is defined by the grain boundary mobility 

and the driving force and can be described as 
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𝑣 =
𝑑𝑟

𝑑𝑡
= 𝑚𝛾𝐺𝐵𝜅 

                                                                                     (3.7) 

where 𝛾𝐺𝐵 is the grain boundary energy and 𝜅 is the grain curvature. From integration of 

Equation 3.7, it is expected that the relationship between time t and the grain radius is 

described as 𝑟 = 𝐾 ∙ 𝑡𝑛 with K being the boundary mobility and a temperature dependent 

constant and a classical result of n=0.5. This growth characteristic is referred as the normal 

grain growth.  

 

3.2.1.2 Surface/Interface Energy 

As grain growth progresses while reducing the grain boundary energy through 

reduction in the grain boundary area, other components, particularly the surface and strain 

energies will affect further microstructure evolution. This leads to an abnormal grain 

growth, which is characterized by the growth of just few grains to very large diameters in 

a matrix of small grains, leading to a bimodal grain size distribution. In this case, the 

preferential grain growth is favored by grains with crystal orientations of the lowest surface 

and strain energies.  

For a typical fcc materials such as Cu, the variation of surface energy with respect 

to the orientation of Cu generally follow the trend as 𝛾111 < 𝛾110 < 𝛾100 for low Miller 

index planes. The order can be roughly explained by the broken bond model [94], as the 

excess free energy is created when atoms in the layers nearest the surface are without some 

of their neighbors. Since the {111} plane in a fcc crystal structure is the close-packed plane, 

the least bonds is broken when a surface is formed, resulting in the lowest surface energy 

for the fcc structure.  
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Thus to account for a minimization of surface and interface energies in a thin film, 

the kinetic growth rate of Equation 3.7 can then be modified as  

 

𝑣 = 𝑚(𝛾𝐺𝐵𝜅 +
Δ𝛾𝑠/𝑖

ℎ
) 

                                                                             (3.8) 

where Δ𝛾𝑠/𝑖 is the difference of the surface and interface energies for grains on either side 

of the boundary and h is the film thickness. It can be seen that the effect of surface and 

interface minimization is strongly dependent on the film thickness and the ratio of the 

surface and interface areas to volume is large. Therefore, in an ultra-thin film the dominant 

driving force for texture evolution is the minimization of the surface and interface energies. 

Unlike thin films, the damascene interconnect line is a more complex system that 

includes multiple metals and diffusion barrier interfaces. In particular, the trench sidewalls 

provide additional interfaces that contribute extra interface energy that will affect the 

microstructure and texture in interconnects. To address the contribution of the trench 

sidewall interface energy to the driving force, Equation 3.7 can be modified as 

 

𝑣 = 𝑚(𝛾𝐺𝐵𝜅 +
∆𝛾𝑠 𝑖⁄

ℎ
+

∆𝛾𝑖
𝑆𝑊

𝑤
) 

                                                                             (3.9) 

where ∆𝛾𝑠 𝑖⁄  represent the change in energy at the top and bottom trench interfaces, ∆𝛾𝑖
𝑆𝑊 

represents the energy difference at sidewalls, h is the trench height and w is the trench 

width. As the interconnect line continues to downscale, the surface and interface areas to 

volume ratio increase. Thus, the surface and interface energy contribution become more 

dominant to affect grain growth of nanoscale interconnects. To be more specific, with 

increasing interconnect aspect ratio (trench height to trench width) at advanced technology 
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nodes, the area of sidewalls increases with respect to the trench bottom, resulting in the 

sidewall interface to exert more influence on grain growth then the trench bottom interface. 

This leads to a preferential growth of sub-population grains with crystal orientations that 

favor the minimization of sidewall interfacial energy.  

 

3.2.1.3 Elastic Strain Energy 

Finally, after Cu electroplating the interconnect structure are subject to certain 

annealing process to expedite the grain growth process and stabilize the microstructure. 

However, due to mismatch in the coefficient of thermal expansion (CTE) between Cu and 

Si substrate, a significant thermal strain is introduced during annealing since the Cu line is 

well embedded over the Si substrate. Under a plane stress condition, the strain energy 

density in each grain can be expressed as  

 

𝐸𝜀 = 휀2𝑀ℎ𝑘𝑙 

                                                                            (3.10) 

where ε is the biaxial strain between the film and the substrate and 𝑀ℎ𝑘𝑙 represents the 

effective biaxial modulus, which depends on the crystallographic direction (hkl) normal to 

the plane of strain. The effective biaxial modulus can be calculated using the equations 

derived by Murikami and Chaudhari [95] as: 

 

𝑀ℎ𝑘𝑙 =  𝐶11 + 𝐶12 + 𝐾 −
2(𝐶12 − 𝐾)2

𝐶11 + 2𝐾
 

𝐾 = (2𝐶44 − 𝐶11 + 𝐶12)(ℎ2𝑘2 + 𝑘2𝑙2 + 𝑙2ℎ2) 

ℎ2 + 𝑘2 + 𝑙2 = 1 

                                                                            (3.11) 
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where 𝐶11, 𝐶12 and 𝐶44 are the stiffness elastic constants. For Cu, C11 = 168.3GPa, C12 = 

122.1GPa and C44 = 75.7GPa. Since Cu is highly elastic anisotropic (Fig 3.5), its lowest 

elastic modulus is along the <100> direction and about 1/3 of the highest elastic modulus 

at the <111> direction. Here the different grain orientations with different strain energy 

densities contribute to an abnormal grain growth to minimize the strain energy. To account 

for the effect of strain energy, the growth rate for the full process of microstructure 

evolution can be summarized as  

 

𝑣 = 𝑚(𝛾𝐺𝐵𝜅 +
∆𝛾𝑠 𝑖⁄

ℎ
+

∆𝛾𝑖
𝑆𝑊

𝑤
+ 휀2∆𝑀ℎ𝑘𝑙) 

                                                                                   (3.12) 

where ∆𝑀ℎ𝑘𝑙 is the difference in the biaxial moduli between different grains. Equation 

3.12 includes all the driving forces originated from the grain boundary, interface and strain 

energies. 

It is important to note that while Equation 3.12 shows that the grain growth in the 

interconnect line is driven by minimization of the sum of the overall energy, each energy 

components are mutually competitive. For example in Cu, the grains with the {111} 

orientation have the lowest surface/interface energy but the highest strain energy, while 

grain with the {100} orientation have the lowest strain energy but the highest surface 

energy. Since it is crystallographic impossible to have {111} and {100} planes 

perpendicular to each other and coexisting in one grain, the texture evolution in the Cu line 

is controlled by the competition between the {111} and the {100} grains, where different 

energy terms are dominant and change in order to minimize the overall energy to determine 

the preferential grain growth.  
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Fig 3.5 Elastic Moduli of Cu as a function of crystal orientation, with the modulus of 

{111} orientation is almost 3 times of modulus in {100} orientation [96]. 

 

3.2.2 Effect of the Overburden Layer 

In the damascene process, the Cu interconnects are formed by depositing Cu into 

the pre-patterned trenches covered with diffusion barriers. This approach requires an 

excellent hole-filling capability for the deposition process in order to ensure defect-free 

interconnects. The electroplating process was developed to meet the requirement with high 

deposition rate, low cost and good process controllability [97].  In electroplating, Cu is 

deposited in thick coating layers above the trench in an overburden layer. In the as-

deposited state, the grain size of Cu is usually of the order of few tens of nanometers. An 

annealing treatment about 150˚C to 250˚C is employed after electroplating to enhance grain 



 65 

growth and stabilize the Cu microstructure. The overburden layer will then be polished 

away by the chemical mechanical polishing (CMP) process.   

During the annealing treatment, the grain growth process in Cu interconnects 

generally starts from the overburden layer to propagate into the line trenches [98]. In wide 

lines with width above 300nm, an almost complete invasion from the overburden layer to 

the trench is commonly observed. This results in the formation of microstructure in the 

trenches and the overburden both consisting of columnar grains very similar to that 

observed in thin films [99-100].  However, as the line narrows, investigations have shown 

that grain growth from the overburden layer cannot not fully propagate into the trenches 

even at elevated annealing temperature. This phenomenon become more severe when the 

line width continue to decrease, the invasion depth from overburden layer continues to 

decrease as well [100]. A schematic cross-section view of Cu microstructure in both wide 

lines (700nm) and narrow lines (30nm) with overburden layer after annealing is shown in 

Fig 3.6 [99]. 

It is possible that the invasion in narrow lines becomes less effective because the 

abnormal grain growth to minimize sidewall interface energy in the narrow line can occur 

very fast before the grain growth in the overburden reaches the trenches. As a result, the 

invasion of the overburden layer is restricted by the growth of sidewall {111} grains, 

leading to a microstructure with clusters of small grains intermixing with some large grains. 

The {111} grains growing from bottom up is also restricted by the sidewall {111} grains. 

Thus with to increase the interface area to volume ratio, Cu grains with the {111} 

orientations emerge at both trench sidewall and trench bottom in order to minimize the 

overall interfacial energy.  However, since no two <111> directions can be perpendicular 

to each other and as the effect of trench sidewall become more dominant with increasing 

higher aspect ratio, clusters of small grains growing from the trench bottom remain trapped. 
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Thus, in narrow Cu interconnects, the thermodynamically driven grain growth is 

constrained by kinetics involving the growth of sidewall, bottom-up and overburden grains. 

 

 

Fig 3.6. A schematic cross-sectional view of Cu microstructure with line width of 700nm 

(left) and 30nm (right) after annealing and before CMP [99]. 

 

3.3 SCALING EFFECTS ON MICROSTRUCTURE EVOLUTIONS IN CU INTERCONNECTS 

3.3.1 Cu thin films and wide lines  

The microstructure of Cu lines have been studied extensively using the techniques 

mentioned in Chapter 2, mostly by XRD and EBSD to characterize the texture and 

orientation map in the Cu lines with various line width. An early study by Lee et al. [101] 

studied the texture change in electroplated Cu interconnect with line width ranging from 

6μm to 0.2µm using EBSD. They showed that the 6μm and 4μm wide lines demonstrated 

a mixed texture of {111}<110> and {111}<112> components, while the {111} grains grew 

normal to the trench bottom with <110> or <112> orientation along the trench length. In 

2µm-0.5μm lines, a {111}<112> orientation was observed with decreasing {111} fiber 

character. And in lines with 0.24µm and 0.2μm widths, the {111}<110> texture with minor 

twin components of {115}<110> and {115}<141> orientations was observed. The texture 

evolution was discussed by considering the stress and strain energy distributions in the 

interconnect. These authors reported that due to the elastic anisotropy of Cu and in order 
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to minimize the overall strain energy of the system, the grain growth is preferred by 

aligning the minimum Young’s modulus direction to the direction of the maximum stress.   

Similar results have been reported by Besser et.al [102] in a study of the 

microstructure evolution of inlaid electroplated Cu lines. They used the (111) pole plots 

from x-ray diffraction of Cu lines with width ranging from 1.06µm to 0.35μm to show that 

the grains nucleated and grew from the trench bottom have a preferred (111) orientation to 

the normal and a [110] type orientation parallel to the sidewalls. They also showed that 

when the line width decreases from 1.06µm to 0.35μm, the (111) intensity was reduced as 

sidewall nucleated (111) grains emerged. The texture change were explained by the fact 

that the (111) grains were nucleated and grew from both trench bottom and trench 

sidewalls. The resulting XRD pole plots were the sum of the individual contributions from 

both the trench bottoms and sidewalls. In addition, a (110) pole plot of XRD also showed 

an intensity increase of (111) grains nucleated at the sidewalls and suggested a preferred 

orientation of [110] along the trench bottom for the sidewall-nucleating (111). The growth 

of sidewall grains is affected by the presence of the trench bottom in the confined line 

structure where the orientation can minimize the total surface energy.  

Another comprehensive study was reported by Cho et al. [103] presenting results 

observed for Cu interconnects largely consistent with the previous studies. They used XRD 

and EBSD to investigate the annealing effect on the microstructure evolution for Cu lines 

with widths from 2µm down to 0.14μm. They observed that all the Cu lines contained 

grains with the {111}<110> orientation components but the amount of the fiber-like texture 

decreased as the line width decreased. A weak {111} sidewall component was observed in 

narrow line widths including 0.14µm, 0.24μm and 0.5μm, while the strongest {111} 

sidewall intensity was discovered in the narrowest line (Fig 3.7a). They also investigated 

the grain boundary characteristics and found that the fraction of the Σ3 boundaries 
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decreased as line width decreased from 0.5μm to 0.14μm (Fig 3.7b). In addition, the grain 

structure changed from a polycrystalline structure in 2μm line to a bamboo-type structure 

in 0.14μm lines. These authors concluded that in wider lines the stress in interconnects was 

dominant to enhance the {111}<110> texture components. However, as the line width 

decreased, the effect of sidewall {111} component became more important as the growth 

of the sidewall {111} grains was driven by minimization of the overall surface energy. 

 

 

Fig 3.7 (a) Intensity of sidewall {111} texture component of the as-deposited and 

annealed sample as a function of line width (b) Fractions of Σ3 CSL 

boundaries in Cu interconnect lines as a function of line width as reported 

by Cho et al. [103] 
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3.3.2 Nanoscale Cu lines 

The microstructure of sub-100nm interconnects have been reported only recently 

due to the spatial resolution limitation of the microscopy techniques and the lack of 

automated data acquisition capability.  However, with the development of the precession 

electron diffraction microscopy technique as discussed in Chapter 2, the microstructure of 

nanoscale Cu grains was examined and detailed crystallography information with 

resolution less than 5nm was obtained. 

This started with a study by Ganesh [78] in 2011 using the PED technique to reveal 

a systematic change in electroplated Cu grain structure and grain orientation with line width 

ranging from 1.8μm to 70nm. In 1.8μm Cu lines, a strong {111} fiber texture along the 

trench normal was observed. As the line width decrease to 180nm and 120nm, this {111} 

fiber texture along the trench normal became weaker and weaker. In fact, in the 120nm 

lines the {111} fiber texture was barely detected along the trench normal, instead a {111} 

texture along the trench width started to emerge. This marked the transition of the {111} 

texture growth from trench normal in wider line to trench width in narrow line. The {111} 

sidewall texture intensity became stronger when the line width was further decreased to 

70nm. 

This followed by another study by Cao et al. [69] to further investigate the evolution 

of microstructure in Cu interconnects with line widths of 70nm, 45nm and 40nm using the 

PED technique. For the 70nm wide Cu lines, it exhibited a strong {111} orientation along 

the trench width and the {110} orientation along the trench normal, indicating a dominant 

growth of {111} grains from the sidewall in the Cu lines, which was consistent with 

findings by Ganesh. As the line width continued to decrease to 45nm and 40nm, an 

interesting transition of texture was observed where the prominent {111} texture along the 

trench width shifted to along the trench length. The author suggested that this is due to the 
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effect of geometric confinement of the nanoscale interconnect structure. With line width 

decreased to less than 45nm, the {111} grains appeared from both sidewalls along the 

trench width to impinge onto each other, thereby impeding further grain evolution except 

along the trench length. 

 

3.3.3 22nm Cu lines: Texture and Grain Boundary Analysis 

For further understanding of the scaling effect on microstructure evolution in 

nanoscale Cu interconnects, the texture and grain boundary analysis on a Cu line with line 

width of 22nm was carried out in this thesis using the high-resolution PED technique.  

A plane-view TEM bright field image of a damascene Cu interconnects with 22nm 

line width is shown in Fig 3.8.  For this sample, the image as shown does not provide 

sufficient details for analyzing grain structure characteristics in the nano-interconnects. 

However, the grain orientation and texture analysis observed using the high-resolution 

PED technique clearly showed a color-coded inverse pole figure map overlaid with 

corresponding reconstructed grain boundaries as shown in Fig 3.9. The colors in the pole 

figure map depict grain orientations consistent with the color-coded standard stereographic 

triangle. In the standard inverse pole plot triangle, the three principle directions [100], [110] 

and [111] are color coded with red, green and blue respectively.  
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Fig 3.8. Bright Field TEM image of periodic Cu interconnects with line width of 22nm. 

In the three inverse pole plots obtained from the sample, each represents the 

quantified texture along three directions referred as along the trench normal, the trench 

width and the trench length. The numbers adjacent to the color code of the inverse pole 

plots indicate the frequency of occurrence of a particular orientation g, which is expressed 

by the Orientation Distribution Function f in units of multiples of random distribution 

(MRD) [104]. The Orientation Distribution Functions (ODF) was obtained by first 

parametrizing the orientation data collected from the scanned area in terms of the Bunge-

Euler angles, then the parametrized data were binned and then fitted with a series of 

generalized spherical harmonics functions that become the ODF; the detailed procedure 

can be found in the literature [104]. The ODF was normalized in a way so that same 

intensity was shown everywhere to indicate a completely random distribution of grain 

orientations. In this way, the ODF can project the three dimensional crystal orientation 
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distributions onto a two dimensional inverse pole plot, with f(g) =1 or MRD =1 represent 

a random texture in the sample and a higher value of MRD to indicate a stronger grain 

texture. 

 

 

Fig 3.9. 22nm Cu Interconnects: (left) Representative color-coded inverse pole figure 

orientation maps in trench normal, trench width and trench length direction 

overlaid with reconstructed grain boundaries. (right) Texture plots and their 

respective texture strength along trench normal, trench length and trench 

width direction.  

It is worth noting that the dark region within the orientation map represent the 

grains with an indexed reliability lower than 5. The reliability of the orientation analysis is 

defined using Equation 2.3. The reason for such a low reliability in 22nm Cu lines is due 

to the overlapping grains with superimposed diffraction patterns, where the index software 

was unable to determine a unique crystal orientation. Such grains were excluded from the 

statistical analysis.  
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The inverse pole figures (IPF) revealed that the 22nm Cu lines exhibited a strong 

{110} texture along the trench normal and a {111} texture along the line length direction. 

The result is consistent with the results found by Cao [69] for Cu interconnects of 40nm 

line width where grain growth was dominated by the (111) grains along the trench length 

direction imposed by the line geometry.  

The orientation data from this study was used in the grain boundary trace analysis 

to characterize the Σ3 coherent twin boundaries. Twin boundaries are special high angle 

boundaries with specific orientation relationship to allow the two adjoining lattices fit 

together with relatively little distortion and hence to lower the boundary energy. Such grain 

boundary structures can be characterized using the coincidence site lattice (CSL) model 

[105]. In the CSL model, twin boundaries are described using the Σ value, which is defined 

as the ratio of the area enclosed by a unit cell of the coincidence sites and the standard unit 

cell. In this way, Σ can be described as the reciprocal density of the coincident sites shared 

by the two grains [106].  

The Σ3 twin boundaries in Cu are of particular interest due to its unique structure 

with low lattice disroder. In addition, the resistivity of twin boundary is about one order of 

magnitude smaller than other types of grain boundaries. In FCC crystal structures, the Σ3 

grain boundary can be obtained by rotating the orientation of a parent grain 60˚ about the 

<111> axis. The coherent twin boundary is defined with an orientation of the boundary 

plane parallel to the {111} twin plane, while the incoherent twin boundaries refer to the 

case when the boundary plane is not coincided with the {111} twinning plane. In addition 

to the low boundary energy, the electrical resistivity of coherent twin boundary is 

negligibly small, about an order of magnitude smaller than other boundaries. Such grain 

boundaries have a small effect contributing to increase the grain boundary scattering for 

the Cu resistivity as line dimension approaches the mean free path of electron scattering. It 
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is also worth noting that the special properties of Σ3 boundaries such as low energy and 

electron scattering are valid only for the coherent Σ3 boundaries, as for the incoherent Σ3 

boundaries, they have to be treated as regular high angle boundaries. 

The results from the analysis of grain boundary misorientation and traces in the 

22nm line show that there are almost no coherent Σ3 boundaries present in the 22 nm Cu 

lines, accounting for only ~0.2% among all the grain boundaries. With less twin boundary 

population in ultra-fine Cu interconnects, the grain boundary scattering contribution to Cu 

resistivity becomes more important. 

  

3.3.4 Scaling Effect on Microstructure for Cu Nanointerconnects 

By combining the results from the Precession Electron Diffraction studies of Cao 

and Ganesh together with the results from the 22nm wide Cu lines from this study, a 

consistent picture of the scaling effect on microstructure evolution in Cu nanointerconnects 

has emerged. This can be qualified by considering the scaling effect on the various 

energetics for grain growth as shown in Fig 3.10.  

With the Cu line width exceeding 180nm, the dominant growth of {111} grains, 

which has the lowest interface energy, was observed along the trench normal direction. 

This represents the dominant “Bottom Growth Component” as shown in Fig 3.10, which 

is controlled by minimizing the grain boundary energy for grains at the trench bottom. As 

the line width continued to scale down to 120nm, a shift of {111} grains growth from the 

trench normal direction to the trench width direction was observed, and with further scaling 

to 70nm lines, the {111} sidewall texture became stronger then in 120nm. This transition 

of {111} growth from trench normal to trench width showed that the interface energy 

becomes dominant over the grain boundary energy in controlling the texture evolution in 
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the interconnect. This occurs when the surface to the volume ratio of the Cu line continues 

to increase with scaling of the line width, where the contribution from trench sidewall 

interface to Cu grain growth becomes more dominant with respect to the trench bottom. 

This is illustrated in Fig 3.10 by the stronger and stronger “Sidewall Growth Component” 

as the line width decreases, representing by the preferential sidewall {111} grain growth 

to minimize the sidewall interface energy and reflecting the change in the aspect ratio but 

the microstructure evolution remained interface energy controlled.  

 

Fig 3.10. Schematic images depicting the effect of “bottom growth component” and 

“sidewall growth component” to the microstructure evolution of Cu 

interconnects with scaling line width. 

With further scaling to the 45 nm linewidth (28 nm node), the growth of {111} 

grains shifted again to along the trench length direction, a trend which continued to the 22 

nm linewidth with the appearance of more small grain aggregates, indicating further 

dominance of the interface energy in comparison to the strain energy with increasing 

surface to volume ratios.  

Grain boundary trace analysis was also performed on Cu nano-interconnects. The 

amount of coherent twin boundaries was found to continuously decrease with scaling and 

reached ~1% at 22nm linewidth when small grains started to emerge near the trench 

bottom. The large number of coherent twin boundaries shown in wider Cu lines can be 
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attributed to the fact that in thick Cu films, strain energy contribution outweighs the 

contribution from surface/interface energy. Therefore a preferential {100} grain growth 

can be observed during annealing to convert some {111} grains to {100} grains in order to 

minimize the elastic anisotropy of Cu. As a result, twin boundaries are introduced to 

facilitate the reduction of {111} elastic strain energy. In this way, the formation of the twin 

boundaries can reduce the grain boundary energy, indicating that creating more twin 

boundaries is an efficient step to reduce the overall strain energy in wider lines. 

However, as the line width continues to scale, with increasing surface to volume 

ratio, the surface energy contribution becomes more and more dominant, resulting in the 

preferred growth of the {111} grains to minimize the surface/interface energy. In addition, 

the geometric confinement in narrow Cu lines can also limit the grain growth and thus the 

twin formation. Therefore, with line width decreasing, the twin boundary population also 

decreases. 

Finally, an analysis of the grain size of the Cu lines showed that almost 70% of the 

grains are smaller than 40nm, which is the mean free path of Cu (~39nm) at room 

temperature. This indicates that with the presence of more small grains the contribution of 

grain boundary scattering to line resistivity is expected to increase significantly beyond 

22nm line width, a subject which will be discussed later in Chapter 4. 

 

3.4 SCALING EFFECTS ON MICROSTRUCTURE EVOLUTIONS IN CO INTERCONNECTS 

Cobalt was recently proposed as an alternative material to replace Copper for the 

advanced technology nodes [54-57]. Even though Cobalt has a higher bulk resistivity than 

Copper, but because of its ability to incorporate with very thin or even no barrier layer, the 

overall effective resistivity can be lower than copper for future generations of IC design, 
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thereby becomes a better alternative material for interconnects. Since the details of the 

microstructure in the Co interconnects has not been reported, and with the interest in using 

Cobalt as a conductor material, the microstructure evolution in the Cobalt damascene 

interconnects is investigated in this study using the Precession Electron Diffraction 

technique and with the results to project the scaling effect on the Co interconnect resistivity 

at the nanoscale. 

   

3.4.1 220nm Cobalt interconnects: Texture analysis 

The grain orientation maps obtained from PED analysis for the 220nm Co lines   

are shown on the left side of Fig 3.11 and superimposed with the reconstructed grain 

distribution maps observed along the trench width, trench normal and trench length 

directions. Since Co has hexagonal closed packed (hcp) structure, the colors in the 

orientation map along the normal orientations are represented by the hcp color-coded 

stereographic triangle corresponding to three principal directions along [0001], [101̅0] 

and [21̅1̅0] . For quantitative texture analysis, the orientation distributions of grain 

orientations along the 3 orthogonal directions (trench width, trench length and trench 

normal) are plotted on the right side of Fig 3.11. The three inverse pole figures are 

constructed based on hcp structure as well. The IPF plots reveal that the 220nm Co lines 

exhibit a strong {0001} texture parallel to the trench normal direction and with a mixed 

{101̅0}  and {21̅1̅0}  textures at the trench width direction. The observed texture 

distribution can also be considered as from two different sets of biaxial textures with 

{0001}<101̅0> as the first set and {0001}<21̅1̅0> as second set. This observation is 

consistent with the fact that in crystallography, the (0001) plane is perpendicular to both 

<101̅0> and <21̅1̅0> direction. From the grain structure observed, the 220nm Co line 
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exhibits bamboo structures in most regions interspersing with some clusters of smaller 

grains. 

 

 

Fig 3.11. Grain structures observed in the 220nm Co Interconnects: (left) Representative 

color-coded inverse pole figure orientation maps in trench width, trench 

normal and trench length directions overlaid with reconstructed grain 

boundaries. (right) Texture plots and corresponding texture strength 

distributions along the trench width, trench length and trench normal 

directions. 

 

3.4.2 26nm Cobalt interconnects: Texture analysis 

The microstructure was analyzed using the PED technique for Co interconnects of 

26nm line width and the results are summarized in this section. At the left of Figure 3.12, 

we show the grain orientation maps normal to the trench width directions. Along with some 

short bamboo grains, the grain boundary and orientations for grains less than 5nm were 

analyzed using the PED technique with results demonstrate that the capability of the PED 
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technique for microstructure analysis is beyond the limit of the conventional TEM. The 

statistical distributions of grain orientations along the 3 orthogonal directions (trench 

width, trench length and trench normal) are plotted at the right of Fig 3.12. The IPF plots 

reveal a very strong {0001} texture with a maximum MRD value of 67 along the trench 

width direction, indicating a dominant growth of the {0001} grains from the sidewall of 

the Co interconnect. Along both the trench normal and the trench width directions, the 

texture intensities appear between the {101̅0} and the {21̅1̅0} orientations, indicating a 

very strong {0001} orientation along the trench width direction since the crystal 

orientations between {101̅0} and {21̅1̅0}, as represented by Miller-Bravasi indices as 

{hki0} type, are all perpendicular to the {0001} orientation. 

 

 

Fig 3.12. Grain structure analysis for 26nm Co Interconnects: (left) Representative color-

coded inverse pole figure orientation maps in trench width, trench normal 

and trench length direction overlaid with reconstructed grain boundaries. 

(right) Texture plots and their respective texture strengths along the trench 

width, trench length and trench normal directions.  
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3.4.3 Scaling Effect on Microstructure of Cobalt Interconnects  

To understand the microstructure evolution in Co interconnects, the grain 

orientation maps for Co line of 220nm and 26nm widths are shown in Fig 3.13 and the 

quantitative grain orientation distributions and grain textures are shown in Fig 3.14. Both 

figures are plotted along three orthogonal directions along the trench width, trench normal 

and trench length directions. The scaling effect on the microstructure of Co interconnects 

is similar to the Cu interconnects, and again can be understood by considering the overall 

energy minimization.  

For the 220nm Co lines, the inverse pole plots and grain texture plots show a strong 

{0001} fiber texture along the trench normal, indicating a strong {0001} Co grain growth 

from the trench bottom for wider lines. This is similar to Cu line with the same line width 

showing a strong {111} texture from the trench bottom. Since the {0001} plane in the hcp 

structure is equivalent to the {111} fcc structure, and both have the lowest interfacial 

energy, Co and Cu are found to exhibit similar textures in wider lines. When the line width 

scaled down to 26nm, a switch of {0001} texture from the trench bottom to the trench 

width was observed, a result which was also observed in Cu line. This transition can be 

explained by an overall energy minimization driving the microstructure evolution. As 

discussed in Section 3.1, the dual damascene deposition often involves two steps of 

annealing, with first at 250˚C to activate texture evolution. Since this process is at a 

relatively low temperature, the microstructure evolution is dominated by the interface 

energy, leading to a dominant {0001} texture along the trench normal direction. Upon 

further scaling to 26nm Co line, due to decreasing line width, the trench aspect ratio and 

increasing surface to volume ratio, the contribution of sidewall interfacial energy 

outweighs the contribution from trench bottom surface. Therefore, the increasing 
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dominance of sidewall interfacial energy led to the preferential growth of {0001} grains 

from the sidewall to minimize the interfacial energy. 

At the same time, the {101̅0} and {21̅1̅0} texture orientations observed at the 

220nm Co trench width indicated that the strain energy minimization plays a role in 

microstructure evolution during annealing. This is similar in mechanism to that proposed 

by Lee et al. [101] to account for the texture evolution of Cu damascene interconnect during 

annealing as shown in Fig 3.15.  Since each grain has different crystal orientation, thus 

different elastic modulus and elastic strain energy, the ones with the minimum elastic 

modulus orientation aligned with the maximum stress direction will grow preferably during 

annealing with more stress relaxation. In the case of hcp Co, generally the orientation 

dependence of interfacial energy follows the order of  𝛾0001 < 𝛾101̅0 ≅ 𝛾2̅110 < 𝛾ℎ𝑘𝑖0  

and elastic modulus with 𝐸101̅0 ≅ 𝐸2̅110 ≅ 𝐸ℎ𝑘𝑖0 < 𝐸0001. At the second 400˚C annealing 

and assuming that the Co interconnect is under hydrostatic stress, the grains with 

{0001}<101̅0> or {0001}<21̅1̅0> type orientation will grow preferably to minimize the  

overall interface and strain energy. As a result, we observe the abnormal grain growth with 

some grains growth faster and larger comparing to other grains in the 220nm Co 

interconnect. 

Interestingly, Co interconnect at 26nm line width did not exhibit the same behavior 

as Cu interconnect at equivalent line widths. In Cu interconnect with line width of 45nm, 

the {111} texture was found to switch from the trench width direction to the trench length 

direction by Cao [69]. This indicates a high interfacial energy between Cu and the Ta 

diffusion barrier, and with the very small line width, further grain evolution can only 

happen in the trench length direction.  

The fact that Co interconnect did not exhibit such a switch of {0001} texture from 

trench width to trench length direction may suggest that the interfacial energy is not as 
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dominant as in Cu interconnect at this line width. In other words, the microstructure 

evolution in 26nm Co interconnect is not controlled only by the interfacial energy, but 

strain energy may play a role in the texture development during the annealing process. The 

increasing effect of strain energy observed in Co can be attributed to its material properties. 

The elastic modulus of Co was found to be between 186.62 GPa and 280.9 GPa, which is 

significantly higher than 67 GPa and 192 GPa for Cu, which will give a strain energy of 

Co to be higher than Cu.  

This effect of strain energy in Co can also be seen in Fig 3.13 of the orientation 

maps and Fig 3.14 of the IPFs. Some near-bamboo structures were observed in the Co lines, 

suggesting some abnormal grain growth. The IPFs shows a very strong {0001} texture at 

the trench width direction and with the {hki0} type texture along the trench normal 

direction. This texture behavior can also be explained by an overall energy minimization. 

First, the grain growth at initial annealing of the 250 ˚C step will minimize the sidewall 

interfacial energy. However, along the trench normal direction, instead of only the 

interfacial energy, the strain energy also plays an important role in the texture evolution. 

Since the {hki0} type texture perpendicular to {0001} orientation has the lowest strain 

energy, the {hki0} orientation can be aligned normal to the trench to minimize the strain 

energy. However, the growth of such grains are not favorable since they will increase the 

surface energy along the trench normal direction. Results observed on microstructure 

showed many small clusters of grains instead of large bamboo grains, as shown in Fig 3.16 

the grain size distribution for both 220nm and 26nm Co lines. It can be seen that for both 

line widths, an abnormal grain growth can be observed at the high end (black arrows), 

indicating a preferential growth of {0001}<101̅0> or {0001}<21̅1̅0> type grains which 

can minimize both the interfacial and the strain energies. At the lower end of the grain size 

distribution (green circle), the presence of small grains indicating a limited growth of the 
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{hki0} type grains, providing another evidence to show that the strain energy plays another 

important role in the texture evolution of Co interconnects. 

 

 

Fig 3.13. The representative color-coded grain orientation map for Co line in 220nm and 

26nm line width. The orientation map is plotted along three directions in 

trench width, trench normal and trench length. 
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Fig 3.14. The color-coded inverse pole figures (IPFs) for grain orientation distribution for 

Co lines with line width of 220nm and 26nm. 

 

 

 

Fig 3.15. Dark grains represent the grains that has their minimum Young’s modulus 

direction (MYMD) parallel to the absolute, maximum stress direction 

(ASMD). As these grain will grow preferably during annealing process to 

minimize the strain energy [101]. 
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Fig 3.16. Grain size distribution acquired from experimental Co interconnect with line 

width of 220nm and 26nm. The results show the abnormal grain growth at 

high end (black arrows) and the presence of small grains at the low end 

(green circle). 
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Chapter 4: Monte Carlo Simulation of the Scaling Effect on 

Microstructure Evolution in Nanointerconnects 

4.1 INTRODUCTION 

As shown in Chapter 3, the scaling of interconnect line dimensions has significant 

influence on the microstructure evolution in Cu and Co interconnects up to the 22 nm line 

width for the 14nm technology node. Since the microstructure in the interconnect plays an 

important role to control the electrical resistivity of nanointerconnects, there is great 

interest to investigate the scaling effect on microstructure evolution and electrical 

resistivity for nanointerconnects beyond the 22 nm line width for future technology nodes. 

In this chapter, a Monte Carlo simulation is developed based on energy minimization with 

the objective to investigate the scaling effect on microstructure evolution for Cu and Co 

interconnects. The results from simulation are first verified by results from the PED studies 

reported in the previous chapter, which will be used to project the microstructure evolution 

for future technology nodes. In the following Chapter 5, the results from microstructure 

simulations are used to project the scaling effect on electrical resistivity for Cu and Co 

interconnects. The studies reported in these two chapters will provide results to predict the 

grain size distribution and the line resistivity for the future technology nodes that are not 

yet available, and provides an insight for materials engineering that might improves the 

interconnect performance in the future. 

The Monte Carlo simulation model reported in this chapter is developed based on 

total energy minimization as discussed in Chapter 3.2.  We review first the previous 

studies on microstructure evolution, then formulate the computational algorithms and 

report the simulation results.   
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4.2 PREVIOUS MICROSTRUCTURE SIMULATION STUDIES 

Over the past decade, numerous studies both experimentally and theoretically had 

been conducted to investigate the grain growth in polycrystalline materials [66-68]. Among 

these studies, quite a few were focusing on developing simulation models such as Monte 

Carlo Potts model [107-109], cellular automata method [110-111], phase field model [112-

113], vertex model [114-115], front tracking model [116] and finite element models [117] 

to study grain growth in two dimensions and three dimensions. 

The Monte Carlo method is a simple, easy to implement model that can reproduce 

many important features of the grain growth phenomenon. A series of studies by Srolovitz 

et. al. [108] have systematically investigated the grain growth using a 2D Monte Carlo 

Model. Their method fundamentally simulated the coarsening of the grains during normal 

grain growth by minimizing the grain boundary energy. The simulation results showed 

good agreements with analytical prediction of normal grain growth kinetics where the grain 

radius r and annealing time t have a relationship of 𝑟 = 𝐾 ∙ 𝑡𝑛 with K as a temperature 

dependent constant. The simulation has also verified that the parameter n can be less than 

the classical value of 0.5 and not due to the presence of impurities, second phase particles 

or preferred orientation as once thought. This model was further applied to study other 

grain growth phenomena and found that the impurity concentration was inversely 

proportional to the final average grain size. In addition, the anisotropy of the grain 

boundary energy yielded different values of the grain growth component n ranging from 

0.25 to 0.42, and abnormal grain growth was observed due to the presence of surface energy 

anisotropy [118-119]. In addition to its advantage of easy implementation, the Monte Carlo 

method is also one approach that can be applied to complicated 3-D geometries such as 

damascene trenches [107]. A recent simulation study by Jung et. al [107] using the Monte 

Carlo method showed that the Cu microstructure evolution in the damascene interconnect 
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is dependent on the trench aspect ratio as bamboo structure cannot evolve in the high-aspect 

ratio trenches due to the residual grain growth effect (Fig 4.1a). The sidewall texture was 

found to affect the microstructure evolution with a strong seed sidewall texture producing 

a polygranular microstructure while maintaining the random seed texture in a bamboo 

structure (Fig 4.1b). 

 

 

Fig 4.1 Monte Carlo simulation results showing (a) aspect ratio dependence of 

microstructure evolution where the bamboo structure cannot evolve in high 

aspect ratio trenches and (b) texture dependence of microstructure evolution 

where bamboo structure cannot evolve in trench with strong sidewall 

texture. In every picture, the left represents the cross section view and the 

right represents the in line direction view. The number of MCS is the 

elapsed time in Monte Carlo steps. 
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Another grain simulation technique is called the phase field method. It is very 

similar to the Monte Carlo method and based upon well-defined microscopic physics and 

the microstructure evolution is treated in a continuous description. The shape and grain 

distribution are represented by certain functions which are continuous in space and time, 

with variables that are related to the structure, orientation and composition of grains being 

constant in the grain. The main feature of the phase field is to define the interface between 

two grains as a narrow region where the variables gradually change to the neighboring 

grains, and unlike the Monte Carlo method with a sharply defined interface, as shown in 

Fig 4.2 [120]. The advantage of using this diffuse-interface description is that there is no 

need to track the interfaces during microstructure evolution. Therefore, the evolution of 

complex grain morphologies can be predicted without making assumptions on the prior 

shape of grains. The functions for the evolution variables between grains are derived by 

partial differential equations based on thermodynamic and kinetics principles, using energy 

minimization as the driving forces, but generally only accounted for isotropic grain 

boundary energy as the only energy component being considered. In addition, the specific 

materials properties also needs to be introduced in the model in order to compensate for 

the fact that phase field variables do not account for the actual behavior of individual atoms. 

The simulation results in a study using phase-field model in 3D grain growth are shown in 

Fig 4.3 [113] 
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Fig 4.2. The schematic view of (a) the diffuse interface used in phase field model and (b) 

sharp interface in Monte Carlo model [120]. 

 

 

Fig 4.3 Results of phase-field simulation in 3D grain growth. t represent the evolution 

time steps and N is the number of grains within the cube [113]. 
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For the vertex model, it has the most compact data sets and based on the most 

fundamental features in the microstructure, such as the triple junctions. The model tracks 

the motion of the vertex or grain triple points by balancing the boundary tension between 

the three surfaces around the triple points. However, in order to consider the effect of grain 

boundary curvature, more vertexes on the boundary between two triple points need to be 

introduced and further complicated the simulation algorithm. The front tracking model and 

cellular automata mode consist of the same concept as the vertex model, but it tracks the 

migration of the boundary with a velocity related to its grain boundary curvature. The 

model can be extended to consider the effect of surface energy and strain energy that 

introduce abnormal grain growth. An example is shown in Fig 4.4 [111] where one grain 

is defined with a high grain boundary mobility thus grows much more rapidly than the 

neighboring grains. 

 

 

Fig 4.4. An example of cellular automata model when one grains is defined with higher 

grain boundary mobility thus grows faster than other neighboring grains 

[111]. 
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Following the discussion in Chapter 3, the microstructure evolution in the 

interconnect is highly dependent on how energy is minimized within the line dimension. 

For materials like Cu, which has a distinct elastic anisotropy and with the surface 

interaction dependent on the grain orientations.  It is critical to include this anisotropy of 

copper grains and abnormal grain growth where a subset of grains grow disproportionately 

to create a biomodal grain size distribution in the simulation. 

In spite of the simulation techniques developed so far to simulate the grain structure 

evolution, many of them do not consider the anisotropy related to the orientation of the 

grains, a feature that is fundamental for many real materials. This feature is included in the 

Monte Carlo simulation developed in this study to investigate the three-dimensional 

microstructure evolution in Cu interconnects including all the energy terms and grain 

orientation derived from the Miller indices. 

 

4.3 SIMULATION ALGORITHM 

In this work, the Monte Carlo method was employed because it is easy to build a 

complex 3D interconnect and implement the energetics and thermodynamic conditions to 

simulate grain growth in interconnects, despite its incompatibility to account for the 

physical time units. The unique properties of this simulation method is that it considers all 

the relevant energy components within the interconnect dimensions and accounts for each 

orientation and its anisotropy of the energetic contributions. The grain orientations are 

expressed in terms of the Miller indices of the planes with respect to a reference orientation 

that corresponds to the physical crystal lattices. The simulation algorithm was programmed 

in a MATLAB code and the programming flow was based on a code published in a 

MathWorks file exchange [121].  The code was modified and extended to treat a 
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rectangular interconnect geometry based on total energy minimization including the grain 

boundary energy, the surface energy and the elastic strain energy. The code also included 

post-processing to yield grain size distribution and texture analysis. 

In this work, the simulation starts by creating a 3 dimensional interconnect 

geometry with user inputs the interconnect line dimensions of the line width, the line height 

and the line length. Since in Monte Carlo simulation, the object being analyzed is 

dissociated into arbitrary volume units or sites, the initial state of a continuous 

microstructure for which the user defined using an initial grain size and lattice number in 

the interconnect, which is then discretized into small lattice sites and mapped on to a 3D 

interconnect geometry.  

 

     

Fig 4.5. A schematic image of microstructure in the interconnect at the initial state 

As an example illustrated in Fig 4.5, we define a interconnect geometry of 45nm × 

96nm × 500nm (line width × line height × line length), with an initial state of microstructure 
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consisting of 8 grains × 17 grains ×90 grains and number of lattice sites of 24 sites × 51 

sites × 270 sites. Together the description gives an initial grain size of 5.625nm × 5.625nm 

×5.625nm with each grains consisting of 3 × 3 × 3 lattice sites. To assign the grain 

orientations subsequently, 23 unique crystal orientation families starting with introduction 

of the low Miller indices planes such as {100}, {110} and {111} and followed by 

generating all the possible permutations of each orientation families in a 3D space. All 

together this makes up a total of 602 possible orientations, which are stored in a number 

reference list. Each grains are then randomly assigned to a crystal orientation family where 

a unique permutation of that family orientation is randomly chosen to be the initial state of 

that grain, with all the lattice sites inside the grain have the same orientation. This is done 

in order not to favor a particular orientation family with more permutations. The red arrow 

in Fig 4.7 represents a periodic boundary condition has been applied to prevent geometry 

side effects.  In this study, the overburden layer was not considered since it would not 

affect the microstructure evolution in interconnects with narrow linewidth, as discussed in 

Chapter 3.2.2. 

After the initial assignment of orientation to each grain, the Monte Carlo loops 

based on energy minimization begins by randomly choosing certain lattice sites within the 

interconnects. The energy E1 associated with that particular site i based on the modified 

Potts model [107-109] can be described by the Hamiltonian: 

 

𝐸1 =  𝐽𝑖 ∑ (1 − 𝛿𝑆𝑖𝑆𝑗
) + 𝐻𝑖

𝑛𝑛

 

                                                                             (4.1) 

where 𝐽𝑖 is the grain boundary energy, δ is the Kronecker delta, 𝑆𝑖 and 𝑆𝑗 represent the 

orientation number in site i and its neighbors j, 𝐻𝑖 is the lattice site energy including both 
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the surface/interface energy and the strain energy and the subscript nn indicates a 

summation over all the nearest neighbors. To account for all the neighboring lattices sites 

in calculating the grain boundary energy, we include up to the 3nd nearest neighbor sites. 

Using a 3D square lattice for this work, a total of 26 near-neighbor site interactions are 

included. 

In order to include the surface energy and grain boundary energy in the simulation, 

a literature review of the existing measurements for Copper and Cobalt was performed to 

search for the relationship between the energy anisotropy and the crystal orientations. Since 

Cu have a Face Centered Cubic (FCC) crystal structure and Co have the Hexagonal Closed 

Packed (HCP) crystal structure, the value of their energy terms are discussed separately.  

Here we first discuss the FCC Cu. As described in section 3.2.1.1, the grain 

boundary energy is more complicated for Cu since it is not only dependent on the 

misorientation between two adjacent grains but also dependent on the inclination of 

boundary planes, which yields five degrees of freedom (DOF) to characterize one boundary 

plane. As shown in Fig 4.6, the grain boundary energy as a function of misorientation angle 

between two grains is very different from each of the grain boundary planes and types 

[122]. In this works, the approach of Bulatov et al. [122] was used to determine the grain 

boundary energy, which makes it possible to obtain the grain boundary energy by first 

calculating the distance between a particular grain boundary plane and three high symmetry 

axes, <100>, <110> and <111> axis in a FCC material.  To calculate a particular grain 

boundary energy, the procedure starts with the grain-boundary energy functions as shown 

in Fig 4.6, then determine the energy for specified grain boundaries based on the grain 

orientations from the principal axes. A more detailed procedure can be found in the 

literature [122]. In this study, the grain orientation of two adjacent grains were input into 



 96 

Bulatov et al.’s open-source MATLAB code, GB5DOF.m, to calculate the gain boundary 

energy. 

 

  

Fig 4.6. Parametrization of GB energy variations with different twist and symmetric tilt 

boundaries in the <100>, <110> and <111> axis [122]. 

 

The grain boundary energy obtained is then multiplied by an estimate of the local 

grain curvature, according to Equation 3.7. The grain boundary curvature is in term 

determined by the model proposed by Mason [123], which was extended to 3 dimensional 

square lattices in this work. As shown in Fig 4.7, Mason suggested that to account for the 

local grain boundary curvature for simplified 2D lattices, the interaction strength 𝐹𝑖𝑗 

between the selected lattice sites i and neighbor lattices j follow a Gaussian distribution as:   
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𝐹𝑖𝑗 =  exp [−
(𝑥𝑗 − 𝑥𝑖)

2
+ (𝑦𝑗 − 𝑦𝑖)

2

2𝜎2
] 

                                                                             (4.2) 

where σ is the standard deviation and x, y are the coordinates for lattice sites i and j 

respectively. The interaction strength or weight can be visualized according to the size of 

the black dots within the curvature calculation area (red square) which contains up to two 

layers of neighboring lattices and is a function of distance between two lattices. The total 

effect of all the neighbor lattices to the center lattices is the weighted average within the 

brown grains minus the sum of the weighted average for the white grain, or can be 

described as  

 

𝐷 =  ∑ 𝐹𝑖𝑗(2𝛿𝑞𝑖𝑞𝑗
− 1

𝑗:𝐹𝑖𝑗∈𝑆𝑖

) 

                                                                                    (4.3) 

where 𝛿𝑞𝑖𝑞𝑗
 is the Kronecker delta with 𝑞𝑖 , 𝑞𝑗  representing the orientation number 

between two neighboring lattices and 𝑆𝑖 represents all the lattices within the calculated 

curvature area. In this study, a 3D square lattice that accounts for two layers of neighboring 

lattices for a total of 124 neighbors being considered in local curvature calculations.  

The local curvature κ is then calculated using an equation developed by Mason as  

 

𝜅 = exp (
𝛽2𝜆2

2𝜎2
) [

𝛼𝑣𝐷

4𝜋𝜎4
−

√𝜋

√2𝜎
erf (

𝛽𝜆

√2𝜎
)] 

                                                                             (4.4) 

where β is taken to be a constant equal to 0.5, λ is the spacing between the lattice, 𝛼𝑣 is 

the lattice volume.  Therefore, the nonlinear relationship of the grain boundary energy 
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with respect to its grain misorientation can be computed and is important for grain growth 

simulation. 

 

   

Fig 4.7. Schematic of curvature calculation area based on Mason’s model represent in 

two dimensional square lattices [110]. 

The anisotropy in surface energies of Cu was derived from previous studies, mostly 

analytical, to formulate the surface energy calculation algorithm used in this work [124-

126]. Surveyed through the literature, the surface energies did not show a specific 

relationship between energy and orientation while the surface energy values calculated 

using different models can vary up to 27%, but it generally follows a trend with the (111) 

orientation possessing the lowest surface energy and the (110) orientation the highest 

surface energy. The values of surface energy calculated by Rodriguez et.al [124] are used 

in this study as they estimated the surface energy anisotropy that covers all the 23 unique 

surface orientations used in this work. Since the surface energy of the same orientation 

family should be the same regardless of the orientation permutation, so there will be only 

23 unique surface energy values. The simulation algorithm was constructed in a way that 
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it first identified the surface orientation normal to the interface; in the case of interconnects, 

either the orientation normal to the trench bottom or the trench sidewall and then find the 

corresponding surface energy based on its orientation families. In the algorithm, the surface 

energy was normalized to the (111) surface energy and then multiplied by a surface energy 

factor, making it easier for future works adjusted according to the specific surface energy. 

The surface energy of 1.81 J/m2 is used in this work, which is derived as the average value 

of copper free surface energy based on the broken bond model. 

Finally, the thermal strain energy that does not dependent on the neighboring 

lattices can be computed straightforwardly. Assuming that the interconnect structure is 

only under thermal strain, which is dependent on the CTE mismatch between the metals 

and substrate materials, the parameter used as input is the annealing temperature that would 

affect the thermal strain created within the interconnect. Since the stress state in the thin 

film is different from the interconnect which has a triaxial stress state where the effective 

modulus with respect to different grain orientation 𝐸ℎ𝑘𝑙 can be described as  

 
1

𝐸ℎ𝑘𝑙
=

1

𝐸<100>
− 3(

1

𝐸<100>
−

1

𝐸<111>
)(𝛼2𝛽2 + 𝛽2𝛾2 + 𝛾2𝛼2) 

                                                                             (4.5) 

where α, β and λ are the directional cosine of <hkl>, and for Cu 𝐸<111> = 192 GPa and 

𝐸<100> = 67 GPa. The strain energy density is then calculated by using Equation 3.10 with 

the result varying by a factor of 2.5 depending on the elastic anisotropy in Cu.  

After calculating the overall energy E1 associated with lattice i, the orientation of 

site i is randomly chose to flip to one of its neighbor orientations. The energy E2 at the same 

site with the new orientation is calculated again using Equation 4.1, and the change in total 
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system energy ∆E =  𝐸2 − 𝐸1 for reorienting the site is calculated. The probability p for 

the reorientation is chosen as 

  

p(∆E) = {
  1       𝑖𝑓         ∆𝐸 ≤ 0
  0       𝑖𝑓         ∆𝐸 > 0

 

                                                                             (4.6) 

In other words, a flip is allowed if reorientation can lower the overall site energy.  

Each Monte Carlo step represents a randomly probing the total number of lattice 

sites in the interconnect, whether or not if the step is allowed energetically. The final results 

can then be further analyzed to yield several quantitatively parameters. The grain size 

distribution is approximated by using the grain boundary intercept method and used to 

construct the grain size distribution function. The orientation and texture preference can 

also be extracted. In addition, the energy input can be modified for simulation of new 

materials or to examine the effect of specific energy components. 

 

4.4 SIMULATION RESULTS FOR COPPER INTERCONNECTS 

To verify the contributions of the overall energy components, the simulation was 

carried out by investigating the individual contribution of each energy component. First the 

contribution only from grain boundary energy on microstructure evolution was considered, 

which led to a normal grain growth behavior, as shown in Fig 4.8. From Fig 4.8a to Fig 

4.8b, we present the microstructure evolutions from 150 Monte Carlo Steps (MCS) to 300 

MCS for the 45nm interconnect. Large grains were found to grow at the expense of small 

grains with no preferential growth on specific orientation, showing that the effect of grain 

boundary and curvature minimization led to normal grain growth in the interconnect, which 

can be represented by the linear grain size distribution shown in Fig 4.8c.  
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Fig 4.8. The 45nm Cu interconnect microstructure after (a) 150 MCS (b) 300 MCS and 

(c) a linear relationship for grain size distribution demonstrate the normal 

grain growth from the contribution of grain boundary energy only.  

By considering only the contribution of surface energy, the results show that the 

(111) orientation with respect to surface normal is preferred in order to minimize the 

surface energy. In Fig 4.9a, it shows that the (111) orientation normal to the trench sidewall 

is dominant, which is equivalent to (110) orientation to the trench normal, therefore we 

observed the (110) orientation dominant at the trench sidewall. As for Fig 4.9b, the (111) 
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orientation normal to the trench bottom is observed. Fig 4.9b also demonstrate that the 

interior grains did not show a preference of grain orientation as the surface energy only 

affect the grains near the surface. Finally by considering the contribution of strain energy 

only, the microstructure evolution change from a random orientation to an (100) dominant 

orientation in about 16 MCS, as shown in Fig 4.10, due to the high elastic anisotropy of 

Copper with the (100) orientation possess the lowest elastic modulus. 

 

 

Fig 4.9. The microstructure of 45nm Cu only account for surface energy after 50 MCS 

with (a) full interconnect shows sidewall (111) dominant and (b) cross 

section view of interconnect reveals trench bottom (111) dominant for 

surface energy minimization in the interconnect.  
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Fig 4.10. The microstructure evolution of 45nm Cu interconnect with increasing time step 

of (a) 0 MCS (b) 8MCS (c) 16MCS shows lowest elastic modulus of (100) 

orientation dominant when only consider strain energy minimization. 

By including all the energy contributions, the simulation model yields results in 

good agreement with thermodynamics and experimental results. However, the simulation 

results indicate that the initial value of 1.8 J/m2 may not be correct, as this value does not 

demonstrate the abnormal grain growth phenomenon that was observed in experimental 

results. This can be seen in Fig 4.11a where the simulation result of a 40nm Cu interconnect 

orientation map using an interface energy of 1.8 J/m2 seems to have a very large abnormal 

grain with (110) orientation normal to trench bottom. However, by closely examining the 

grain map in Fig 4.11b, which represent each grain with different color, it did not reveal 

the abnormal grain growth with small grains pinning at the trench bottom; instead, it shows 

some large grain growing at the trench bottom to minimize interface energy. This is 

because the value of 1.81 J/m2 is based on a broken bond model for FCC materials, which 
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is only a rough estimate of the excess free energy of the interface. For Cu line in a 

damascene structure, since it has a good lattice match with the PVD Ta diffusion barrier 

[127], it is reasonable to have an interface energy between Cu and the Ta diffusion barrier 

less than 1.8 J/m2. 

 

 

Fig 4.11. The cross section view of (a) orientation map of 40nm Cu interconnect using 

the value of 1.8 J/m2 interface energy and (b) grain map of 40nm Cu 

interconnect. The result is not consistent with the orientation map observed 

in experimental results. 

Since an interface energy between Cu and Ta has not been reported in the literature, 

several interface energies were used in the simulation model and the simulated grain size 

distribution was plotted in Fig 4.12, where x-axis is the grain size in a log scale and the y-

axis is the cumulative probability. By comparing the simulated results and experimental 

results found in literature [69], we found that an interface energy of 0.25 J/m2 would give 

the best match. 
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Fig 4.12 Simulated grain size distribution for the 40nm Cu interconnect with various 

interface energy. It reveals the interface energy of 0.25 J/m2 is closer to 

experimental results. 

To further verify the simulation model, the microstructures in a cross section of a 

45nm and a 40nm Cu interconnect using the interface energy of 0.25 J/m2 and after 500 

MCS are shown in Fig 4.13 and Fig 4.14 respectively. In these simulations, the initial lattice 

number for the 45nm Cu interconnect was 24 sites × 450 sites × 51 sites and for the 40nm 

Cu interconnect was 21 sites × 450 sites × 45 sites, with initial grain size of 5.625nm and 

5.71nm respectively. Fig 4.13(a) and Fig 4.14(a) represent the grain orientation maps from 

the simulation results, where the color code of the orientation triangle is plotted with 

respect to the trench normal direction. Since the same orientation families will have the 
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same color, the orientation map itself cannot represent the actual microstructure within the 

interconnect. Instead a grain map is plotted in Fig 4.13(b) and Fig 4.14(b) to demonstrate 

the simulated grain structure more clearly since each grain in the grain map possess a 

unique color regardless of its orientation. The simulated results are then compared with the 

orientation maps acquired from the PED results, which are plotted in Fig 4.15. Even though 

in the simulation, the initial grain orientation assignment and subsequent Monte Carlo 

switching are both random, so the simulated microstructure would vary with each run. 

However, by comparing a typical simulated grain orientation map with experiments, both 

exhibit a polycrystalline grain structure with very short or even no bamboo sections within 

the interconnects. 

In addition to examine the microstructure, the experimental and simulated 

orientation distributions are compared. In Table 4.1, we compare the simulated grain 

orientation with the inverse pole plots at trench normal directions extracted using PED for 

line width of 70nm, 45nm and 40nm. The color code for the simulated inverse pole figure 

are represented by the volume fraction for each crystal orientations after 500 MCS. It can 

be seen that the simulation results are in good agreement with the experimental results, as 

the {110} texture was both dominant at the 70nm line width, followed by the observation 

of decreasing {110} texture strength when the line width becomes narrower.  Here the 

results show that microstructure model can indeed accurately show the grain growth 

characteristic in the interconnects.  
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Fig 4.13. The cross section view of a 45nm Cu interconnect with (a) orientation map with 

respect to trench normal direction and (b) the grain map after 500MCS. 

 

Fig 4.14. The cross section view of a 40nm Cu interconnect with (a) orientation map with 

respect to trench normal direction and (b) the grain map after 500MCS.  
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Fig 4.15. Experimental grain orientation maps acquired using the PED technique where 

the orientation maps are plotted with respect to the trench width orientation 

[69]. 
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Table 4.1. The inverse pole plots acquired from experimental PED at trench normal 

direction is compared with simulated inverse pole plots at trench normal 

direction for Cu interconnect line width of 70nm, 45nm and 40nm.   

After validating the model results with the experimental PED results up to the 40nm 

line width, the simulation was then extended to project the microstructure characteristics 

of Cu interconnects for line widths of 22nm, 15nm, 11nm and 8nm to predict the scaling 

effect on microstructure evolution. The results are shown in Fig 4.16, where for each line 

width, an orientation map and grain size distribution map are plotted to show the simulated 

microstructure after annealing for further scaling of the Cu line. 
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Fig 4.16 
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Fig 4.16. The cross section view of representative Cu interconnects with line width of 

22nm, 15nm, 11nm and 8nm. The top image indicate the orientation map 

with respect to trench normal direction and bottom image indicate the grain 

map.  

 

The simulation results clearly demonstrate that the model is able to project the grain 

growth phenomenon in the Cu interconnect as the line width continues to scale down. The 

simulation results show that when the line width is reduced beyond 45nm, the grain growth 

characteristics are dominant by the interfacial energy and modulated further by the line 

geometry, resulting in a polycrystalline microstructure to replace large bamboo grains as 

reported in wider lines. This phenomenon can be seen using the grain maps in Fig 4.16 for 

each line width. As scaling yields polycrystalline structure with smaller grain size and 

almost no bamboo sections due to the dimensional modulation that impedes the grain 

growth during annealing process. To demonstrate this grain growth characteristic more 
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clearly, the grain size distribution after 500MCS for each line width is plotted in Fig 4.17. 

It can be seen that as the line width continue to scale, more and more small grains are 

presented in the interconnect. With the small grains become more dominant, the amount of 

grain boundary area will increase significantly, which may affect the line resistivity 

drastically as grain boundary scattering become more dominant. 

This simulation model after validated by the experiments, shows that the 

thermodynamic energy minimization is indeed responsible for the microstructure evolution 

to determine the grain size and orientation distribution. Especially in the geometry confined 

structure of interconnects, the local interface energy minimization become the main driving 

force for abnormal grain growth in determining the actual grain orientation normal to the 

interface. Overall, the orientation dependent grain boundary energy and elastic anisotropy 

of Copper and their effect on the grain boundary mobility are important and have to be 

carefully assess in order to simulate the abnormal grain growth and grain size distribution 

in the Cu interconnects.  
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Fig 4.17. The grain size distribution for various line width of Cu Interconnects shows 

more and more small grains are present within the lines due to the 

dimensional modulation growth characteristic. 

Even though Monte Carlo Simulation Method was unable to accurately depict the 

actual time evolution, this model can provide an approximate estimate of the annealing 

time required to reach a stable microstructure. In Fig 4.18, the average grain size evolution 

of a 22nm Cu interconnect was plotted with each increasing Monte Carlo steps. It can be 

seen that the grain size gradually increase as the Monte Carlo steps increase until about 
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100 MCS, then it reaches a plateau where the grain size did not change drastically and thus 

represents a stabilize microstructure after a certain period of annealing of the real material. 

This analysis was used to determine how many MCS is needed in the simulation for Cu 

interconnects to reach a stable microstructure as a function of line width. 

 

 

Fig 4.18. Average Grain size evolution of the 22nm Cu interconnect plotted with respect 

to each Monte Carlo steps. 

 

4.5 SIMULATION RESULTS FOR COBALT INTERCONNECTS 

The model developed for Cu interconnect microstructure simulation has 

demonstrated a capability to accurately project the grain growth characteristic in a confined 
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Cu interconnect line.  The simulation algorithm was then applied to study microstructure 

evolution of Co interconnects. 

For Co interconnects, the basic simulation algorithm remains the same as the Cu 

interconnects since the overall thermodynamic energy minimization remains the driving 

force for grain growth in the interconnects. However, since Co has Hexagonal Closed-

Packed (hcp) structure, the initial crystal orientation has to be modified from Miller indices 

(hkl) to Miller-Bravais indices (hkil) based on the hcp crystal symmetry, where 57 different 

crystal orientations were generated, with all the possible permutations to yield a total of 

632 possible crystal orientations in the 3D space. 

To account for the surface and grain boundaries energy for Co, a literature review 

was conducted to find reliable measured energy values for Co, as well as its nonlinear 

relationship between the crystal orientations and energy components. The orientation 

dependence of grain boundary energies in Co metals are shown in Fig 4.19 [128], where 

specific crystal misorientations of coincident sites display local minimum grain boundary 

energies. This chart was directly transformed into a piecewise function to calculate the 

grain boundary energy between any two grains. The calculated grain boundary energy was 

then multiplied by the grain boundary curvature based on Equation 4.4 to determine the 

grain boundary energy contribution. 

The surface energy anisotropy using different analytical method for hcp Cobalt was 

surveyed from several studies [129-131].  Similar to Copper, the hcp Cobalt did not show 

a specific relationship between surface energies and crystal orientations. However, it shows 

that (0001) orientation, which is the base plane of hcp structure, generally has the lowest 

surface energy. The surface energy value calculated by Zhang et. al [129] and Luo et. al 

[131] are incorporated into the present simulation algorithm to estimate the 

surface/interface energy contribution. The surface energy values are further normalized 
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with respect to the (0001) orientation, then multiplied by a surface energy factor for easier 

adjustment of energies in simulation. The surface energy of 2.5 J/m2 was first used as the 

Co free surface energy which was deduced based on a broken bond model. 

 

 

Fig 4.19. The hcp Co grain boundary energy as a function of misorientation between two 

adjacent crystals obtained by using Disclination-Structural Unit Model 

[128].   

The strain energy contribution was included in the Cobalt simulation. Again, we 

assume the strain energy comes only from the CTE mismatch between the Co metals and 

the Si substrate during thermal processing. The effective elastic modulus for different 

crystal orientation 𝐸ℎ𝑘𝑙 in a hexagonal system can be described as  

 
1

𝐸ℎ𝑘𝑙
= (1 − 𝑙3

2)𝑠11 + 𝑙3
4𝑠33 + 𝑙3

2(1 − 𝑙3
2)(2𝑠13 + 𝑠44) 

                                                                             (4.7) 
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where 𝑙3 represent the direction cosine of (hkl) plane. The compliance constants for Co 

are s11 = 4.99×10-12 Pa-1, s13 = -0.87×10-12 Pa-1, s33 = 3.56×10-12 Pa-1 and s44 = 14.08×10-12 

Pa-1 [132]. By accounting for the elastic anisotropy of hcp Co, we are able to include the 

strain energy contribution to the simulation algorithm as well.  

To address the actual interface energy between Cobalt and the diffusion barrier, the 

26nm Co interconnect with several different interfacial energy factors were considered in 

the simulation, as used in the Cu study. The grain size distribution of 26nm Co lines is 

plotted in Fig 4.20, along with the grain size distribution extracted from the PED 

measurements. The results clearly show that by using the value of 2.5 J/m2 as interface 

energy, the simulated grain size distribution did not match the experimental results very 

well where the average grain size is larger than the experimental value. This can be attribute 

to the fact that 2.5J/m2 is the free surface energy for Co metal, not the actual interface 

between metal and diffusion barrier. Instead, by looking at Fig 4.20, it can be determined 

that an interface energy of 0.5 J/m2 has the best match between simulation and experimental 

observed grain distributions. Therefore, the value of 0.5 J/m2 was used in the Co 

interconnect simulation algorithm. 

In addition to grain size distribution, the inverse pole figure of the simulated 26nm 

Co interconnect at the trench normal direction using 0.5 J/m2 as the interface energy was 

plotted and compared with experimental results in Table 4.2. The results show that the 

simulated orientation distribution is in good agreement with the experimental results, as 

the orientation distribution are showing up between (101̅0) and (21̅1̅0) planes. This 

further validates the Cobalt simulation model to be used to simulate the microstructure 

evolution in scaling the Co interconnects. 

Therefore, the simulation model for Cobalt was then extended to project the 

microstructure characteristics of Co interconnects for line widths of 22nm, 15nm, 11nm 
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and 8nm to predict the scaling effect on microstructure evolution. The result grain map is 

shown in Fig 4.21 and grain size distribution is shown in Fig 4.22. It can be seen that the 

simulated grain size distribution also demonstrate some abnormal grain growth at high end, 

which further validate the model as a continuation from the TEM precession result. 

 

 

Fig 4.20. Simulated and experimental grain size distribution for 26nm Co Interconnects 

with various interface energy factor. The result shows that 0.5 J/m2 interface 

energy yield the best match. 
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Table 4.2. The inverse pole plots acquired from experimental PED at trench normal 

direction is compared with simulated inverse pole plots at trench normal 

direction for Co interconnect with line width of 26nm. 
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Fig 4.21. The simulated cross section view of representative Co interconnect grain maps 

with line width of 22nm, 15nm, 11nm and 8nm.  
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Fig 4.22. The simulated grain size distribution for Co interconnect with line width of 

22nm, 15nm, 11nm and 8nm. The simulated results also show an abnormal 

grain growth at high end, indicating the effect of strain energy still affecting 

the texture evolution in Co interconnect. 
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Chapter 5: Scaling Effect on Resistivity and Electromigration of Cu and 

Co Interconnects 

5.1 INTRODUCTION 

In Chapter 4, we demonstrated that the simulation model for Cu and Co can 

accurately reproduce the grain growth characteristics consistent with the experimental 

results. In this chapter, the simulation results for Cu and Co interconnects are used to 

investigate the scaling effects on line resistivity and electromigration induced failure, 

where microstructure evolution in nanoscale interconnects may have significant impact.   

Here the simulated results for Cu and Co line with line width beyond 22 nm will be used 

to predict the reliability issues at future technology nodes and hope that this study may 

provide us some insight for solving the reliability issues at future technology nodes. 

  

5.2 SCALING EFFECT ON RESISTIVITY OF CU AND CO INTERCONNECTS  

The size effect on electrical resistivity corresponding to an increase in the resistivity 

of metal conductor over the bulk resistivity has been extensively discussed, especially 

when it is expected to have significant impacts on deeply scaled nano-interconnects for 

advanced technology nodes [17, 21, 22, 28]. The significant increase of line resistivity is 

attributed to increasing electron scattering at surface when line geometric dimension is 

smaller than the electron mean free path λ. In addition, small grain size found in nano-scale 

interconnects will increase the contribution of grain boundary scattering. The theoretical 

description of the scattering mechanisms can best be expressed by models developed by 

Fuchs, Sondheimer (the FS model) [62-63] and Mayadas and Shatzkes (the MS model) 

[64-65]. Together such models show that the total electrical resistivity for interconnects to 

be 
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ρ = 𝜌0 + 𝜌𝑠 + 𝜌𝑔𝑏 

                                                                             (5.1) 

where 𝜌0 is the bulk resistivity, 𝜌𝑠 is the contribution from surface scattering based on 

Fuchs-Sondheimer (FS) model and 𝜌𝑔𝑏 is the contribution from grain boundary scattering 

based on Mayadas-Shatzkes (MS) model. For bulk resistivity𝜌0, the main contribution to 

𝜌0 at room temperature is the electron scattering with thermal phonons and 𝜌0 increase 

linearly with temperature T. This is the bulk resistivity that we observed when the feature 

size and grain size are relatively large comparing to the electron mean free path. 

As for contribution from surface scattering 𝜌𝑠, based on the FS model, it can be 

represented as  

 

𝜌𝑠 =
3

8
𝜌0𝜆(

1

𝑤
+

1

ℎ
)(1 − 𝑝) 

                                                                             (5.2) 

where w and h are the width and height of the interconnect respectively. Most importantly, 

to accounted for the size effect by including the scattering event at surface/interface of the 

interconnects, both authors assumed that the electron will be specularity reflected at the 

interface or scattered diffusively depending on the empirical specularity parameter p. This 

specularity coefficient p can vary from 0 for inelastic scattering to 1 for elastic scattering. 

The contribution from grain boundary scattering 𝜌𝑔𝑏 is based on the MS model 

and can be expressed as 

 

𝜌𝑔𝑏 = 𝜌0 [1 −
3

2
𝛼 + 3𝛼2 − 3𝛼3 ln(1 +

1

𝛼
)]

−1

− 𝜌0 

                                                                             (5.3) 
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where α is defined as  

  

α =
𝜆

𝑑
 

𝑅

1 − 𝑅
 

                                                                             (5.4) 

and R is the parameter introduced by Mayadas and Shatzkes to account for the scattering 

probability (also range from 0 to 1) at grain boundaries that can also be understood as an 

empirical reflectivity. Here d represents the average grain size in the interconnect and λ is 

the electron mean free path.  

By applying Equation. 5.2, Equation 5.3 and Equation 5.4 back to Equation 5.1, it 

can readily be seen that the total resistivity is directly dependent on the line geometry w h 

and average grain size d. In general, the resistivity depends on the surface scattering 

correlating to the interconnect dimension and grain boundary scattering correlating to the 

grain structure, particularly the grain size. This provides a theoretical framework to 

investigate the scaling effect on resistivity based on the structural parameters of w, h, p, R 

and d. We can extract the value of w and h from simulation model by setting the 

interconnect dimensions and use simulated microstructures to calculate the average grain 

size d. As for p and R, because these two are empirical value based on experimental results, 

we can survey through the literature to find the most suitable value for p and R for Cu and 

Co interconnects.  

One advantage for using the simulated microstructure to calculate the average grain 

size d is that this allows us to predict the resistivity more accurately. So far, the average 

grain size used in several previous studies was obtained by fitting to experimental results. 

For example, the study by Pyzyna et. al.[22] estimated the average grain size G in Cu 

interconnect as a function of cross section A. Based on the acquired experimental resistivity 
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data, the author introduced a fitted geometric factor g so that 𝐺 = 𝑔√𝐴. However, the grain 

size G was obtained by fitting to limited experimental data. In this study, the scaling effect 

on the average grain size is determined from microstructure simulation studies, which 

provide a more accurate prediction on the grain size variation to calculate the line resistivity 

for future technology nodes. 

To project the resistivity scaling for narrow interconnect line width, first a survey 

through the literature was done to find the interface scattering parameter p and grain 

boundary reflectivity R. The value for p was found to be 0 for both Cu and Co, suggesting 

a total diffuse scattering at the interface for narrow line widths. R was found to be 0.25 for 

Cu and 0.3 for Co [133]. For this study, we assumed the interconnect with an aspect ratio 

of 2.2:1, which is consistent with the projection of ITRS roadmap for advanced technology 

node [2]. A barrier layer of thickness t covering both trench sidewalls and bottom is used, 

which will affect the conductor cross-section area with the width of 𝑤 − 2𝑡 and height 

ℎ − 𝑡. We used a diffusion barrier thickness of t = 3nm for Cu and t = 1nm for Co as 

reported [56]. The bulk resistivity for Cu is 1.68 μΩ-cm and Co is 5.6 μΩ-cm. The electron 

mean free path λ for Cu is 39nm and 19.5nm for Co. Finally, the average grain sizes 

extracted from the simulation result were used in Equation 5.4 to predict the size effect of 

resistivity for Cu and Co interconnects. 

The results are shown in Fig 5.1 and Fig 5.2 for Cu and Co respectively. The 

experimental data collected by C. K. Hu et al.[23] were also plotted in Fig 5.1 and Fig 5.2 

to compare with the results of Cu and Co resistivity calculated based on microstructure 

simulation, where the green/blue circles represent the collected data and green/blue curves 

represent the fitted data based on experimental measurements.  It can be seen that the 

resistivity data calculated using the average grain size from simulation fit quite well with 
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the resistivity data for both Cu and Co interconnects, indicating that the model can indeed 

be used to predict the line resistivity for future technology generations. 

To further investigate the scaling effect on the line resistivity, the Cu and Co line 

resistivity is plotted as a function of line width as shown in Fig 5.3. It can be seen that as 

scaling continues on the line width, the increase of line resistivity for Co is less severe than 

Cu. This may be attributed to the larger grain size for Co than Cu, reducing the contribution 

from grain boundary scattering for Co interconnects. Interestingly, Fig 5.3 shows a 

crossover of the Cu and Co resistivity at ~8 nm line width, thereafter Co will have an 

advantage of lower resistivity over Cu as scaling continues. This result is also consistent 

with what had been reported by Griggio et al. [145] that Co will have a better performance 

when interconnect cross-section is smaller than 100nm2.  

 It is worth nothing that in this work, the projected size effect on interconnect 

resistivity beyond 22nm line width is based on the widely used classical FS-MS model. In 

this model, the electron specularity parameter p and grain boundary reflectivity R are 

determined by fitting to the experimental data with assumptions used in the FS-MS model. 

For example, in FS model it is often assumed that all the surfaces within the interconnect 

will have the same specularity value p; while in MS model, it is assumed that all the grain 

boundaries possess the same reflectivity R. In addition, the presence of interface scattering 

and grain boundary scattering are independent and do not interfere with each other. The 

validity of these assumptions in the FS-MS model had been questioned recently when the 

interconnect dimensions being scaled down to the size that are close or smaller than the 

intrinsic electron mean free path λ (39nm for Cu at 300k). A study by Choi et al. [146] had 

shown that the resistivity prediction on W thin films using classical FS-MS model deviated 

systematically from the experimental data when film thickness decreasing from 310nm to 

10nm. This is because the description of FS-MS model is depending on the solution of 
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Boltzmann Transport Equation, which consider electron states as plane waves. However, 

when the thickness of thin film, or the width of the interconnect approaches 10nm, the 

dimension is about one order of magnitude larger than electronic Fermi wave length in Cu, 

where the quantum effect is expected to dominate the electron transport. Recently, the 

quantum description of charge transport had become an area of interest for accurate 

prediction of size effect on interconnect resistivity.  

A recent review by Munoz and Arenas [147] showed that the authors had developed 

a new model to address the effect of electron scattering at interfaces and grain boundaries 

based on quantum mechanics descriptions. Even though this model still have some 

limitation on addressing the effect of texture to grain boundary scattering, the quantum 

model did provide a good estimation on the resistivity of metal nanowires with a 

rectangular cross section. The results of this study showed that the quantum mechanics 

description of electron scaling at scales smaller than the electron mean free path λ seems 

to be essential for developing a more accurate model for predicting the size effect on 

interconnect resistivity. 

In this study, the scaling effect on the resistivity of Cu and Co interconnects was 

not based on quantum mechanics, which appears to be important in treating the electron 

scattering processes responsible for increasing the resistivity at the nanoscale. Such a study 

is proposed as future research in Chapter 6.  
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Fig 5.1. The size effect of Cu resistivity with respect to the cross section area using the 

simulated average grain size. The results are compared with the 

experimental data collected by C.K Hu et al. [23] 
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Fig 5.2. The size effect of Co resistivity with respect to the cross section area using the 

simulated average grain size. The results are compared with the 

experimental data collected by C.K Hu et al. [23] 
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Fig 5.3. The line resistivity of Cu and Co as a function of line width. The calculated value 

and fitted curve shows the crossover between Cu and Co when line width is 

smaller than 8nm. 

 

5.3 SCALING EFFECT ON MICROSTRUCTURE AND IMPLICATION ON 

ELECTROMIGRATION RELIABILITY OF CU AND CO INTERCONNECTS  

The microstructure of interconnects also plays an important role to affect 

electromigration (EM) reliability. Electromigration is a diffusion phenomenon where the 

moving electrons transfer the momentum onto metal ions to induce atomic diffusion that 

can lead to void formation at the cathode end and extrusion at the anode end to fail the 

interconnect [134-135]. The atomic flux J driven by the electron flow can be expressed as 

𝐽 = n𝑣𝑑, where n is the atomic density and 𝑣𝑑 is the drift velocity of the moving ions. The 

drift velocity can be expressed as: 
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𝑣𝑑 = (𝐷𝑒𝑓𝑓𝑍𝑒𝑓𝑓
∗ /𝑘𝑇)𝑒𝜌𝑗 

                                                                             (5.5) 

where Deff is the effective diffusivity of the metal ions, Zeff
* is the effective charge, k is the 

Boltzmann constant, T is the absolute temperature, e is the electron charge, ρ is the metal 

resistivity and j is the current density. Under EM, Cu atoms diffuse from the cathode to the 

anode following the direction of electron flow. As a result, the depletion of atoms at 

cathode end and accumulation of atoms at anode end can generate a back stress gradient to  

push the atoms to move backward towards the cathode to counteract the electron wind 

force. Considering these two opposite driving forces, the net drift velocity can be expressed 

as: 

 

𝑣𝑑 =
𝐷𝑒𝑓𝑓

𝑘𝑇
(𝑍𝑒𝑓𝑓

∗ 𝑒𝜌𝑗 − Ω
𝑑𝜎

𝑑𝑥
) 

                                                                                    (5.6) 

where Ω is the atomic volume and dσ/dx is the back stress gradient within the conductor. 

By examining Equation 5.6, we can see that the drift velocity 𝑣𝑑 is dependent on current 

density j, which will continue to increase as line width continue to scale based on the ITRS 

roadmap [2]. The relationship between the interconnect microstructure and the EM mass 

transport can also be established from Equation 5.6, as the effective diffusivity 𝐷𝑒𝑓𝑓 along 

several diffusion pathways in Cu interconnect will contribute to the drift velocity. In Cu 

damascene structure, EM transport atoms through two fastest diffusion paths, the Cu/SiCN 

cap layer interface and grain boundaries since they have the lowest diffusion activation 

energies. Those energies had been measured for Cu interconnects with 0.7-0.95 eV for 

grain boundary [136-137] and 0.8-1.1 eV for the Cu/SiCN interface [138-140]. Both are 
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significantly lower than the 2.2 eV of bulk diffusion [141]. Accordingly, the parameter 

𝐷𝑒𝑓𝑓𝑍𝑒𝑓𝑓
∗  can be expressed as: 

 

𝐷𝑒𝑓𝑓𝑍𝑒𝑓𝑓
∗ = (1 − 𝑓𝑐)

𝛿𝑖

ℎ
𝐷𝑖𝑍𝑖

∗ + 𝑓𝑐

𝛿𝑔𝑏𝑓

𝑑
𝐷𝑔𝑏𝑍𝑔𝑏

∗  

                                                                             (5.7) 

where the subscription i and gb represents the diffusion pathways as the Cu/SiCN cap 

interface and grain boundary respectively. δ is the width of interface or the grain boundary, 

d is the mean grain size and h is the line thickness. The parameter 𝑓𝑐 is the average length 

fraction for the cluster segment (the segment composed of polycrystalline grains), which 

represents the relative contribution from grain boundary and interface diffusion to the 

overall drift velocity for Cu interconnect. The parameter f is a geometrical factor defined 

by the average orientation of the grain boundaries relative to the current flow. If a grain 

boundary is aligned perpendicular to the current flow, the component of momentum 

transfer to the Cu atoms from the electron along the grain boundary path will be zero. 

However, if the grain boundary is aligned in the direction of current flow, the momentum 

transfer along the grain boundary is maximized. Therefore, with a smaller grain size, more 

grain boundaries will be aligned with the current flow, so the value of f/d will be larger 

than the bamboo structure and contribute more to the mass transport [142]. 

 A simple model to predict EM lifetime degradation has been proposed by Hu et al. 

[143] as: 

τ =
Δ𝐿𝑐𝑟

𝑣𝑑
 

                                                                             (5.8) 
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where τ is the EM lifetime, Δ𝐿𝑐𝑟 is the critical void length for the line to fail under EM 

and 𝑣𝑑 is the drift velocity. To consider for the grain boundary diffusion and the Cu/SiCN 

interface diffusion on EM mass transport, Equation 5.8 can be written as [142]: 

 

τ =
Δ𝐿𝑐𝑟ℎ𝑘𝑇

𝑍𝑖
∗𝐷𝑖𝛿𝑖𝑒𝜌𝑗(1 + 𝑓𝑔ℎ 𝑑)⁄

 

                                                                              (5.9) 

where g = 𝑍𝑔𝑏
∗ 𝐷𝑔𝑏𝛿𝑔𝑏 𝑍𝑖

∗𝐷𝑖𝛿𝑖⁄ , which is the ratio of the mass transport via grain 

boundaries vs. the capping layer interface. Therefore, we can also correlate the EM lifetime 

to the scaling effect on the microstructure of Cu interconnects. For large bamboo structure 

as observed in the wider lines, the grain size d is close to trench height h. For such grains, 

the geometric parameter will also be smaller than 1 as most of the boundaries are 

perpendicular to the current flow. In this case, the grain structure provides little 

contribution to EM lifetime. As the line width continue to scale to sub-100nm, the 

emergence of small grains will increase the microstructure effect to EM lifetime as the 

grain size are smaller than the line height with more boundaries being aligned with the 

current flow and subjected to the EM driving force. Therefore, the grain boundary 

contribution can be substantial in narrow interconnects. 

To further evaluate the effect of microstructure on EM failure, the classical 

microstructural-based statistic model developed by Korhonen et al.[144] is used. In the 

model, the grain structure of the interconnect is analyzed as a series of poly-grain clusters 

and single-grain bamboo segments, as shown in Fig 5.4. For poly-grain clusters segments, 

the EM mass transport is mainly through grain boundary diffusion while in bamboo 

structure the interface diffusion is dominant. The model indicates that the failure 

mechanism is strongly dependent on the matching of the cluster length L to the critical 
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cluster length Lc. If the length of the poly-grain cluster L is longer than a critical cluster 

length Lc, the grain boundary diffusion can create a rapid void formation to reach the 

critical size Vc for line failure. But if L is shorter than Lc, than the grain boundary diffusion 

itself in the cluster is not sufficient to provide the void growth for line failure. In this case, 

the adjacent bamboo structure will provide additional diffusion path through the interface 

between Cu and capping layer. Therefore, the void volume created by the atomic diffusion 

in both clusters and bamboo structure can be calculated. Since the void formation is a 

diffusion controlled process, the time for void volume to reach the critical size will depend 

on not only the cluster length L but also the effective diffusivity Dc in cluster structure and 

Db in bamboo structure. By understanding the microstructure within the interconnect, we 

will be able to use them to predict the EM failure lifetime. 

 

 

Fig 5.4. The color-coded grain map of the interconnect shows the microstructure consisting  

of segments of poly-grain clusters and bamboo grains connected in series. 

Since the clusters length L is critical to the EM lifetime, the statistical cluster length 

distributions for Cu and Co interconnects with line width beyond 22nm were analyzed. 

Using the grain map extracted from the simulation model as shown in Chapter 4, the cluster 

length distribution results are plotted in Fig 5.5 for Cu interconnects and Fig 5.6 for Co 

interconnects. In general, both Cu and Co follows a lognormal distribution, with the solid 

lines in Fig 5.5 and Fig 5.6 representing the lognormal fitting curve. The result for Cu 

interconnects shows that as the line width continues to scale, the cluster length also 
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decreases, with a mean cluster length for 22nm line of 0.189μm, 0.142μm for 15nm line, 

0.83μm for 11nm line and 0.83μm for 8nm line. This indicates that the critical void size Vc 

responsible for line failure is expected to decrease with the scaling line width by reducing 

the critical cluster length Lc. If we assume that the critical void size is same as the line 

width, the critical cluster length is estimated to be 5.74μm for 22nm line, 4.74μm for 15nm 

line, 4.06μm for 11nm line and 3.46μm for 8nm line. Even though the distribution shows 

the cluster length decreases upon scaling, the decrease in critical cluster length Lc would 

imply the increasing importance of grain boundary diffusion to EM mass transport that 

eventually dominates the line failure. 

 

 

Fig 5.5. Cluster length distribution for simulated Cu interconnects with line width beyond 

22nm. The solid lines represent lognormal curve fitting. 
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The cluster length distribution in Co interconnect exhibit a similar behavior as Cu. 

The cluster length in Co interconnect also decreases with line width scaling, where the 

mean cluster length for 22nm Co line is 0.09μm, 0.067μm for 15nm Co line, 0.052μm for 

11nm Co line and 0.031μm for 8nm Co line. Since the EM lifetime is not only dependent 

on the cluster length, but also various parameters such as the effective diffusion coefficient 

Dc in clusters and Db in bamboo structure. And because Cu and Co may use different 

integration schemes that involve different capping layer, the effective diffusion coefficient 

may varies between two materials. Therefore, it is not realistic to compare the EM lifetime 

between Cu and Co solely based on the cluster length distribution. 

 

 

Fig 5.6. Cluster length distribution for simulated Co interconnects with line width beyond 

22nm. The solid lines represent lognormal curve fitting. 
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Chapter 6: Summary and Future Work 

In this work, we investigate the effect of scaling down interconnect dimensions on 

the microstructure characteristics of Cu and Co interconnects. By using the high-resolution 

TEM based orientation mapping technique, the Cu interconnects with 22nm line width 

exhibit a strong {111} texture in the line length direction, which is consistent with previous 

microstructure studies observed for nanoscale Cu interconnects. For wide Cu line widths, 

the dominant growth of the (111) grains which have the lowest grain boundary energy was 

observed from the trench bottom, a process controlled by the interface energy. As scaling 

reduced the linewidth to 120 nm, the growth of the (111) grains began to shift to the trench 

sidewalls, reflecting the change in the aspect ratio but still interface energy controlled. With 

further scaling to the 45 nm linewidth, the growth of (111) grains shifted again to along the 

trench length direction, a trend which continued to the 22 nm linewidth with the appearance 

of more small grain aggregates, indicating further dominance of the interface energy in 

comparison to the strain energy due to the increasing surface to volume ratios. 

Observations using the TEM assisted PED technique on Co interconnect with line 

width of 220nm and 26nm line width provided a different picture on microstructure scaling 

between Co and Cu. Co interconnects, where a {0001} texture switch from trench normal 

to trench width was observed when scaling down from 220nm to 26nm. This indicates an 

interface energy controlled growth during the first annealing process to minimize the 

sidewall interfacial energy. In contrast to Cu interconnect at line width of 22nm, the Co 

interconnects did not show a switch from the trench width direction to the trench length 

direction with scaling up to 26nm line width. The result suggested that at narrower line 

width, the microstructure for Co interconnects is less dominant by the interfacial energy, 

whereas the strain energy may still play a role contributing to the texture evolution of Co 

interconnect at narrower line width. The reason can be attribute to the high elastic modulus 
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of Co than Cu, therefore during the second annealing process at 400C, the strain energy 

effect for Co is larger than in Cu. The orientation mapping of 26nm Co interconnect also 

showed more large abnormal grains in the Co interconnects due to the effect of strain 

energy.  

The TEM study was used to extrapolate the microstructures to narrower line width 

using the Monte Carlo simulation. The grain growth model was formulated based on local 

energy minimization, taking into account the orientation-dependent grain boundary, strain, 

and interface energies with the objective to project the effect of scaling and material 

properties on grain growth for future technology nodes. The model was validated by the 

experimental results for both Cu and Co interconnect. The simulation results were then 

extracted for line width of 22nm, 15nm, 11nm and 8nm in order to extrapolate the 

microstructure data for future technology nodes. 

The results of the microstructure database obtained by simulation enable us to 

investigate the scaling effect of microstructure on interconnect reliability issues such as 

interconnect resistivity and implications on electromigration. The correlation between 

microstructure and line resistivity was derived using the classical FS-MS resistivity model, 

taking into account the increase in resistivity due to electron scattering at grain boundaries 

and interfaces. The resistivity results based on the simulated microstructure showed that 

the resistivity cross-over between Cu and Co interconnect at line width is smaller than 8nm, 

demonstrating the advantage of using Co as the conductor for future technology nodes. The 

effect of scaling to electromigration was investigated by evaluating the poly-grain cluster 

length distribution in Cu and Co interconnects. The results indicated the increasing 

dominance of grain boundary diffusion that contribute to EM failure when line width 

continue to decrease.  
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Finally, Ruthenium has been suggested as another material that can replace Cu as 

conductor at BEOL [58]. However, how the microstructure evolution in Ru interconnect 

and thus its effects on the line resistivity and electromigration remain unclear. The Monte 

Carlo simulation model developed in this work can be applied to the Ru case to project its 

potential as a nanoscale metallization for future technology generations. In addition, there 

are some serious limitations of the semi-classical FS-MS model in predicting the scaling 

effect on resistivity when the line width is close to the intrinsic electron mean free path λ. 

Recent development in applying quantum mechanics to describe the electron transport and 

the scattering effect for nano-interconnect would be required.    
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