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Through-silicon vias (TSVs) enable full three-dimensional integration by 

providing high-density vertical interconnections, improving device bandwidth and power 

consumption. However, TSVs pose reliability risks due to the thermal stresses induced by 

the thermal expansion coefficient mismatch between silicon and copper, which causes 

thermal stress buildup and TSV extrusion to degrade device reliability and performance. 

It has been proposed that optimal post-plating annealing or downscaling TSVs could 

mitigate deleterious effects for TSVs. While results show some reductions in the average 

extrusion, the worst cases and statistical spread are not improved.  This work investigates 

the scaling and microstructure effects on stress and extrusion statistics of TSVs to assess 

reliability risks for future 3D technology with continued TSV downscaling. The basic 

mechanisms of the extrusion phenomenon and its correlation to the copper 

microstructural characteristics are examined in order to trace the root cause of the high 

statistical spreads in the extrusion results. 

Experimental results first establish the characterization of the TSV samples and 

demonstrate that neither annealing nor downscaling can fully resolve the reliability 

threats, as further annealing perpetuates abnormal grain growth to increase the TSV 

extrusion heights and statistical spreads. Extrusion is shown to be statistical in nature, 
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depending on the microstructure and elastic anisotropy of copper, and is not improved by 

scaling. Synchrotron x-ray microdiffraction is used to measure the local plasticity of 

individual copper grains and the results were consistent with the extrusion characteristics, 

confirming the local plasticity mechanism of extrusion.  This directly correlates the 

extrusion profile to the plasticity in the copper grains, where the statistical spread 

increases with downscaling. Thermomechanical models validate the non-uniform effect 

of the grain structure on the stress and extrusion behavior. Additionally, a microstructure 

simulation was carried out, which accounted for the orientation-dependence of the 

surface, grain boundary, and strain energies. The results, which confirm the statistical 

scatter observed in the microstructure and extrusion, indicate that elastic anisotropy 

drives microstructure evolution, causing the bimodal grain distribution upon annealing. 

The simulation, having been experimentally validated, is further used to assess the 

scaling effect on copper TSV reliability and the use of alternative materials to improve 

reliability. 
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Chapter 1: Introduction to Through-Silicon Via Technologies and 

Dissertation Objectives 

Although integrated circuits (ICs) initially revolutionized the computing and 

technology industries through personal computers, advanced computing, and smart 

phones, the technology has become mature and further advancement has slowed [1]-[2].  

However, disruptive solutions, such as through-silicon vias (TSVs) for full 3D 

integration, offer new methods for improving IC performance.  

1.1 BACKGROUND AND MOTIVATION: THROUGH-SILICON VIA INTEGRATION 

1.1.1 Advantages of 3D Integration 

3D integrated circuits (3D ICs) incorporating TSVs, offer many advantages for 

improving device performance and allow for heterogeneous integration schemes, 

meaning that separately manufactured components can be integrated on a substrate for 

improved functionality. As shown in Figure 1.1, TSVs are implemented for chip stacking 

and in interposers, enabling novel system architectures. 3D ICs allow for shorter 

pathways between active devices, resulting in reduced noise and signal loss over the 

limiting two dimensional geometry of traditional chips, where interconnect length 

necessarily increases with each technological node. The benefits of 3D ICs include 

improved wiring density, I/O bandwidth, package form factor and power consumption 

[3]-[4]. Some semiconductor technologies, such as system in package (SiP) or silicon 

interposer schemes have been termed ‘2.5D ICs,’ as they use advanced packaging and 

novel architectures, while true 3D ICs require TSVs for direct die stacking with vertical 

interconnections. Early analytical studies demonstrate that the inclusion of TSVs would 

have a significant impact in improving the interconnect delay and power dissipation, as 

well as in reducing the required chip area [5]-[6], but TSVs must also demonstrate cost 
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effectiveness, functionality, and reasonable reliability before being fully integrated into 

various applications. To date, 3D ICs integrated with TSVs have demonstrated 

advantages for power consumption, noise reduction, augmented density, improved 

performance, and extended functionality, but require further process development and 

reliability risk mitigation before being widely adopted in manufactured products [7]-[8]. 

 

 

Figure 1.1. Schematic for a 3D integrated test structure, with examples of stacked die and 

an interposer, courtesy of Amkor Technology. 

1.1.2 TSV Fabrication 

 TSV dimensions, which are on the order of microns for the diameter and tens of 

microns for the depth, are much larger than most interconnect dimensions in the back end 

of the line (BEOL), and the TSV aspect ratios are typically much higher. Thus, in 

addition to being embedded into the silicon wafer, the fabrication, including the etching 

and formation of TSVs, introduces many technical challenges within the logistical 

constraints of process time, cost, and throughput. Manufacturing processes investigated 

for TSV fabrication have been classified as via first, via middle, and via last, where the 

distinction between these is the order of TSV fabrication, relative to the front end of the 

line (FEOL) and BEOL structures [9]-[10]. As shown in Figure 1.2, in the via first 
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process, the TSV precedes both the FEOL and the BEOL patterning, while the via middle 

process occurs between the FEOL and BEOL patterning. It follows that in the via last 

process, the TSV is fabricated after formation of both FEOL and BEOL structures, and 

can be added from the front side or the back side of the silicon chip. At present, the via 

middle process is the preferred method for achieving the highest TSV density and 

relatively low via resistance [10]-[12].  

 

 

Figure 1.2. Layouts resulting from the via first (left) and the via middle (right) fabrication 

processes. In the via first, the FEOL covers the TSV, but in the via middle, 

the TSV reaches the BEOL [9]. 

In all cases, the TSVs must be fabricated through deep silicon etching and high 

aspect ratio seed layer deposition and electroplating with good dimensional control, 

followed by annealing and polishing processes optimized for uniformity.  For the high 

aspect ratio silicon etch with near-vertical sidewalls, deep reactive ion etching (DRIE) 

using the Bosch process is required. The Bosch process offers a high etch rate with good 
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selectivity through alternating isotropic etching steps with passivation steps, which create 

a temporary etch stop and allow for highly anisotropic etching [13]-[16]. Processing 

defects such as scalloping or undercut can be minimized through process optimization, as 

shown in Figure 1.3 where an increased number of shorter Bosch cycles reduced 

scalloping.   

 

 

Figure 1.3. Schematic of the Bosch process, where silicon is etched and polymer is 

deposited in alternating steps.  Fewer, longer steps results in larger scallops 

[10]. 

After depositing a dielectric insulator, TSV fabrication occurs by first depositing a 

barrier layer, like Ti/TiN, both for preventing copper diffusion and for improving the 

adhesion of the subsequent copper seed layer. The TSVs are then fully filled through 

electroplating, a process which requires specific additives to achieve a high aspect ratio, 

void-free fill and that minimizes resistivity while enhancing reliability. Electroplating 

additives typically include accelerators and suppressors, which accelerate copper 

deposition from the bottom of the TSV and suppress the copper film deposition on the 
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top surfaces, respectively [12]. In addition to the additives and additive ratios, the current 

density and plating time also affect the uniformity of the TSV filling and the resulting 

microstructural characteristics [17]-[18]. For example, Figure 1.4 demonstrates the effect 

of the current density on the texture of copper thin films, where a lower current density 

allows the (111) orientation to dominate, as it is preferred in high surface area to volume 

configurations. Similarly, Figure 1.5 shows the effect of the plating time on the average 

grain size at different TSV depths and indicates that a longer plating time creates larger 

grains in the top, as well as more even grain sizes through the depth of the TSV. These 

examples demonstrate that the processing parameters directly dictate the characteristics 

of the microstructure. Finely tuned plating conditions and post-plating processes are 

required for achieving the desired grain structure. In the following chapters, the 

microstructural parameters are correlated to TSV reliability and shown to be a crucial 

factor in determining the viability and the variability of a TSV fabrication process. 
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Figure 1.4. Example of the effect of electroplating current density on the texture of a 

copper thin film [17]. Higher current density appears to reduce the 

energetically favorable 111 texture. 

 

 

Figure 1.5. Example of the effect of electroplating time on the average grain size in 

different sections of the TSV [18]. 
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1.1.3 TSV Reliability Concerns 

TSVs pose unique reliability risks, primarily due to the mismatch in the 

coefficient of thermal expansion (CTE) between copper and the surrounding silicon, 

which create serious reliability challenges for 3D IC integrating TSVs. The CTE 

mismatch, about 15 ppm/°C [19], leads to a buildup of thermal stresses, which has been 

investigated for its reliability impact in a number of studies [16], [20]-[23]. The major 

mechanical reliability risks include via extrusion, voiding [24], cracking, and 

delamination [25], while the residual stresses from the thermal loading threaten the 

electrical performance by degrading the electron and hole mobilities through the 

piezoelectric effect. This leads to the use of keep out zones (KOZ) around the via where 

active devices should not be placed, reducing density and restricting chip design [26]-

[29].  

In this work, TSV extrusion is of primary interest, with the discussion focusing on 

the thermomechanical behavior.  Extrusion, as shown in Figure 1.6, is the protrusion of 

the copper from the TSV, typically occurring during annealing. Mechanisms for 

extrusion have been proposed, such as plastic deformation, interfacial and grain boundary 

sliding, and diffusional creep. The plasticity mechanism proposes that the thermal stress 

induced during high temperature annealing surpasses the yield stress such that the copper 

TSV is deformed irrecoverably when returned to room temperature [31]. The interfacial 

or grain boundary sliding mechanism proposes that as the copper grains expand with the 

thermal strain, the pressure causes the grains to interact with each other and the TSV side 

walls in such a way to force the top grains to extrude from the TSV, a mechanism that is 

strongly dependent on the grain boundary and interface characteristics [32]-[33]. Most 

other mechanisms rely on mass transport either through the lattice or along the grain 
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boundaries or interfaces, often creating voids in the TSV while contributing to the copper 

extrusion [34]-[35]. 

 

 

Figure 1.6 Scanning electron microscope (SEM) image of a TSV cross-section where 

extrusion has occurred [30]. 

It is important to note that the plasticity and grain boundary sliding mechanisms 

depend on the local mechanical properties of the individual grains because, for copper, 

these vary widely due to its high elastic anisotropy. The elastic modulus of copper differs 

by almost three times from the lowest modulus along the (100) grain orientation to the 

highest modulus along the (111) orientation, as shown in Figure 1.7. Thus, the (100) 

grain orientation strongly minimizes the strain energy. Furthermore, for FCC metals, the 

(111) orientation minimizes the surface energy, and the grain boundary energy depends 

on the number of coincidence sites between the grains. So, although in copper thin films 

the high surface to volume ratio generally demonstrates a strong preference for the (111) 



 9 

orientation, resulting in an abnormal growth of (111) grains, in the TSV case with a 

typical dimension of 10x100µm, the grain boundary and the surface energies compete 

more directly and there is often no clear orientation preference [37]. This presents an 

interesting but challenging problem to optimize the microstructure for improving the 

reliability of Cu TSVs.  

 

 

Figure 1.7 Copper elastic modulus for various crystal directions, plotted as the degree of 

rotation from a principal axis [36]. 

In the following sections, TSV reliability studies are reviewed, beginning with 

recent TSV extrusion studies and followed by studies of TSV dimensional scaling. The 

objectives of this dissertation are then stated with an outline of the following chapters. 
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1.2 TSV RELIABILITY WORK TO DATE 

1.2.1 Extrusion Statistics 

Via extrusion, in spite of its impact on TSV reliability, has proven difficult to 

control in most investigations. Even for processes that manage to reduce the average 

extrusion, the statistical spread of the extrusion values often remains high. This is still a 

significant reliability threat, as the risk is assessed by the worst case TSVs, or the TSVs 

with the highest extrusion, so the data scatter itself is a crucial parameter for assessing 

reliability. One study shows that with optimized post-plating processing, which includes 

higher temperature annealing, the extrusion scatter can be reduced [22], but it has been 

found that further annealing negates this benefit.  As demonstrated in Reference [38], the 

average extrusion continues to increase with increased thermal cycling up to 25 cycles, 

and with the increasing thermal cycles, the statistical spread of the extrusion values 

increases, as shown in Figure 1.8. The via middle fabrication processes require additional 

annealing cycles in the fabrication of the BEOL, so this apparent thermal instability in the 

extrusion represents a significant risk. Figure 1.9 shows a probability plot for the copper 

extrusion under various annealing conditions, where higher temperature annealing 

improves the average extrusion, but the data scatter is still quite high. Additionally, the 

extrusion heights exhibit bimodal distributions, meaning that the curve is not linear, as it 

would be for a normal distribution, but that there are two sections with distinct slopes, 

indicating that there may be separate contributing mechanisms. The microstructure has 

been investigated in connection to the distribution of the extrusion heights, and some 

correlation was made to the number of grains in the top of the TSV, as shown in Figure 

1.10.  However, the statistical scatter prevents the number of grains alone from 

quantifying the extrusion behavior, as the extrusion range for each microstructure class is 

still large, with the middle microstructure class spanning from 0 nm to the maximum 
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observed extrusion of 240 nm [40]. Thus, the extrusion reliability is primarily a statistical 

problem and the contributing mechanisms require further investigation. 

 

 

Figure 1.8. The TSV extrusion and statistical spread worsens with increasing high 

temperature annealing cycles [38]. 

 

 

Figure 1.9. Probability plot of copper extrusion for various annealing conditions, where 

the probability is represented as a fraction [39]. 
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Figure 1.10. Probability density plot for TSVs of various microstructures [40]. 

1.2.2 Scaling Effect on Reliability 

TSV scaling has been expected to minimize the reliability risks due to the smaller 

copper volume, but few studies have demonstrated this experimentally.  One study shows 

that at the 50th percentile of the TSV extrusion distribution, the extrusion is reduced for 

the 5x50µm TSVs over the 10x100µm TSVs, as shown in Figure 1.11, but that for the 

99.9th percentile, the extrusion values are nearly identical [22]. This would indicate that 

scaling does not improve the reliability, which depends on the worst case TSVs. 

Synchrotron x-ray microdiffraction measurements of the hydrostatic stress, shown in 

Figure 1.12b, demonstrated that, on average, the 5µm diameter TSVs had a lower 

hydrostatic stress for two separate measurements, and that the 3µm diameter TSV had a 

higher hydrostatic stress. However, along the depths of the TSVs (Figure 1.12a), the 

values fluctuate significantly due to the polycrystalline nature of the copper, and for 

different depths the 3µm diameter TSVs had both the highest values and the lowest 

values of all the TSVs [41]. This indicates that the TSV stress and extrusion do not 
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directly scale with TSV dimensions, and that the scaling effect appears to be more 

complex than simple mechanics relating to the hydrostatic stress. Further study is 

required to investigate and to understand the scaling effect on the stress and extrusion 

mechanisms. 

 

    

 

Figure 1.11. Plots indicating that extrusion is reduced by downscaling at the 50th 

percentile (top), but not at the 99.9th percentile (bottom) [22]. 
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Figure 1.12 (a) Hydrostatic stresses as a function of TSV depth and (b) mean hydrostatic 

stresses for 3µm, 5µm, and 8µm diameter TSVs [41]. 

1.3 OBJECTIVES AND OUTLINE 

The objectives of this dissertation are as follows: 

1. To investigate the extrusion behavior and thermal stability of TSVs in order to 

assess reliability risks and to delineate the effects of processing on the copper 

microstructure and the statistical distributions. 

2. To study the effects of scaling down TSV dimensions on the reliability and stress 

behavior and to determine the mechanisms of the size effect on the microstructure 

and extrusion statistics. 

3. To investigate the basic mechanisms of the extrusion phenomenon and its 

correlation to the microstructural characteristics of copper, and to investigate the 

root cause of the high statistical spreads with the ultimate goal of developing a 

general approach to improve TSV reliability for future 3D ICs. 

To accomplish the above stated objectives, this work is organized into five 

chapters. In Chapter 2, experimental results will establish the stress and extrusion 

characteristics of the TSV sample sets used in this study. One TSV sample set will be 
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used to investigate the effect of annealing and the viability of the standard post-plating 

anneals and polishing, while another sample set will be used to investigate the scaling 

effect. The stress and extrusion characteristics of TSVs are measured with wafer 

curvature, electron backscatter diffraction, nanoindentation, and atomic force 

microscopy, and the results will demonstrate that neither annealing nor downscaling 

completely solve the reliability threats. Results from the measurements demonstrate that 

even after undergoing previous high temperature anneals, further annealing increases the 

TSV extrusion heights and spread and allows the copper microstructure to continue to 

evolve. Extrusion is also shown to be statistical in nature and is not improved and may be 

exacerbated by scaling down TSV dimensions, which is shown to be correlated to the 

microstructure due to the elastic anisotropy of copper.  

In Chapter 3, the scaling effect on TSV reliability is examined with synchrotron 

x-ray micro-diffraction, focusing on the local plasticity in individual copper grains. The 

microdiffraction results, which provide a direct measure of the irrecoverable deformation 

required for via extrusion under thermal cycling, demonstrate a wide statistical spread, 

which is worsened with scaling. This is then linked to the microstructure and to the 

anisotropy of copper, which creates the statistical spread, and thermomechanical models 

validate the effect of the grain structure on the stress and extrusion behavior. In this way, 

the synchrotron results confirm an experimental correlation of TSV extrusion to 

plasticity, and thus a correlation to the copper microstructure.  Having demonstrated the 

significance of the copper microstructure, Chapter 4 further explores the stress and 

extrusion mechanisms by discussing the energetics and kinetics of grain growth. These 

are then used to carry out a microstructure evolution simulation, taking into account the 

orientation dependence of the surface, grain boundary, and strain energies for copper. 

This simulation shows that the unique TSV geometry and copper’s high elastic 
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anisotropy contribute significantly to the statistical scatter and thus to the reliability risks. 

The simulation, having been validated by experimental results, will be used to assess the 

effect of further scaling TSVs and for potential application of alternate materials.  

Chapter 5 summarizes the main contributions of this work and proposes future work for 

these topics. 
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Chapter 2:  Annealing and Scaling Effects on Microstructure Evolution 

and Extrusion Statistics 

As scaling continues with an increasing number of TSVs incorporated, the stress 

impact on reliability raises serious concerns for 3D ICs. As demonstrated in Chapter 1, it 

has been proposed that an optimal post-plating anneal process can be effective in 

mitigating negative stress effects as via size continues to decrease [21], [23], [31], but 

several experimental studies demonstrate that this is not the case. Annealing has been 

shown to reduce the average extrusion, and one study indeed shows a reduction in the 

average extrusion when the TSV dimensions decreased from 10x100µm to 5x50µm. 

However, in most cases, the maximum via extrusion, coming from the worst case TSVs, 

is not improved after annealing [22]. This indicates that via extrusion statistics, and thus 

the reliability, is not improved with post-plating processing or scaling since the maximum 

extrusions of the highest percentile, which control the BEOL reliability, remain about the 

same.   

In this chapter, the experiments performed and the results obtained from the 

extrusion reliability studies are summarized. The post-plating processing and the scaling 

effect are investigated for TSV stresses and reliability down to a TSV diameter of 2µm. 

In previous studies, one or two experimental methods were used to evaluate TSV scaling 

effects [39], [41]-[46]. In this chapter, the experimental study of TSV scaling is 

substantially expanded in order to correlate grain size and orientation measurements, as 

well as TSV stress behavior, to the via extrusion statistics. In the next chapter, this study 

is expanded to experimentally correlate the copper plasticity to its microstructure and 

reliability behavior using synchrotron x-ray microdiffraction. To date, few reliability 

investigations have suggested that the microstructure evolution that occurs during thermal 

annealing is closely correlated to the extrusion statistics under thermal cycling [31]-[32], 
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[40].  The experimental results in this chapter show the instability of the copper 

microstructure under annealing and the role of the copper anisotropy in abnormal grain 

growth, which causes the statistical spreads that threaten the extrusion reliability and that 

worsen with TSV scaling.  

The experimental methods are described first, followed by descriptions of the 

various blind TSV samples investigated here. The results are then presented with the 

study of annealing first and then the scaling effect study, followed by a summary with 

discussion of the TSV reliability. 

2.1 EXPERIMENTAL METHODS 

2.1.1 Wafer Curvature Measurement  

The wafer curvature measurement technique, also called the bending beam 

technique, was originally developed for stress characterization of thin films using 

Stoney’s equation [47]-[51], and has been extended recently for measuring the average 

stress behavior of TSVs [30], [52]. The measurement setup, shown in Figure 2.1, consists 

of a vacuum chamber sealed with a glass lid, over which a mirror is aligned with the laser 

and photodetectors such that the laser is reflected from the mirror to the sample, then 

back to the mirror, which reflects the signal to the photodetectors. The red 633nm HeNe 

laser is split into four beams to measure up to two sample beams at once, and the 

photodetectors are placed about three meters away to improve the resolution. The 

vacuum chamber is equipped with a heating plate and thermocouple and the process 

control is achieved through LabVIEW test and measurement software with a Eurotherm 

3504 and a Eurotherm EpackTM. The measurement concept relies on the angle at which 

the sample beam reflects the light and the change in position of the laser reflection with a 

thermal load in order to calculate the change in the radius of curvature of the sample 
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through basic optical geometry and the assumption that the angle θ is small. As shown in 

Figure 2.2, the radius of curvature of the sample is indicative of the bending stress. In this 

work, wafers were diced into 45x5mm strips for wafer curvature measurement and the 

measurements were performed in 90 mtorr of N2 to prevent copper oxidation. 

 

   

Figure 2.1. Experimental setup for wafer curvature measurements [53]. 
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Figure 2.2. Schematic of a bending beam force diagram, in which the radius of curvature 

is related to the bending stress [50]. 

2.1.2 Electron Backscatter Diffraction 

The electron backscatter diffraction (EBSD) data was collected with an EDAX 

system and analyzed with the TSL OIMTM Analysis 6 software.   EBSD is based on 

Kikuchi line diffraction patterns, which have long been used to analyze crystal structure 

and are based directly on the Bragg reflections [54]-[55]. The lines form bands from the 

diffraction cones as shown in Figure 2.3 where the width of the band corresponds to the 

Bragg angle and intersections of at least three bands yield a unique solution to determine 

the crystal orientation [56].  Automatic analysis of the Kikuchi line patterns is performed 

in the EDAX OIMTM software using a Hough transform [57], and grain boundaries are 

detected by the angle between crystallographic planes. The results are then filtered by the 

strength of video signal and cleaned up using an OIM grain dilation procedure. Samples 

were prepared for top down EBSD measurement with a Pace Technologies GIGA-0900 

Vibratory Polisher, and the samples were prepared for cross-sectional EBSD 

measurement by mechanically polishing the cross-section and then using an FEI StrataTM 
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Dual Beam for focused ion beam (FIB) milling to finish the via surface. In contrast, the 

synchrotron x-ray microdiffraction measurements presented in the next chapter are 

performed on a cross-sectional surface that does not expose the copper via, which 

preserves the original stress state of the copper and avoids the problem of surface 

oxidation and contaminants.   

 

 

Figure 2.3. Schematic of the formation of Kikuchi lines in EBSD [56]. 

2.1.3 Nanoindentation Measurement 

The nanoindentation measurements were performed with a Hysitron® TI-950 

Triboindenter® equipped with high-resolution in-situ scanning probe microscopy (SPM). 

Macro-scale hardness testing involves measuring the area of an indent created by a 

known load, and the same concept is used in nanoindentation, except that the load or 

displacement control and the calculation of the tip and indentation areas are much more 

complex. For the load and displacement control, Hysitron® has developed capacitive 

transducers capable to achieve sensitivities of less than 2nN for force and less than 0.02 
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nanometers for displacement, and the Hysitron® transducer used in this work had a 

sensitivity of less than 30nN or less than two nanometers [58]. The capacitive plates of 

the transducer, a schematic of which is shown in Figure 2.4, depends on electrostatic 

forces, which is calibrated frequently by an air indent and is sensitive to the testing 

environment. These transducers have enabled nanoindentation, but the calculation of the 

area and accurate extraction of material properties remains. Figure 2.5 shows a schematic 

of an indentation test, where the contact area (Ac) and contact height (hc) are marked. The 

area is calculated for a number of indentations with increasing loads, using a standard 

sample with known modulus and the following equation: 

𝐴 =  
π

4
(

𝑆

𝐸𝑟
)
2

,                                                             (2.1) 

where S is the stiffness, or slope, of the unloading curve and Er is the reduced modulus as 

defined by: 

1

𝐸𝑟
= 

1 − 𝑣𝑠
2

𝐸𝑠
 −  
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2

𝐸𝑖
,                                                  (2.2) 

where v is the Poisson’s ratio and the subscript ‘s’ represents the sample and ‘i’ the 

indenter. A tip area function is then created, where the contact area is a function of the 

contact height, which reduces data inconsistencies due to imperfect tip shapes. The 

reduced modulus of a sample can then be calculated from (2.1). The Triboindenter® is 

equipped with a granite frame to reduce vibrations, and before indentation the drift is 

measured and recorded after a drift settle time. Indentations were typically performed in-

situ, or directly from the SPM imaging mode, which reduces noise as the probe maintains 

contact with the sample almost continuously. The SPM results are processed in 

Gwyddion 2.32, an open source SPM data visualization and analysis tool. 
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Figure 2.4. Schematic of Hysitron’s capacitive transducer. Force and displacement are 

detected by electrostatic force caused by the plate distances [59]. 

 

 

Figure 2.5. Schematic of a nanoindentation test shown at the peak load (Pmax), with the 

contact area (Ac), contact height (hc), and maximum height (hmax) annotated 

[59]. 

2.2 SAMPLE DESCRIPTIONS 

For this study, two types of sample sets were investigated.  The first type was 

used to investigate the annealing effect, and the second was used to investigate the 

scaling effect. 

For the annealing studies, two sets of wafers with blind copper TSV arrays, both 

with a TSV depth of 100 µm, diameter of 10 µm, and 20 µm-pitch (Figure 2.6), were 

received for measurement. One set was annealed at 420°C after plating, followed by 

overburden removal by chemical mechanical polishing and then another high temperature 
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anneal.  The second set was not annealed after electroplating and has the copper 

overburden intact, which is removed for the wafer curvature measurement. The 

processing conditions for the first set are herein referred to as the ‘standard process,’ and 

the second set simply, ‘as-plated.’ Through these two sets, the effect of annealing on 

TSVs fabricated by the via middle process can be traced.  

 

 

Figure 2.6. Top down schematic of TSV array layout for annealing study samples. 

For the scaling studies, two sets of electroplated copper blind via arrays are 

investigated, one set with 2µmx40µm TSVs and another with 5µmx50µm TSVs, both 

with a via pitch of 20µm. These two sample sets were fabricated with similar etching and 

filling processes, but the 2µmx40µm experienced a 250°C post-plating anneal for 1 hour, 

while the 5µm sample was annealed at 350°C for 30 minutes. A third set of TSVs from 

another supplier that measured 10µmx55µm, with a pitch of 40µm in the x-direction and 

50µm in the y-direction was also included in the study for comparison. These 

10µmx55µm TSVs were subjected to a post-plating anneal of 100°C, and were annealed 

further to 400°C for this investigation. 
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2.3 RESULTS 

2.3.1 Annealing Effect on TSV Reliability 

2.3.1.1 Wafer Curvature Measurements 

The as-plated and standard process samples were first measured by the wafer 

curvature technique to compare the average stress response. The results are plotted in 

Figure 2.7, where the overburden on the as-plated sample was removed by mechanical 

polishing so as to isolate the TSV signal.  As expected, the as-plated sample had a larger 

curvature increase after thermal cycling than the standard sample and more non-linearity 

at high temperatures. This indicates that there is stress relaxation occurring during 

annealing, in the form of grain growth, plastic deformation, and diffusional creep.  The 

standard sample did show some curvature increase after thermal cycling, as well as some 

slight non-linearity at temperatures higher than 350°C, indicating that the standard 

process has not fully stabilized the TSV stress characteristics as proposed in other studies 

[21-23]. 
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Figure 2.7. The as-plated sample (above) shows a higher curvature increase and more 

non-linearity than the standard sample (below). 

2.3.1.2 Electron Backscatter Diffraction Measurements 

The as-plated EBSD grain orientation maps and grain diameter distribution for 

two vias is shown in Figure 2.8. The average grain diameter is 1.10µm, and the grain size 

distribution is relatively normal with mostly small grains. In contrast, the average grain 

size of the standard process TSVs (Figure 2.9) is 1.49µm, with the normal distribution 

being disrupted by the appearance of a number of large grains, signifying the occurrence 

of abnormal grain growth.  Abnormal grain growth is when a small population of grains 
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grow at a disproportionate rate due to their energetic favorability, creating a bimodal 

distribution in the grain sizes. In copper, this is controlled by strain energy which is 

induced by the thermal strain during annealing due to the CTE mismatch between the 

copper TSV and the surrounding silicon [37], [60]-[61]. When strain energy dominates, 

the (100) orientation is favored due to the elastic anisotropy of copper, competing with 

the (111) orientation which is preferred for surface energy minimization and twin 

orientations which minimize grain boundary energy. The process of abnormal grain 

growth thus increases the variability of the microstructure and the grain size distributions, 

and also causes the mixing of the (100) grains and twins with the (111) grains. This is 

confirmed in that the as-plated samples, where the percentage of twin boundaries is 

higher in the upper sections of the TSVs due to the presence of the overburden allowing 

for increased grain growth. Upon further annealing by thermal cycling up to 400°C, there 

is an increase in the overall stresses as observed by the wafer curvature measurement (see 

Figure 2.7), together with an increase of the average grain size further to 1.76 µm, as 

shown in Figure 2.10. This indicates that the abnormal grain growth and stress increase 

continue with additional annealing and that both characteristics are not fully stabilized by 

the standard process of a 400°C anneal.  
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Figure 2.8. Two vias from the as-plated sample, which show small grains normally 

distributed. 

 

  

Figure 2.9. Two TSVs from the standard sample, which show large grains mixed with 

many small grains, which creates a bimodal grain size distribution and is 

evidence of abnormal grain growth. 
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Figure 2.10. Two TSVs from the standard sample after additional thermal cycling, which 

caused further grain growth. 

To show the statistical nature of the grain structure, the grain size distributions 

observed are replotted with a lognormal scale as shown in Figure 2.11.  The almost linear 

nature of the as-plated grain size distribution indicates a normal distribution, with very 

little grain growth since plating. The two annealed samples however, show abnormal 

grain growth, as evidenced by the changing slopes of the curves which demonstrate a 

near-bimodal grain size distribution. 
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Figure 2.11. Cumulative distribution function of the grain diameters for the different 

processing conditions. 

However, the grain behavior throughout the whole TSV is not as relevant as the 

very top grains which are directly involved in the mechanisms of extrusion reliability. 

Thus, the top 10µm of select TSVs were examined in more detail for preferred textures as 

shown in Figure 2.12, with the orientation plotted with respect to the axial direction. The 

(111) orientation dominated the top of as-plating vias, but with the standard process 

annealing and with further thermal cycling, this orientation preference weakened.  This 

result illustrates the role of the elastic anisotropy of copper. As the energetics drive the 

grain growth process by minimizing the overall energy in the system, the (100) 

orientation is favored by the minimization of strain energy, which is increased by 

annealing. This result demonstrates that near the top of TSV, the strain-energy controlled 
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abnormal grain growth operates similarly as for the rest of TSV, in reducing the (111) 

texture in favor of the (100) orientation or low energy twin boundaries. 

 

 

Figure 2.12. Inverse pole figures demonstrating that the (111) orientation preference 

weakens with annealing due to the increase in thermal strain and the 

anisotropy of copper. 

Results from the EBSD studies so far reveal complex grain growth kinetics due to 

the inequality of growth rates associated with the different driving forces of grain growth.  

Overall, the annealing process causes an increase in grain size and a mixing of the (100) 

grains and twins with the (111) grains to facilitate local plastic deformation in individual 

grains, which occurs because of the elastic anisotropy of copper.  In combination, the 

abnormal grain growth in the TSV leads to an increase in the statistical spread of the 

grain size with more (100) grains susceptible to plastic deformation for extrusion. Since 

the abnormal grain growth is strain energy controlled and since copper is so highly 

anisotropic, it is shown here that it is difficult to stabilize TSV microstructures with 

further annealing. The grain growth processes and statistics will be further investigated 

by microstructure simulation and discussed in Chapter 4. 
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2.3.1.3 Nanoindentation Results 

The anisotropy of copper also affects the mechanical behavior of the grains, since 

the elastic modulus of the (111) orientation is almost three times greater than that of the 

(100), which impacts the TSV extrusion. Top down nanoindentation was used to measure 

the mechanical properties of the grains in the tops of the TSVs after the standard process. 

Even for a homogenous sample, the mechanical properties can vary with indentation 

depth, as the depth dictates the contact area with the probe and surface roughness can 

skew results. Thus, a partial unload (PUL) sequence was used, in which indentations with 

increasing loads are performed in sequence in one location, yielding a relationship 

between indentation depth and material properties. The PUL tests with loads up to 10,000 

µN demonstrated a convergence of material properties at contact heights of 450 

nanometers, which surpassed the copper sample roughness, which is less than 100 

nanometers on average. To probe the influence of grain orientation, the SPM feature was 

used to correlate the nanoindentation locations to the extrusion height of the region 

before testing. An example of the scanning probe image is shown in Figure 2.13. 25 

indents were performed with a constant load of 2000 µN, but the corresponding contact 

heights were too low and may result in data inconsistencies. However, the overall trend 

indicated an inverse correlation between extrusion height and the local reduced modulus. 

Seven additional indents were performed at an increased load of 3000 µN and confirmed 

this trend. The results, shown in Figure 2.14, demonstrate a relationship between the 

extrusion height and the immediate mechanical properties, which correlates the extrusion 

behavior to the specific local grains, each of which possess distinct mechanical properties 

due to the high elastic anisotropy of copper. The microstructure, which is not fully 

stabilized for annealing due to abnormal grain growth, is thus crucial in controlling the 
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mechanisms of extrusion, such as plasticity or grain boundary sliding, which depend on 

the mechanical interactions of the grains. 

 

 

Figure 2.13. SPM representation of the top down morphology of the top of a TSV. The 

surface is clearly nonhomogeneous, indicating the grain effect on extrusion. 

 



 34 

 

Figure 2.14. The extrusion heights versus the reduced modulus of the top grains of the 

standard process sample. 

2.3.1.4 Extrusion Measurements 

Further extrusion height measurements were made by atomic force microscopy 

(AFM) using a Veeco/Digital Instruments Dimension 3000 in contact mode Figure 2.15 

shows an example of TSV top down profiles for the standard process sample in which the 

morphology indicates that extrusion is non-uniform within each TSV and from via to via, 

revealing a statistical correlation of the via extrusion to the grain structure. The statistics, 

shown as a cumulative distribution function in Figure 2.16 demonstrate the wide scatter 

of the extrusion data, with standard deviations of 139 nm and 115 nm for the standard 

and thermally cycled processes, respectively.  The extrusion height distributions also 

show that thermal cycling significantly worsens the extrusion statistics that are already 



 35 

present in the standard process sample, with the average extrusion heights being 296 nm 

and 407 nm for the standard and thermally cycled processes, respectively, although the 

standard deviation was reduced with further annealing. This increase in extrusion with 

additional annealing shows that the extrusion behavior is not controlled through the 

standard process as previously suggested. 

 

  

Figure 2.15. AFM top down height map for the standard process TSVs demonstrating 

non-uniform morphology and high variability. 
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Figure 2.16. Maximum extrusion heights in the measured TSVs for the standard process 

sample and the standard process sample thermally cycled further. 

This study of the annealing effect confirms that the standard process is not 

sufficient for complete control of the microstructure, which is correlated to the extrusion, 

and thus is not sufficient for mitigating the TSV reliability risks. 

2.3.2 Scaling Effect on TSV Reliability 

2.3.2.1 Extrusion Statistics 

To investigate whether TSV downscaling improves reliability, TSV extrusion 

statistics, as measured by AFM, for the 2µm and 5µm TSVs are plotted in Figure 2.17 for 

both the as-received case and after annealing. The 2µm and 5µm TSVs have narrow, 

normal distributions in the as-received case, but after a 3 hour anneal at 400°C, both 

samples have much higher extrusion and a large data spread. The increases in the 
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extrusion and the scatter are both larger for the 2µm TSVs, despite having a smaller 

cross-sectional area than the 5µm TSVs. The effect of the microstructure on these 

extrusion statistics was investigated by comparing the number of grains in the top of a 

TSV with its extrusion height, as shown in Figure 2.18. It is clear that annealing induced 

both grain growth and significant extrusion increases, but that the number of grains in the 

top of the TSV does not correlate to the extrusion magnitude or variation for these TSVs. 

While there are fewer grains in the 2µm TSV tops, the extrusion is higher than in the 

5µm TSVs, which indicates that the mechanisms extend beyond the number of grains in 

the TSV. Since there are fewer grains in the 2µm and the grains are anisotropic, the 

higher scatter in the 2µm results may be explained by each of the few grains having 

greater influence on the overall extrusion of the TSVs than the many grains in the 5µm or 

10µm TSVs. 

 

 

Figure 2.17. The extrusion for the 2µm and 5µm TSVs before and after the 400°C anneal. 
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Figure 2.18. The number of grains in the TSV top versus the extrusion height. 

2.3.2.2. Microstructure Scaling 

The microstructures of the 2µm and 5µm TSVs after a 400°C anneal were 

characterized by EBSD and results for typical vias are shown in Figure 2.19. Although 

the 5µm TSVs show a slight preference for the (111) orientation with respect to the via 

axis, the textures of the 2µm and 10µm TSVs are largely random. To correlate the 

microstructure with the extrusion, the statistical distribution of grain sizes for the top 

5µm of each via is presented in Figure 2.20. Overall, the grain size distribution is 

bimodal for all of the TSVs, with an average grain size of 0.4-0.6µm and many large 

grains due to abnormal grain growth. Although the extrusion worsens with scaling and 

the grain size distribution becomes more scattered, the average grain size does not change 

significantly. This means that with scaling, there are fewer grains across the length of the 

TSV, giving the 2µm TSVs a bamboo-like structure in many sections. As suggested in 

the previous section, fewer grains in the TSV means that TSV behavior is dominated by 

the mechanical response of individual grains, rather than the average of several grains as 

in the larger TSVs. This contributes to increasing the scatter, as there are fewer grains in 
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each TSV to average together. As shown in the results from the annealing study, the post-

plating anneal of the as-received TSVs did not stabilize the grain structure, as evidenced 

by the increase in the spread of the large grain distribution after the 400˚C anneal for the 

2µm and 10µm TSVs. 

 

 

Figure 2.19. Microstructures resulting from a 400°C anneal for the (a) 2µmx40µm TSV, 

(b) 5µmx50µm TSV, and the (c) 10µmx55µm TSV. Orientation with 

respect to the axial direction. 
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Figure 2.20. Cumulative distribution function (CDF) plot of grain sizes throughout the 

top 5µm for TSVs of different dimensions and annealing conditions. 

Overall, the grain size statistics are bimodal, with a similar distribution to the 

extrusion statistics in Figure 2.17 for the annealed samples. Although abnormal grain 

growth has already occurred in the as-received samples, the statistical spread in grain 

sizes continues to increase with annealing. At the same time, the thermal strain from 

annealing weakens the (111) orientation preference to favor the (100), which is more 

susceptible to plastic deformation. This effect demonstrates the relationship of continued 

annealing with TSV extrusion. 

2.3.2.3 Scaling Effect on Stress Behavior 

The effect of TSV scaling on the overall stress behavior was investigated using 

the wafer curvature technique. Figure 2.21 shows the results for the 2µm and 5µm TSVs 

when thermally cycled with two isothermal three-hour holds at 350°C and 400°C, where 
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the 2µm TSV curvature is normalized by scaling up by a factor of 7.8 to account for the 

differences in copper volume. This is done due to the dependence of the thermal strain on 

the expansion of the existing volume of material. Comparing via to via, the 2µm TSVs 

induce less curvature, but when normalized for copper volume, the stress behavior is 

similar, with the 2µm TSVs inducing a slightly larger curvature change than the 5µm 

TSVs, showing that all the TSVs show a similar overall stress behavior upon annealing.  

The curvature change is correlated to the amount of stress relaxation, the mechanisms of 

which include plastic deformation and diffusional creep. These are also mechanisms of 

extrusion, so the large curvature change for the normalized 2µm TSVs indicate that the 

stress behavior is not necessarily improved with downscaling. 

 

 

Figure 2.21. Scaling effect investigated through wafer curvature measurements, which 

are scaled for copper volume. 

These scaling studies, which are continued in the next chapter, demonstrate that 

2µm TSVs do not offer improvements over the 5µm and 10µm TSVs, with higher 

extrusion heights, higher statistical scatter, and matching stress behavior. The scaling 

effect on the TSV microstructures is to reduce the number of grains, rather than the 
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average grain size, which contributes to the increasing scatter due to the high elastic 

anisotropy of copper. 

2.3.3 Microstructure Effect on Electrical Reliability 

In addition to extrusion, the thermomechanical stress buildup threatens reliability 

by changing the electron and hole mobilities in the surrounding silicon by the 

piezoelectric effect. This leads to the creation of a keep out zone (KOZ), which is an area 

surrounding the TSV in which active devices cannot be patterned due to the risk of 

residual stress affecting the electrical performance. A separate wafer set was received 

with known KOZ shifts for individual TSVs. EBSD measurements of these TSVs are 

shown in Figure 2.22, arranged for low and high shifts. The average grain size of the 

large KOZ TSVs was 1.79µm, which was significantly larger than that of the small KOZ 

TSVs, which was 1.38µm. These data indicate that the microstructure also affect the 

electrical performance by inconsistencies in the induced residual stress. The statistical 

scatter in the stress, due to the anisotropy of copper, requires a larger KOZ area for all the 

TSVs. This further links the TSV microstructure to the overall reliability and specifically 

correlates the microstructure to the electrical performance. 
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Figure 2.22. EBSD grain maps for low and high KOZ shift TSVs. 

2.4 DISCUSSION 

Although these results seem to suggest that an optimized process could be 

developed in order to improve TSV reliability, neither the current, standard annealing 

process nor TSV dimension scaling have successfully stabilized the microstructure and 

thus controlled the extrusion. Certainly high temperature annealing does indeed reduce 

the subsequent grain growth and the thermal stresses do scale with copper volume. 

However, the extrusion is shown here to continue to increase in both magnitude and 

scatter with subsequent annealing and downscaling, due to the continual evolution of the 

grain structure. Thus, a better understanding of the microstructure evolution and 

extrusion mechanisms is necessary to improve TSV reliability. 

As the annealing studies demonstrate through wafer curvature and EBSD 

measurements, the microstructure is not fully stabilized after the standard annealing 

processing, as stress relaxation and grain growth continued with further thermal cycling.  

As a result, the extrusion worsens significantly with further annealing, which directly 

threatens reliability. The widely scattered extrusion heights are correlated to the local 
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mechanical properties, which demonstrates that the reliability depends on controlling the 

statistical distribution of the microstructure, and especially the TSVs with the highest 

percentile of extrusion values, which determine the overall reliability. The textures shown 

in the inverse pole figures indicate that annealing affects the microstructure by inducing 

abnormal grain growth and weakening the preference for the (111) grain orientation, 

which has the highest elastic modulus. The high elastic anisotropy of copper plays an 

important role in determining and minimizing the strain energy, which drives abnormal 

grain growth and favors the (100) orientation, affecting the grain orientation and thus the 

plastic deformation and extrusion statistics. These data correlate the microstructure to the 

processing conditions and demonstrate that the reliability can be improved by better 

understanding the mechanisms controlling the grain structure evolution. 

Furthermore, experiments performed to investigate the scaling effect on the 

stresses and extrusion reliability of copper TSVs yielded the unexpected result that 

scaling does not improve reliability. The microstructure data indicates that annealing 

caused a bimodal distribution in the grain sizes with large scatter, but more so for the 

2µm TSVs than the 5µm TSVs. This trend is consistent with the via extrusion statistics 

observed, where the absolute values and variations in the extrusion heights increased 

significantly with annealing, and worse so in the 2µm TSV case. Since copper is highly 

anisotropic, the strain-energy controlled abnormal grain growth is expected to continue in 

smaller TSVs, creating bimodal grain size distributions that worsen statistical scatter. 

These results show that scaling down TSV dimensions does not improve the stress and 

reliability behavior, particularly when annealed to 400°C, due to the statistical nature of 

the extrusion. Since such annealing processes are required for via-middle fabrication 

process, it is expected that TSV reliability will continue to be a challenge as scaling 

continues. Furthermore, the statistical scatter in the extrusion results, which worsened 



 45 

with scaling, threatens the BEOL reliability, which is determined by the worst case TSVs 

rather than by the average behavior. In the smaller TSVs, there are fewer grains across 

the diameter, leading to the increasing scatter with scaling, due to the high anisotropy of 

copper.  

Finally, the average grain size is correlated to the KOZ shift, demonstrating the 

impact of the microstructure on the electrical performance and chip design through the 

piezoelectric effect, which also indicated the effect of the statistical scatter on the chip 

design. The results of this chapter highlight the importance of understanding the 

microstructure evolution in predicting the TSV reliability. The role of the anisotropy of 

copper is shown in the strain-energy controlled abnormal grain growth, which is unstable 

with further annealing and causes a bimodal distribution of grains. The grain distribution 

correlates to the scattered extrusion results, which become worse with scaling due to 

fewer grains in the TSV controlling the mechanical behavior. The next chapter further 

investigates the scaling effect and examines the role of plasticity in the extrusion results, 

and the simulation presented in Chapter 4 will be used to validate the grain growth 

mechanism for the TSV case and for scaling. Future work discussed in Chapter 5 will 

include discussion of mitigation strategies such as implementing an isotropic metal or 

reducing the thermal strain by trading the surrounding silicon for a higher CTE material, 

such as glass. 
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Chapter 3:  Synchrotron X-ray Microdiffraction:  Local Plasticity and 

TSV Scaling 

3.1 MOTIVATIONS FOR MICRODIFFRACTION INVESTIGATION 

3.1.1 Introduction and Motivations 

In the previous chapter, it is established that the reliability does not improve with 

TSV scaling, and that the microstructural parameters significantly impact the TSV stress 

and extrusion behaviors, particularly the statistical distributions [62]-[63]. In this chapter, 

the plasticity mechanism for via extrusion is investigated using synchrotron x-ray 

microdiffraction. Local plastic deformation in the top of the TSV has been proposed as a 

fundamental mechanism of TSV extrusion, which is demonstrated analytically by 

examining the TSV stress state and the plastic yield behavior for a homogenous copper 

TSV in an isotropic silicon. With appropriate yield stress assumptions, the plasticity 

model is capable of predicting the amount of extrusion in reasonable agreement with 

experiments [31]. However, with the assumption that copper is homogenous, the 

morphology of the extruded surface and the statistical distribution of via extrusions are 

not accounted for in the analytical model. Results from Chapter 2 of this study show that 

the microstructural parameters heavily influence the extrusion magnitude and statistical 

spread.  This is an important aspect of TSV extrusion which is further investigated in this 

chapter using synchrotron x-ray microdiffraction to confirm the plastic deformation 

mechanism and to examine its correlation to the copper TSV microstructure, in order to 

establish a microstructure-based model to guide reliability improvement.  

Synchrotron x-ray microdiffraction has the unique capability to measure the strain 

tensor and grain orientations with submicron resolution through high intensity, 

nondestructive measurements, and can be applied to measure both the copper and the 

silicon surrounding the TSVs [41], [64]-[65]. Furthermore, the widening of the 
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diffraction peaks can be analyzed to determine local plastic deformation due to 

dislocations generated and accumulated in individual copper grains subjected to 

annealing. However, the distribution of grain structure of the copper TSVs is statistical in 

nature, so the measured strains and plasticity can vary widely depending on individual 

grain characteristics.  To date, many TSV microdiffraction studies measure only a few 

locations in the copper TSV, but because of the high variability of the results due to the 

microstructure statistics, this yields insufficient data to quantify the results and requires 

thorough validation with other experiments [66]-[68]. Some studies have focused on the 

stress in the silicon only, and in one such study, the first principal strain in the silicon at 

the top of the TSV near the silicon-copper interface for a 30µm diameter TSV was found 

to differ from an 80µm diameter TSV by less than 1.5x10-4 [45]. Another 

microdiffraction study of TSV scaling found that, despite the data scatter, the TSV 

stresses did not seem to scale with TSV diameter throughout the TSV and from via to via 

[41].  Thus, in this work, individual microdiffraction results are first correlated to the 

stress and plasticity of individual grains, then a sample average obtained over a number 

of TSVs is used to quantify the overall stress and plasticity distributions for TSVs and for 

comparison between samples.    

In this chapter, the unique capability of microdiffraction to map plastic 

deformation is used to correlate the local plasticity to the variability of the microstructure, 

and then to confirm the correlation between plasticity and TSV extrusion. Since the 

integrated circuit reliability is determined by the worst case TSVs with the earliest failure 

rates, the mechanism underlying the statistical scatter is examined through measurement 

of the microstructure and stresses. The variation in plasticity observed by micro-

diffraction is linked to the grain structure and shown to have higher scatter for the 2µm 
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vias.  This provides direct experimental findings to support the conclusion from Chapter 

2 that scaling does not improve TSV reliability. 

3.1.2 Plasticity Mechanism 

Plasticity is defined as the irreversible deformation that occurs after a material has 

yielded as a type of stress relaxation, often due to material hardening caused by 

dislocation movement [69]. In order to quantify the effect for TSV extrusion, the 

increased TSV height, resulting from the elastic deformation at an elevated temperature, 

is first represented as the difference in the z-direction thermal strain for the copper and 

silicon, 

Δ𝐻𝑒

𝐻
= 휀𝑧,𝐶𝑢 − 휀𝑧,𝑆𝑖 =  Δ𝑇(𝛼𝐶𝑢 − 𝛼𝑆𝑖) (1 +

2𝑣𝐶𝑢

𝐸𝐶𝑢
(
1 − 𝑣𝐶𝑢

𝐸𝐶𝑢
+

1 + 𝑣𝑆𝑖

𝐸𝑆𝑖
)
−1

),   (3.1) 

where Δ𝐻𝑒 is the elastic TSV height increase, 휀𝑧 is the strain in the z-direction, α is the 

coefficient of thermal expansion, and v is the Poisson’s ratio. As shown, Equation 3.1 

assumes only linear elasticity with homogenous copper and single, isotropic values for 

the elastic moduli of the copper and the silicon. At some critical thermal load, ΔTy, the 

copper will yield and plastically deform, and the extent of the deformation will be 

proportional to the difference between the thermal load and the critical thermal load, 

Δ𝐻𝑝

𝐻
= (3𝛼𝐶𝑢 − 2𝛼𝑆𝑖)(Δ𝑇 − Δ𝑇𝑦),                                    (3.2) 

where the ΔHp is the height increase due to plastic deformation, ΔTy is the temperature at 

which the yield stress is induced, and the coefficients of the CTEs is derived from the 

TSV geometry and the interactions of the materials. The results of this analytical 

approach are compared with a finite element analysis for two interface conditions in 

Figure 3.1, where the critical thermal load, which initiates yielding, occurs at just over 

200°C, and the analyses are compared for cycles up to 300°C and 400°C.  While the 
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model can account for the basic plasticity mechanism for via extrusion, it does not 

account for the copper grain structure and the elastic anisotropy, which creates significant 

discontinuities from Cu grain to grain throughout the TSV and gives rise to the statistical 

scatter that threatens the reliability. Thus, this chapter seeks to verify the plasticity model 

for heterogeneous copper case and correlate the microstructure to the extrusion statistics 

by directly measuring the plasticity of polycrystalline TSVs with synchrotron x-ray 

microdiffraction.  

 

 

Figure 3.1. Elastic, homogenous models of the TSV height increase during thermal 

annealing. 

3.2 EXPERIMENTAL METHODS 

3.2.1 Overview of Synchrotron X-ray Microdiffraction 

Synchrotron x-ray microdiffraction is a white beam Laue diffraction technique for 

which the resolution and precision have been greatly improved recently by automatic 

image capture and data processing [70]-[71]. Since white beam diffraction is not limited 
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to a single wavelength, constructive interference occurs simultaneously at any planes 

satisfying Bragg’s law [72], 

𝑛𝜆 = 2𝑑 sin 𝜃 ,                                                       (3.3) 

where λ and θ are the wavelength and angle of the incident light, respectively, d is the 

plane spacing, and the angle of incident light is fixed in the experimental setup. The 

diffraction from each plane is captured on the detector as a spot, or peak, in the Laue 

pattern, and the patterns are then analyzed for orientation and strain, based on the known 

sample parameters and calibrated diffraction images. An example Laue pattern for an 

Al(Cu) interconnect and its corresponding indexation is shown in Figure 3.2. The 

deviations of the spots of the Laue patterns from the predicted locations are used to 

calculate the deviatoric strain, which represents only the distortion of the unit cell, under 

constant volume: 

휀11
′ + 휀22

′ + 휀33
′ = 0.                                                (3.4) 

The full stress and strain tensors are obtained where the dilatational, or hydrostatic strains 

associated with the volume change of the lattice cell are combined with the deviatoric 

strain tensor [74]-[76], as in: 

휀𝑖𝑗 = [
𝛿 0 0
0 𝛿 0
0 0 𝛿

] + [

휀11
′ 휀12 휀13

휀21 휀22
′ 휀23

휀31 휀32 휀33
′

],                               (3.5) 

where δ is the dilatational strain. The peaks also provide the unique capability of 

measuring plastic deformation by determining the broadening of specific Laue peaks, 

which is caused by geometrically necessary dislocations (GNDs) induced by plastic 

deformation as shown in Figure 3.3, where annealing at a higher temperature caused peak 

widening and distortion for the (024) reflection in a copper grain [31], [77]. 
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Figure 3.2. (a) Example of a Laue pattern and (b) corresponding indexation with the 

silicon peaks removed, and (c) the orientation map of the measured Al(Cu) 

interconnect (left) and its corresponding inverse pole figure (right) [73]. 
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Figure 3.3. Map of the peak width in the top of a 10µm TSV, the Laue peak for a 

reflection of the (024) plane, and the peak shape for (a) a TSV annealed to 

200°C and (b) a TSV annealed to 400°C. 

The synchrotron x-ray microdiffraction in this work is performed at beamline 

12.3.2 at the Advanced Light Source at the Lawrence Berkeley National Laboratory. The 

samples are mounted at a 45° angle from the incident beam and from the detector with 

the TSVs oriented with the lengthwise cross-section towards the beam and the detector. 

The penetration depth is sufficiently high that direct exposure of copper is not required 

for measurement. The samples are thus prepared by polishing a cross-section to where 5 

or 10µm of silicon remain in front of the copper TSVs so that the copper stress state is 

undisturbed. Additionally, for this work, the samples are polished so that an isolated row 

of TSVs remains, ensuring that there is a sufficient distance behind the TSVs of interest 

to prevent interference from deeper TSVs. The experimental setup is shown in Figure 3.4 
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for both elevation and plan views. White beam scans are performed with energies of 5-24 

keV and at room temperature, though the samples are annealed before measurement. The 

microdiffraction in this work is achieved with a beam size of 1µmx1µm, limiting the 

spatial resolution. The Laue patterns are analyzed using x-ray microdiffraction analysis 

software (XMAS) to extract orientation, strain, and peak widening data relating to the 

plastic deformation in the copper grains [74]. The results are further analyzed using a 

MATLAB script to find the TSV-silicon interface and then output plots and average the 

relevant data. The Adobe ImageReady CS2 graphics editor is then used to graphically 

superimpose the plots to form the averages as a function of position in the TSV. 

 

 

Figure 3.4. Elevation and plan views of the microdiffraction experimental setup at the 

Advanced Light Source [71]. 
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3.2.2 Sample Description 

The samples used for the scaling study in from Chapter 2 are investigated here. 

Two sets of electroplated copper blind via arrays are measured, one set with 2µmx40µm 

TSVs and another with 5µmx50µm TSVs, and a via pitch of 20µm for both. These two 

sample sets are fabricated with similar etching and filling processes, but the 2µmx40µm 

experienced a 250°C post-plating anneal for 1 hour, while the 5µm sample was annealed 

at 350°C for 30 minutes. A third set of TSVs from another supplier that measured 

10µmx55µm, with a pitch of 40µm in the x-direction and 50µm in the y-direction and 

experienced a low temperature post-plating anneal is also included in the study. In these 

microdiffraction studies, however, all of the TSVs are annealed to 400°C again before 

measurement for better comparison. All three TSV types are fabricated with the via 

middle process. 

3.3 RESULTS 

3.3.1 Statistical Nature of Microdiffraction Results 

In order to study plasticity as an extrusion mechanism, the average peak widening 

(APW), which indicates the presence of GNDs due to plastic deformation, is measured 

and analyzed using microdiffraction and XMAS. The microdiffraction results exhibit 

large data scatter, both overall as well as within each TSV, as shown in the APW plots in 

Figure 3.5 for the 2µm and the 5µm TSVs, where the values can vary by 0.15° within 

each TSV, which is much larger than the calculated standard deviations. This clearly 

demonstrates that the average values cannot represent the statistical nature of TSVs and 

that measuring few TSVs or only select points is insufficient to reach firm conclusions 

about TSV reliability or behavior. The local variations in the stress and plasticity appear 

to be linked to the microstructure and in Figure 3.6 and Figure 3.7, the APW plots and 
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grain orientation plots are juxtaposed for the 2µm and 5µm TSVs respectively. These 

plots show that the variations in the APW are correlated to the structures of the grain 

boundaries, which shows experimentally that the plasticity is localized according to the 

grain orientation and shows high statistical scatter, consistent with the grain size and 

extrusion data found in Chapter 2. Mechanically, this result is expected as there are 

significant discontinuities in the thermomechanical properties from grain to grain 

correlated to the grain orientation and reflecting the high elastic anisotropy of copper 

[78]-[80]. The orientations are plotted with respect to the in-plane radial direction in 

Figure 3.6 and with respect to the out-of-plane radial direction in Figure 3.7, and the 

grain boundaries between (111)-type grains and (100)-type grains seem to correspond to 

the highest APW values. The extent of the statistical scatter, which determines the TSV 

reliability, is quite high, and appears to be worse for the 2µm TSVs than for the 5µm or 

10µm TSVs. 
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Figure 3.5. Variations in APW between TSVs and within TSVs for the 2µm and 5µm 

cases. 

 

Figure 3.6. Orientation and corresponding APW for four 2µm TSVs, demonstrating that 

changes in the plasticity corresponds to changes in orientation. 
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Figure 3.7. Orientation and corresponding APW for two 5µm TSVs, demonstrating that 

changes in the plasticity corresponds to changes in orientation. 

3.3.2 Microdiffraction Study of TSV Scaling  

The statistical scatter of the plasticity and extrusion demonstrate the need for a 

better indicator of the overall TSV behavior, so the results for the TSVs of different 

diameters are plotted in Figure 3.8 with APWs obtained by averaging results from several 

TSVs. This is accomplished by graphically superimposing the individual results with 

weighted opacities to obtain the average APW values as a function of position in the 

TSV, and at least six TSVs are used for each diameter. It is necessary to do this because 

of the high scatter in the values due to the anisotropy of copper and the statistical spread 

in the microstructure. As shown, for all the 2µm and 10µm TSVs, the highest APW 

occurs in the top section of the TSV, confirming the local plasticity mechanism of 

extrusion. Furthermore, with decreasing diameter from 5µm to 2µm, the APW increases 

and becomes more localized. This observation is in good agreement with the results in 
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Chapter 2, where the 2µm TSVs have higher extrusion values and higher statistical 

scatter than the 5µm and 10µm TSVs. Thus the experimental results indicate that scaling 

worsens plastic deformation, which is a mechanism of extrusion to degrade via reliability. 

 

 

Figure 3.8. Superimposed APW for the 2µm TSVs, the 5µm TSVs, and the 10µm TSVs 

to demonstrate the scaling effect. 

The APW averages and standard deviations for the whole TSVs are charted in 

Figure 3.9 for each diameter to demonstrate the scaling effect on the plasticity in the 

copper TSVs. The largest standard deviation in the APW occurs in the 2µm TSVs, 

indicating a higher statistical spread in the plasticity, and thus a higher reliability risk. 

The statistical spread indicates that the plasticity is more difficult to predict and control 

with continued scaling, which consistent with the widely scattered extrusion results 

presented in Chapter 2. Although the 10µm TSVs are manufactured by a separate 

supplier, the lowest APW for the 5µm TSVs indicates that there may be some TSV 

diameter that minimizes plastic deformation. The von Mises stresses are also 
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superimposed and shown in Figure 3.10, where the values of the stresses do not 

dramatically scale with TSV diameter although there are large local variations in the 

copper stress states for all diameters, as evidenced by the pixelated appearance of the 

plots. These variations are attributed to the high elastic anisotropy of copper and the 

random grain orientations throughout the TSVs, which indicates that the TSV reliability 

is complicated by microstructure evolution in the copper TSV and the elastic anisotropy. 

The high standard deviation of the 2µm TSVs demonstrates that reliability is not 

improved by scaling down dimensions for copper. 

 

 

Figure 3.9. Average APW with standard deviation bars for the 2µm TSVs, the 5µm 

TSVs, and the 10µm TSVs. 
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Figure 3.10. Superimposed Von Mises for the 2µm TSVs, the 5µm TSVs, and the 10µm 

TSVs. 

3.3.3 Thermomechanical Simulation 

3.3.3.1 Thermomechanical Simulation Details 

As shown in this chapter and the previous one, copper’s anisotropy, 

microstructure, and plastic deformation are key to determining TSV reliability. To further 

examine the role of microstructure on extrusion, thermomechanical simulations are 

carried out to investigate the grain structure effect on the stress and deformation in TSVs. 

First, a simulation of the TSV structures is carried out with isotropic, bulk material 

properties to provide a basis to examine the effect of the grain structure on the stress and 

extrusion. Then, microstructures from EBSD data are incorporated into the model to 

represent realistic microstructures in the thermomechanical simulation. The top 5µm, 

where the extrusion behavior is defined, of two 2µm TSVs and two 5µm TSVs are 

transformed for the two-dimensional simulation with approximations of the original 
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orientations, as shown in Figure 3.11 and Figure 3.12.  In this anisotropic case, the rest of 

the TSV is represented with bulk, isotropic copper material properties, and the yield 

stresses are based on an analytical dislocation dynamics study of the plastic anisotropy of 

face-centered cubic metals [81]. The complete material properties used in both the 

isotropic and anisotropic models are listed in Table 3.1 and the simulation is performed 

using the Abaqus/CAE 6.14 finite element modeling software by Simulia. The thermal 

load is derived from the predefined temperature field, which is increased from room 

temperature to 400°C, and then reduced back to room temperature, creating the residual 

stresses and plastic deformation. 

 

 

Figure 3.11. a) and c) EBSD grain maps for two 2µm TSVs and b) the approximated 

grain structure for the top 5µm of the TSVs, used in the 2µm anisotropic 

TSV model in Figures 3.15 and 3.16. Orientation is plotted with respect to 

the in-plane radial direction. 
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Figure 3.12. a) and c) EBSD grain maps for two 5µm TSVs and b) the approximated 

grain structure for the top 5µm of the TSVs used in the 5µm anisotropic 

TSV model in Figures 3.15 and 3.16. Orientation is plotted with respect to 

the in-plane radial direction. 
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Material 
Elastic 

Modulus (GPa) 

Poisson’s 

ratio 

CTE 

(ppm/°C) 

Yield Stress 

(GPa) 

Isotropic Copper 128 0.34 16.7 216 

Silicon 162 0.28 2.6 -- 

Cu(100) 65 0.34 16.7 150 

Cu(110) 170 0.34 16.7 180 

Cu(111) 190 0.34 16.7 216 

Cu(632) 120 0.34 16.7 160 

Table 3.1. Material properties for the thermomechanical simulation [81]. 

3.3.3.2 Thermomechanical Simulation Results 

The von Mises stresses, as calculated in the isotropic simulation for the 2µm and 

5µm TSVs are shown in Figures 3.13 and 3.14.  As expected, the stress distribution is 

uniform and symmetric, and the extrusion profiles are identical for each TSV due to 

uniform and identical material properties. In contrast, the results from the anisotropic 

simulation clearly show the effect of microstructure on the stress uniformity and 

symmetry. The plastic strains in the axial direction are plotted in Figure 3.15 and the von 

Mises stresses are plotted in Figure 3.16. These plots demonstrate that the grain structure 

largely determines the thermomechanical response. The addition of an anisotropic copper 

microstructure causes significant local variations in the stress and plasticity in 

comparison with the isotropic models. The grain anisotropy also induces irregular 

deformations that texture the TSV top surface, which confirms the TSV surface 

morphology reported in several studies [23], [82]. There is also clear evidence of small 

grains, especially those with (111) orientation, having a disproportionately high von 

Mises stress. The von Mises stress is higher in the (111) grains because the yield stress is 
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higher, and in these grains, the plastic strain is lower. This indicates that the reliability of 

anisotropic materials is complex and statistically-dependent, as both the size and the 

orientation are significant in defining the mechanical behavior of the grains.  

 

 

Figure 3.13. Von Mises stresses for simulation of two 2µm TSVs with isotropic material 

properties. 
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Figure 3.14. Von Mises stresses for simulation of two 5µm TSVs with isotropic material 

properties. 
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Figure 3.15. Plastic strain in the axial direction for the top sections of the a) 2µm TSVs 

and the b) 5µm TSVs, with the top grain structures corresponding to the 

anisotropic EBSD data. 
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Figure 3.16. Von Mises stresses for the top sections of the a) 2µm TSVs and the b) 5µm 

TSVs, with the top grain structures corresponding to the anisotropic EBSD 

data. 

These simulations demonstrate that a high statistical scatter is to be expected in 

the stress and extrusion behaviors and can be traced to the microstructure, thus 

confirming the scattered microdiffraction results. The simulation also demonstrates the 

dependency of the residual stresses, plastic deformation, and extrusion on the 

microstructure, which is also present in the microdiffraction results where the APW 

varies with the structures of grain boundaries. It is observed that different grain structures 

produce vastly different results for von Mises stress and plasticity due to the variations in 

the yield stress, which degrades the via reliability due to the statistical scatter of the 

microstructure and the validated mechanism of plasticity for TSV extrusion. 
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3.4 SUMMARY 

This chapter serves as a continuation of Chapter 2, in which the microstructure 

and extrusion are correlated and the scaling effect is examined. In this chapter, the effect 

of scaling on the plasticity mechanism of extrusion are further examined by white beam 

synchrotron x-ray microdiffraction, and validated with thermomechanical finite element 

analysis. The previous chapter demonstrates that the fundamental grain growth 

mechanisms do not scale with TSV dimensions in the diameter range of 2µm to 10µm, 

and that the statistical scatter and the extrusion do not decrease with downscaling. The 

microdiffraction results confirmed this trend by assessing the scaling effect on plasticity 

through the APW of the Laue peaks in the copper TSVs, and found that the 2µm TSVs 

have much higher plastic deformation and more statistical scatter than the larger TSVs. 

The statistical scatter is high within each TSV, showing that the observed scatter is 

related to the variability of the microstructure. Nanoindentation previously indicated the 

role of the microstructure in determining the extrusion, and in this chapter, the localized 

plasticity in each grain is established as a basic mechanism of extrusion and is correlated 

to the microstructure through the microdiffraction measurements which demonstrate the 

discontinuous behavior across grain boundaries.  

The thermomechanical models validate these results, showing that the 

introduction of microstructural characteristics yields non-uniform stress and deformation 

patterns, and that both the grain size and orientation contribute to the statistical behavior. 

These results demonstrate the mechanism of plasticity for TSV extrusion and correlate 

the plasticity to the grain structure, as shown in both the microdiffraction and finite 

element analyses. However, since the strain energy-driven abnormal grain growth 

originates from the elastic anisotropy of copper, a uniform distribution of grain sizes or a 

grain orientation is difficult to achieve. Since the (111) orientation has the lowest surface 
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energy and the (100) orientation offers the lowest strain energy, annealing creates random 

textures and the abnormal grain growth causes the bimodal grain size distribution, both of 

which lead to the statistical scatter in the orientation and extrusion data [37], [60]. Thus, 

copper will yield scattered extrusion results due to the elastic anisotropy-driven 

microstructure evolution. 

Since the via middle process requires further high temperature annealing, it is 

likely that copper TSVs will continue to present reliability issues, due to the evolution of 

the microstructure during annealing, which creates difficulty in controlling the worst case 

TSVs. Synchrotron x-ray microdiffraction is a useful technique to investigate these TSV 

phenomena, and is used here to measure both the plastic deformation in the TSVs as well 

as the variability of the TSV parameters in order to show the effect of down scaling TSVs 

and to investigate the plasticity mechanism of TSV extrusion. The microdiffraction 

results here confirm that local plasticity is a mechanism of extrusion and that, due to the 

anisotropy of copper, the statistical variability of the copper microstructure must be 

considered in evaluating copper interconnect behavior at any size scale. The results also 

demonstrate that the plastic deformation of the 2µm TSVs is high and more random in 

statistics, which would indicate that scaling does not improve reliability. The evolution of 

the microstructure is examined further in the next chapter with an anisotropic grain 

growth simulation to examine how such material properties can be taken into account 

based on the local energy minimization that drives the development of the grain sizes and 

orientations in TSVs. 
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Chapter 4: Microstructure Simulation: Kinetics and Scaling Effect 

As shown in Chapters 2 and 3, the copper microstructure plays an important role 

in controlling the TSV stress and extrusion statistics, which are most important for the 

reliability. Because of its demonstrated importance for TSV behavior, the thermodynamic 

factors driving grain growth are investigated here, and a microstructure simulation is 

carried out to trace the evolution of the microstructure and examine the scaling effect on 

the distribution of the grain sizes and orientations. In this chapter, the thermodynamics of 

grain growth, based on energy minimization, are first derived and discussed. Previous 

microstructure evolution studies is then reviewed before demonstrating the computational 

algorithms used in this work. The results for the simulation are then presented and 

bimodal size distributions and strain energy-controlled abnormal grain growth are 

observed. Overall, results from simulation are consistent with experimental observations 

and validate the model for future applications as scaling of TSVs continues in 3D ICs. 

Variations such as dimensions, energetics, and materials are discussed in the context of 

their impact on TSV reliability. 

4.1 GRAIN GROWTH BY ENERGY MINIMIZATION 

Thermodynamically, changes in systems occur in order to reach a stable or 

metastable equilibrium by reducing the Gibbs free energy. In a polycrystalline material, 

grain boundary migration occurs due to the energy differential between grains, creating a 

driving force for atoms oriented with the high pressure grain to jump to a lower pressure 

grain. These atomic jumps summarily cause the grain boundary to migrate in the 

direction that depletes the higher energy grain while the lower energy grain grows. The 

amount of the free energy released in the grain boundary motion of an incremental 

distance δx is, 
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Δ𝐺 ∙
𝛿𝑥

𝑉𝑚
 ,                                                                (4.1) 

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

molar volume such that δx/Vm represents the number of atoms that moved to another 

grain. Equation 4.1 represents the work done over the distance δx, so ΔG/Vm can be 

considered the driving force of microstructure evolution, and is the free energy difference 

per unit volume [83]. Kinetically, the rate of the flux of atoms jumping from one grain to 

another depends on the temperature, the thermal activation energy, ΔGa, and the 

frequency of the atomic vibrations, υ, for n atoms in position to jump. The rate, expressed 

as the velocity of the grain boundary motion, can thus be described as, 

𝑣 =  
𝑛𝜐𝑉𝑚

2

𝑁𝑎𝑅𝑇
𝑒(−

Δ𝐺𝑎
𝑅𝑇

) Δ𝐺

𝑉𝑚
 ,                                                       (4.2) 

where it is assumed that the atoms that jump will have a place in the new grain, as is the 

case for high angle grain boundaries. The velocity then depends on the driving force by a 

mobility factor, which gives, 

𝑣 = 𝑚 ∙  
Δ𝐺

𝑉𝑚
 ,                                                               (4.3) 

where m is the grain boundary mobility and varies with temperature and activation 

energy. 

For the initial phases of grain growth, when the grains are sufficiently small, the 

free energy can be described primarily by the grain boundary energy, as the grain 

boundary surface area outweighs other energetic considerations. This is the case directly 

after electroplating the copper TSVs. In fact, many studies only account for the grain 

boundary effect, which does adequately describe normal grain growth. In this case, there 

are special boundaries, such as Σ3 boundaries, where one third of the grain boundary 

atoms are in lattice sites shared by the two grains, or coincidence sites. These are more 
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energetically favorable, but the energy differential is typically not sufficient to drive 

abnormal grain growth, though it will indeed favor the formation of these special twin 

boundaries. The grain boundary energy drives microstructure evolution by the reduction 

of the grain surface area, or the grain boundary curvature, by maximizing grain volume. 

Grain boundaries with high curvature will then have higher grain boundary velocities in 

reducing the grain boundary energy. Thus, with grain boundary energy minimization as 

the driving force, the following relationship is formed, 

𝑣 = 𝑚𝛾𝐺𝐵𝜅 ,                                                           (4.4) 

where γGB is grain boundary energy and κ is the grain curvature. However, as grain 

growth progresses and the total grain boundary energy is sufficiently reduced through the 

reduction of the total grain boundary area, other energy components, particularly the 

surface and strain energies begin to affect further the microstructure evolution. The 

energy contributions from a surface or interface depend on the nature of the interaction, 

and in solids like copper, the surface energy depends on the lattice orientation at the 

surfaces, which are primarily the curved sidewalls for TSVs, and can be represented as 

the number of broken bonds at the surface. In face-centered cubic (FCC) metals, this 

energy is minimized for the (111) orientation, and thus introduces preferred textures, 

causing disproportionate grain boundary velocities. The surface contribution to the 

driving force can be defined as, 

𝐹𝑠 = 
Δ𝛾𝑠

ℎ
 ,                                                              (4.5) 

where Fs is the driving force due to the surfaces and interfaces, Δγs is the difference in 

surface energy between the grain surface and the sidewall, which is normalized by the 

length over which it is acting, h.  
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Finally, copper thin films and TSVs are subjected to certain annealing process 

after electroplating in order to facilitate grain growth and to stabilize the microstructure, 

which introduces thermal strain due to the CTE mismatch between the copper and the 

silicon substrate. The strain energy density depends on the strains and the mechanical 

properties of the grain orientation, generally expressed in terms of an effective modulus 

Mhkl, which is derived from the material stiffness tensor. The elastic anisotropy of copper 

means that the strain energy density is significantly lower for the (100) orientations and 

higher for the (111) orientations. This anisotropy gives rise to abnormal grain growth, in 

which a subpopulation of grains has a higher grain boundary velocity than the rest, and 

thus grows disproportionately. This abnormal growth, which is controlled by strain 

energy from annealing, is characterized by kinetics different from that of the normal grain 

growth and yields a bimodal grain size distribution as observed by EBSD in Chapter 2. 

The strain energy density is defined by the following, 

𝐸𝜀 = 휀2𝑀ℎ𝑘𝑙  ,                                                        (4.6) 

where ε is the strain. The strain contribution to the driving force is then the difference in 

the strain energy between the grains, or, 

𝐹𝜀 = 휀2Δ𝑀ℎ𝑘𝑙 ,                                                       (4.7) 

where the anisotropy of copper causes the effective modulus Mhkl to vary significantly 

with the grain orientation.  

The grain boundary velocity that represents the full process of microstructure 

evolution can then be summarized by the following from Equations 4.4, 4.5, and 4.7, 

𝑣 = 𝑚 (𝛾𝐺𝐵𝜅 + 
∆𝛾𝑠

ℎ
+ 휀2Δ𝑀ℎ𝑘𝑙),                                    (4.8) 

which includes all relevant energetic contributions [84]. This formulation establishes the 

basis for the simulation that follows, as it represents the kinetic competition between the 
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energy components. The microstructure only evolves to reduce the free energy, and 

Equation 4.8 includes the driving forces from the grain boundary, surface, and strain 

energies.  

4.2 PREVIOUS MICROSTRUCTURE SIMULATION STUDIES 

Grain growth and its implications have been studied analytically and some studies 

have modeled the grain structure of copper in thin films, extending to interconnects as 

well [37], [78], [85]. Several such studies simply generate a microstructure manually or 

by an algorithm, as in Figure 4.1, where the TSV microstructure is formed through the 

Voronoi algorithm. This formulation connects given vertices in a more plausible way 

than rigidly rectangular geometry, but still does not accurately represent the actual 

measured TSV microstructures as shown in Chapter 2. Figure 4.2 shows a more realistic 

representation of the grain size distribution in TSVs, yet even in this example, the copper 

grain orientations are omitted and the thermomechanical finite element model is based on 

grain size alone. Following the discussions in Chapters 2 and 3, where the microstructural 

parameters such as grain size, orientation, and spatial distribution are crucial to 

determining the reliability and stress behaviors of copper TSVs, copper TSV models 

must reflect realistic grain structures in order to accurately determine TSV behavior and 

reliability. Thus, the models must include the anisotropy of the copper grains and 

abnormal grain growth phenomena, where a subpopulation of grains grows 

disproportionately to create a bimodal grain size distribution. 
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Figure 4.1. A TSV microstructure generated by the Voronoi algorithm [86]. 

 

 

Figure 4.2. Alternate Voronoi-generated microstructures and von Mises stresses for 

30µm diameter TSVs where (a) the sidewalls are bounded and (b) the tops 

and bottoms of the TSV are bounded [87]. 
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The Monte Carlo method is a robust method used in the earlier studies of 

simulating microstructure evolutions. A series of studies published in Acta Metallurgica 

in 1984 and 1985 use the Monte Carlo method to investigate several grain structure 

phenomena. These involve the use of a two-dimensional lattice where each point is 

initially assigned a random number, conceptually representing various grain orientations.  

The lattice is then subjected to a Monte Carlo algorithm based on energy minimization, 

which makes randomly selected adjustments to the simulated microstructure in favor of 

increasing the amount of neighboring points with matching orientations, which 

fundamentally simulates the grain coarsening that occurs during normal grain growth to 

minimize the grain boundary energy. The results are found to have good agreement with 

analytical predictions of grain kinetics, such as Ising’s kinetics and mean field theory 

[88]-[89], which state that the grain curvature converges on a mean value with sufficient 

time steps [90]. The model is then applied to relevant microstructure phenomena and is 

used to find that impurity concentration is inversely proportional to the final average 

grain size, and that an anisotropic energy is required for abnormal grain growth, given the 

assumptions in this model [91]-[92]. More recently, the Monte Carlo method has been 

used for three dimensional grain growth simulations, which are assessed primarily by the 

grain size distribution, as shown in Figure 4.3 and Figure 4.4, neglecting anisotropic 

considerations [93]-[94]. Figure 4.4 also demonstrates that with sufficient time steps, the 

grain size distribution approaches a normal distribution regardless of the initial state, 

representing normal grain growth. 
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Figure 4.3. Logarithmic grain radii distribution, normalized by the average grain radius 

(bars) and the solid line is the lognormal distribution. The dashed line 

represents Louat’s function and the dotted line, Hillert’s function, which are 

analytical grain size distribution functions [94]. 
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Figure 4.4. Grain size distributions for the (a) initial state and (b) after 500 Monte Carlo 

time steps. Two initial states (diamonds and stars) are compared with the 

mean field theorem (solid line) [93]. 

Though the Monte Carlo method is robust and yields results in good agreement 

with analytical formulations, other algorithms for grain simulation have been developed. 

For example, vertex models, or cellular automata, employ algorithms that track the 

motion of the vertices or grain triple points and base the microstructure evolution on 

minimizing the grain boundary energies associated with both the grain surface area and 

the grain boundary width. These take the second and third nearest neighbors into account 

and rely heavily on the grain boundary mobility, as shown in Figure 4.5 [95]-[97], where 
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an inequality in grain boundary mobility allows one grain to grow disproportionally at the 

expenses of other grains, yielding a nonlinear grain morphology. Another grain 

simulation technique that has been enabled by advanced computing is the phase field 

technique. The main feature of phase-field modeling is that the interfaces are diffuse 

rather than sharp, as shown in Figure 4.6, which means that using a lattice and grain 

boundary tracking are unnecessary. The transformation algorithm is based on the 

differential kinetic equations derived from thermodynamic principles, with energy 

minimization as the driving force, but only with a general isotropic grain boundary 

energy, which is the only energetic component that is considered in most cases [98]. The 

results of such a model are shown in Figure 4.7 for increasing time steps. 

 

 

Figure 4.5. Example of cellular automata simulation, where one grain is given a higher 

grain boundary mobility than the others, and thus grows disproportionately 

[97]. 
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Figure 4.6. Graphical demonstration of the diffuse interfaces used in phase-field 

modeling [98]. 

 

 

Figure 4.7. Results of the phase-field simulation with only interface energy as a driving 

force, where the numbers indicate the number of timesteps [98]. 

These simulations develop important numerical techniques for grain structure 

simulation, but many lack orientation parameters that have a physical basis or 

fundamental characteristics of real materials, particularly for copper with distinct elastic 
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anisotropy and surface interactions. This work aims to address these shortcomings by 

carrying out a 3D simulation for copper TSVs including all relevant energy terms and 

orientations derived from Miller indices. 

4.3 SIMULATION ALGORITHM 

The simulation carried out in this chapter is unique in that it considers the relevant 

energy components and uses an algorithm to account for the anisotropy of the energetic 

contributions, which is crucial for simulation of copper, as evidenced by experimental 

results shown in the previous chapters. The simulation also allows for the occurrence of 

abnormal grain growth in the course of the simulation, as abnormal grain growth is 

driven by strain energy. For this simulation, a Monte Carlo architecture is employed and 

the grain orientations are made to correspond to the physical crystal lattices by the 

directional cosines of their planes with respect to a reference orientation. The 

fundamental flow of the programming algorithm is based on MATLAB code published in 

the MathWorks file exchange, which has been extended in this study to the cylindrical 

TSV geometry with an energy-based analysis to account for surface and strain energies, 

physically-derived orientations, as well as including initial grain size input, orientation-

based grain mapping, and postprocessing such as texture and grain size statistics [99]. 

The simulation begins by creating a 3D lattice with the user inputs of TSV 

diameter and aspect ratio, using sufficient lattice points to approximate the curvature of 

TSV sidewalls. There are 23 unique orientations and generating all possible permutations 

in 3D space makes up 602 possible orientations, which are stored in a numbered 

reference list. The number of grains across the TSV for the initial state is input by the 

user, and each 3D grain, which is made up of a number of lattice points, is first randomly 

assigned to a physical, unique orientation, and a permutation of that orientation is 
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randomly chosen to be the initial grain orientation.  This is done so as not to favor 

orientations with more permutations. 

The Monte Carlo loop based on energy minimization then begins, choosing a 

random lattice point within the TSV, and then changing the point to a new, random 

orientation.  The most significant part of the simulation then follows, where the total 

energy of the lattice site with the current orientation is calculated and compared to the 

total energy of the same site with the new orientation. The energy calculation depends on 

the neighboring lattice orientations to calculate the grain boundary and surface energies, 

so the orientations and placements of the 26 neighboring points are preserved for the 

calculation.  

The surface and grain boundary energies are obtained from a literature review of 

the existing measured values for the copper, as well as of the nonlinear relationships of 

the grain orientations to the energy components. The surface energies from several 

previous studies, mostly analytical, for FCC metals or for copper specifically are 

surveyed in order to create the surface energy algorithm used in this work [100]-[102]. 

On average, the values of the surface energy for various orientations varies by up to 27%, 

with the (111) orientation always minimizing the surface energy, and orientations close to 

(110) maximizing the surface energy. The variation of the values with orientation is 

represented by the curves shown in Figure 4.8, which is converted into a piecewise 

function for the simulation algorithm, so that any orientation can be mapped to an 

appropriate surface energy. This figure shows the copper surface energies around 1.5 

J/m2, but for the simulation, the curve was normalized to the (111) surface energy. In the 

algorithm, the value from the normalized curve is then multiplied by a surface energy 

factor, where streamlines adjusting of the surface energy magnitude for future work. A 
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surface energy factor of 1.81 J/m2 is used here, which is the average value found in 

literature for copper of the free surface energy based on the broken bond model. 

The grain boundary energy is about 20-40% of the surface energy, and varies with 

the type of boundary, as shown in Figure 4.9, where the relative magnitudes of these 

energy terms are consistent with the other studies [100]-[105]. This chart is then directly 

transformed into a piecewise function to calculate the grain boundary energy between any 

two grains. The deduced grain boundary energy is then multiplied by an estimate of the 

grain curvature, which is based on the number of like neighbors, according to Equation 

4.4. This nonlinear dependence of the surface and grain boundary energies on the grain 

orientations is important in controlling the overall grain structure, as the grain boundaries 

with coincident sites have significantly lower energies, as shown in the illustrations of 

Figure 4.9. 

 

 

Figure 4.8. Surface energy of FCC metals, as it varies with angle from the {111} basal 

plane. This plot shows copper around 1.5 J/m2 [100]. 



 84 

 

Figure 4.9. The copper grain boundary energy as a function of the angle from the (110) 

plane as obtained from a molecular dynamics simulation [103]. 

The thermal strain energy, which does not depend on the neighboring sites, is 

straightforward to compute using the copper stiffness tensor: 

𝐶𝑖𝑗 = 

[
 
 
 
 
 
168 121 121
121 168 121
121 121 168

0

0
75 0 0
0 75 0
0 0 75]

 
 
 
 
 

 𝐺𝑃𝑎.                           (4.9) 

The copper stiffness tensor of the reference orientation is transformed by rotation to the 

orientation of interest and then converted to the effective modulus. The strain is assumed 

to be thermal, so only the annealing temperature, which is input by the user, and the CTE 

mismatch are required to find the thermal strain. The strain energy is then calculated by 

Equation 4.7, and the elastic anisotropy is incorporated in the strain energy density 
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results, which vary by a factor of 2.5. Unlike the surface and grain boundary energies, the 

strain energy is shown to increase proportionally with an orientation parameter [106]. 

The energy between the lattice site of interest and each of its neighbors, whether 

grains or sidewalls, is calculated and summed together with the strain energy. The energy 

sums for the original orientation and the new orientation are compared, and the 

orientation which lowers the energy overall remains.  One Monte Carlo step consists of 

probing the number of lattice points in the TSV, whether or not each lattice point is tested 

in a given Monte Carlo step. The final results can be analyzed quantitatively for several 

parameters. The average grain size is approximated by the grain boundary intercept 

method, and orientation ratios and textures preferences can be extracted. In addition, the 

energetic inputs can be altered to represent new materials, or to examine the effect of 

specific energy components. 

4.4 SIMULATION RESULTS 

To verify the contributions of the energy sources, the simulation was carried out 

with each energy component as the sole contributor.  In the initial state, with very small 

grains, the grain boundary energy is first to dominate. The grain boundary energy used is 

anisotropic and depends on the orientations of the grains of interest, so when the grain 

boundary energy dominates the microstructure evolution, the results are reasonable, as 

shown in Figure 4.10a. However, when all the energy terms are included, as shown in 

Figure 4.10b the result shows evidence of abnormal grain growth with large (111) grains 

mixed with smaller grains, as well as some larger (100) grains. This reflects the 

competition of the surface and strain energies that become more dominant as the grains 

grow and reduce the overall grain boundary energy.  
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Figure 4.10. Cross-sections of 5µm diameter TSV microstructures after 100 timesteps for 

(a) only the grain boundary energy and (b) all the energy components, where 

there are several large blue grains and a red grain. 

When only the surface energy dominates, the (111) orientation with respect to the 

surface is preferred to minimize the surface energy. However, with respect to the 

reference orientation, the orientation preferred at each angle of the curved sidewall varies, 

as shown in Figure 4.11. The interior grains lack orientation preference, as the surface 

energy does not play a role for these grains, but instead controls the exterior grains and 

gives rise to the (111) orientation. When only the strain energy is used to govern the 

microstructure evolution, the conversion from random orientations to the (100) 

orientation dominates in less than 15 timesteps, as shown in Figure 4.12, as a 

consequence of the high elastic anisotropy of copper. This demonstrates why the (111) 

orientation becomes weaker with further annealing, as reported in Chapter 2, because it 
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has the highest strain energy density. The (100) grains have the lowest elastic modulus 

and the lowest yield stress, and are thus most susceptible to plastic deformation and via 

extrusion. This clearly demonstrates the role of microstructure evolution during annealing 

on TSV extrusion and reliability. 

 

   

Figure 4.11. 5µm x 50µm copper TSV microstructure accounting for only surface energy 

minimization after 100 timesteps for the (a) full TSV and the (b) cross-

section at the radial angle where the (111) orientation is preferred on the 

sidewalls. 
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Figure 4.12. Cross-sectional views of the 5µm x 50µm copper TSV microstructure 

evolution with increasing timesteps, considering only strain energy 

minimization.  

By including all the energetic contributions, the simulation can yield results in 

good agreement with the thermodynamic principles and experimental results. When the 

grains are small initially in the first 50 steps, normal grain growth occurs according to the 

grain boundary energy minimization, as shown in Figure 4.13, where the grain sizes 

appear to be normally distributed. The 5µm TSV microstructure appears to advance more 

rapidly than the 2µm TSV microstructure, which is attributed to grain boundary pinning 

and surface pinning, due to the higher curvature of the 2µm TSV sidewalls. However, the 

simulation demonstrates that the free surface energy as predicted by the broken bond 
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model is higher than the true surface and interface energy, as the theoretical energy of 

around 1.8 J/m2 does not yield as much abnormal grain growth as is observed in the 

experimental results. This is demonstrated in Figure 4.14 and Figure 4.15 where the 

simulated grain size distributions for various interface energy values is compared with 

that of the experimental results for the 2µm diameter TSVs and the 5µm diameter TSVs, 

respectively. The plots demonstrate that the 5µm diameter TSVs are not as sensitive to 

the interface energy as the 2µm diameter TSVs due to the decreased surface to volume 

ratio for smaller TSVs. Furthermore, the simulated orientations match the experimental 

results, shown in Figure 4.16, plots best for an interface energy of 0.5 J/m2, as shown in 

Figure 4.17. This is a useful analysis as the interfacial properties directly affect the 

extrusion behavior. 

 

 

Figure 4.13. Initial timesteps of the 2µm and 5µm TSVs, demonstrating normal grain 

growth when grains are small. 
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Figure 4.14. Simulated and experimental grain size distributions for the 2µm diameter 

TSVs, demonstrating that decreasing interface energy improves the 

agreement with the experimental results. 
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Figure 4.15. Simulated and experimental grain size distributions for the 5µm diameter 

TSVs, demonstrating that the 5µm diameter TSVs are not as sensitive to the 

interface energy as the 2µm diameter TSVs. 
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Figure 4.16. Orientation plots derived from the experimental EBSD results for the a) 2µm 

TSVs and b) 5µm TSVs. 

 

 

Figure 4.17. Simulated orientation plots with color-coded volume fractions for the 

interface energies indicated for the 2µm TSVs, left, and the 5µm TSVs, 

right. 
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The final microstructure after 100 timesteps using the interface energy of 0.5 J/m2 

are shown in Figure 4.18, where the orientation is plotted with respect to the axial 

direction.  In these simulations, the lattice size was 24 points in diameter and the initial 

grain size was 0.5µm for the 2µm TSVs and 0.625µm for the 5µm TSVs. Since the 

orientation assignment and Monte Carlo switching is random, the simulated 

microstructures vary from TSV to TSV, as is the case for the experimental TSVs as well. 

For comparison, the grain maps extracted experimentally by EBSD are plotted in Figure 

4.19, demonstrating a good agreement with the grain distribution of the simulation and 

confirming that the 5µm TSVs have a stronger (111) orientation preference. The 

simulation is extended to the 1µm diameter TSV case for 250 timesteps in Figure 4.20. 

The grains in the smaller diameter TSVs are expected to experience more grain boundary 

pinning due to the physical constraints of the higher sidewall curvature and the higher 

surface-to-volume ratio. 
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Figure 4.18. Examples of the 2µm x 40µm and 5µm x 50µm copper TSV 

microstructures, as predicted by the microstructure evolution simulation for 

100 timesteps. 
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Figure 4.19. Experimental grain orientation maps, for comparison, with the orientation 

plotted with respect to the axial direction. 
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Figure 4.20. Examples of the a) 1µm x 20µm, b) 2µm x 40µm, and c) 5µm x 50µm 

copper TSV cross-sectional microstructures, as predicted by the 

microstructure evolution simulation for 250 timesteps. 

The results demonstrate that the simulation is capable of modeling the abnormal 

grain growth, which plays an important role in controlling the TSV reliability.  In the 

simulation, the inclusion of the surface and strain energies together with true grain 

orientations to account for the elastic anisotropy and its effect on the grain boundary 

velocities are essential to accurately simulate the abnormal grain growth and the 

development of the bimodal lognormal grain size distribution. In addition, Figure 4.21 

shows the evolution of the average grain size with increasing timesteps for a 5µm TSV 
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with no interface energy. The grain growth occurs rapidly in the first 100 Monte Carlo 

steps, but then reaches a plateau where the average grain size does not change as 

drastically, corresponding to a stabilized grain structure after a long annealing time. This 

analysis approximates the annealing time required to reach a semi-stable microstructure.   

 

 

Figure 4.21. Estimated average grain size verses number of timesteps for the 5µm case. 

This model, validated by the experimental results, demonstrates that the local 

energy minimization is indeed responsible for the microstructure evolution and the 

resulting grain size and orientation distributions. Thus, the copper elastic anisotropy, 

which drives abnormal grain growth, along with the orientation-dependent grain 

boundary energy and the surface energy, which depends on the sidewall curvature, are 

the main contributors to the statistical scatter and reliability concerns. 

The simulation can thus be extended to other cases. Recently, glass materials are 

being considered to replace silicon because some of its material properties can be 
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optimized, especially at low thicknesses, and may reduce production costs [107]-[108]. 

Glasses can be formed with higher CTEs than silicon to reduce the CTE mismatch with 

copper for through-glass vias (TGVs). The microstructure characteristics of a copper 

TGV has been simulated with the strain energy reduced by increasing the substrate CTE 

from 2.6 ppm/°C for silicon to 8 ppm/°C for glass. The results are shown in Figure 4.22 

for both 2µm and 5µm vias. The average grain size for the TGVs is up to 11% less than 

for the TSVs, and there are up to 15% less (111)-type grains, due to the decreased strain 

energy, which favors the (100) orientation and controls the abnormal grain growth. These 

effects are more prominent for the 2µm vias, which indicates that TGVs could reduce 

statistical scatter in the microstructure by hindering abnormal grain growth, and this 

effect increases with downscaling. However, the copper elastic anisotropy continues to 

increase abnormal grain growth and microstructural scatter, even for the TGVs. This 

work has shown that such microstructural characteristics will degrade the extrusion 

reliability, regardless of the surrounding substrate. While TGVs seems to have an 

improved copper microstructure, the extent of reliability improvement has to be 

investigated.  
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Figure 4.22. Effect of reducing CTE mismatch as in TGVs, as shown in the above cross-

sections for 5µm diameter microstructures for the (a) TSV and (b) TGV 

cases and the 2µm diameter microstructures for the (c) TSV and (d) TGV 

cases, all after 500 timesteps. 

4.5 SUMMARY 

Simulations of grain nucleation, growth, and continued evolution have been 

published based on analytical kinetic and thermodynamic formulations of grain growth, 

but many have focused on two-dimensional or thin film geometries and have taken into 

account only the coarsening effect due to the grain boundary energy, without assigning 

true orientations to the simulated grains. While the grain surface area minimization is a 

driving force for grain growth and recrystallization, the elastic anisotropy of copper 

creates strong orientation preferences in the strain energy, and in cases like copper TSVs, 

the interfaces of the copper grains and the sidewalls must be taken into account.  The 

simulation formulated and carried out in this study strives to model the copper TSV 
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microstructure evolution with considerations of surface and strain energies, as well as 

with grain orientations based on the actual lattices. 

To achieve this, a Monte Carlo scheme is employed with a local energy 

minimization algorithm.  At each step, the energy of a new, random orientation is 

calculated from the grain boundary, surface, and strain energies and compared to the 

current orientation. The energies are initially assigned based on published values for 

copper, with orientation dependence, and the assigned orientations represent physical 

Miller indices. The simulation is validated by the experimental EBSD results, where both 

the grain size and the orientation distributions are required to show good agreement. This 

simulation allows for the nature of the interface of the grains and the sidewalls to be 

determined, and the interface energy value of 0.5 J/m2 shows good agreement, modeling 

both the orientation spread and the abnormal grain growth, which is crucial to account for 

the microstructure statistics and thus the TSV reliability. Overall, the agreement is good 

in both the 2µm and 5µm cases, demonstrating that the fundamental grain growth 

mechanisms are not significantly altered by scaling, though it seems that the increase in 

the surface-to-volume ratio and the higher sidewall curvature pins the grain boundaries 

more effectively in the 2µm TSVs than in the 5µm TSVs, resulting in more statistical 

scatter in the microstructure characteristics.  

This simulation demonstrates that the statistical scatter in the microstructural 

parameters is derived from the local energy minimization that occurs during the 

microstructure evolution that is induced by high temperature annealing. This correlates 

the local energy minimization to the statistical scatter observed in the stress and 

plasticity, which is shown by microdiffraction to be dependent on the grain 

characteristics. Thus, the local energy minimization that governs the microstructure 

evolution, which is largely affected by the anisotropy of copper, contributes to the 
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extrusion and TSV reliability issues. This result suggests that solutions that offer more 

control over the behavior of the microstructure, such as isotropic fill materials or the 

reduction of strain energy through TGVs, may improve the microstructure statistics, and 

in turn improve control over the TSV reliability. 
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Chapter 5:  Conclusions and Future Work 

5.1 CONCLUSIONS 

This dissertation investigates both the effects of scaling down TSV dimensions 

and the effects of the microstructure characteristics on TSV stress and reliability. The 

microstructure is found to be crucial in determining the TSV reliability, and scaling the 

TSV diameter from 10µm to 2µm is found not to affect the fundamental grain growth 

mechanism, and thus does not improve the TSV reliability or reduce the observed 

statistical scatter. This is demonstrated through measurements of the microstructure, 

stress response, and material properties as well as through thermomechanical simulations 

and a microstructure evolution model. The experimental and simulation results are shown 

to be in good agreement with the thermodynamic and kinetic principles of grain growth, 

where the high elastic anisotropy of copper plays an important role in creating statistical 

scatter. This study offers insight into the relationship between the microstructure and the 

thermomechanical behavior of TSVs from10µm to 2µm in diameter. 

First, the experiments carried out in this study show that the standard process of a 

high temperature post-plating anneal is insufficient to stabilize the microstructure and 

prevent further extrusion. While the as-plated sample has a relatively normal grain size 

distribution, the standard annealing process induces abnormal grain growth, creating a 

bimodal grain size distribution and increasing both the average grain size and extrusion. 

Further annealing perpetuates these trends as the abnormal grain growth continues, and 

the (111) texture weakens in favor of the strain energy preferred (100) orientation and 

twins. Nanoindentation measurements reveal that the extrusion heights of the grains are 

correlated to the mechanical properties, and that grains with lower elastic modulus 

extrude more than higher modulus grains, correlating the microstructural properties to the 

TSV reliability. 
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The scaling effect is then studied in 2µm and 5µm diameter TSVs which had both 

been subjected to post-plating annealing and are annealed further for this study. The grain 

size distribution for both is initially bimodal, with the statistical scatter and grain sizes 

increasing with annealing. The average grain sizes are similar for both 2µm and 5µm 

diameter TSVs, which shows that the grain growth mechanism is not largely affected by 

scaling, but that the number of grains across the TSV decreases with decreasing 

diameters. However, the 2µm diameter TSVs demonstrate more statistical scatter in the 

grain size distributions, which is then reflected in the extrusion measurements, where the 

magnitude and statistical scatter are higher for the 2µm diameter TSVs than for the 5µm 

diameter TSVs. 

The extrusion mechanisms and scaling effect are further studied using 

synchrotron x-ray microdiffraction, to measure the broadening of the Laue peaks, which 

is correlated to plastic deformation. The 2µm diameter TSVs demonstrate higher average 

APW values and statistical scatter than the 5µm diameter TSVs and for both cases the 

variations in the APW are traced to the grain structure of the individual TSVs. Plasticity 

was previously proposed as an extrusion mechanism, but with models that assume 

homogenous, isotropic copper material properties. These results demonstrate that the 

plasticity occurs locally and is dependent on the microstructure, which is anisotropic and 

thus increases the statistical scatter in the reliability results. The plasticity mechanism for 

local irreversible deformation in the copper grains is further demonstrated with a 

thermomechanical simulation based on experimentally acquired microstructures, where 

the plastic strain and residual stresses vary with the microstructure. 

Finally, the driving forces of the microstructure evolution are investigated in order 

to better understand the reliability challenges of copper TSVs. When grains are small, the 

grain boundary energy dominates the microstructure evolution and normal grain growth 
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occurs. The grains at the surfaces, however, energetically favor the (111) orientation for 

its low surface energy, and annealing introduces thermal strain energy, which favors the 

(100) orientation. These preferences and the competition between the energy components 

give rise to an inequality in the grain boundary velocities, and abnormal grain growth 

occurs, with subsets of grains growing disproportionately to the rest, a phenomenon 

which increases the statistical scatter in the grain sizes and orientations of the 

microstructure. A simulation is carried out based on these principles, and the results are 

in good agreement with experimental measurements for both the 2µm and 5µm diameter 

TSVs. The simulation is then extended to TGVs, which demonstrate more of the (111) 

texture and smaller grains due to reduced strain energy-driven abnormal grain growth. 

Together, these results demonstrate that the TSV reliability is intrinsically linked 

to the microstructural characteristics, as the stress behavior and the plasticity depend on 

the mechanical behavior of the grains, which is anisotropic for copper. The grain growth 

mechanisms are not found to scale with TSV diameter, which results in more statistical 

scatter for the 2µm diameter TSVs, as each TSV is controlled by fewer grains than for the 

larger TSVs. Furthermore, the strain energy-driven abnormal grain growth increases 

statistical scatter in the grain sizes and promotes (100) orientations, which are more 

susceptible to extrusion. 

5.2 FUTURE WORK 

These results suggest several interesting perspectives for future study. Initial 

results from the microstructure evolution simulation demonstrate that TGVs may reduce 

the statistical scatter due to a reduction of abnormal grain growth, but experimental 

results and thermomechanical simulations are required to further investigate the 

substitution of glass for silicon as a substrate. This dissertation also demonstrates some 
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basic issues for a highly anisotropic conductor, such as copper, due to the resulting 

discontinuities in the mechanical properties across grain boundaries and its susceptibility 

to abnormal grain growth. A near-isotropic metal, such as tungsten, could demonstrate 

significant improvements in control of the microstructure through reduction of abnormal 

grain growth and through isotropy in the strain energy. The deposition temperature of 

tungsten is higher than copper, which would require a higher thermal budget in 

processing.  This is balanced by the higher melting point of tungsten, which may reduce 

atomic mobility and thus increase the thermal stability of the microstructure. 

Investigations of factors such as the sidewall curvature, interface properties, and 

impurities would be very interesting for future TSV studies. 

The microstructure evolution simulation presented here is unique in its inclusion 

of physical orientations and surface and strain energy contributions. The simulation, 

having been validated in this dissertation, could be extended to the grain growth of any 

polycrystalline material with any form factor, such as interconnects or thin films, to 

demonstrate energy minimization as the driving force for grain growth, and to test the 

various energy components for their influence in the microstructure evolution at different 

dimensions and for various materials. Furthermore, the simulation could be expanded to 

use the simulated grain structures to estimate electrical resistivity based on the grain 

boundaries and interfaces. Impurities could also be added in order to quantify their effect 

on the grain structure. 

This dissertation explores the microstructure effects on the thermomechanical 

behavior and reliability of TSVs, but the electrical reliability also requires further 

investigation. TSVs must be highly resistant to electromigration, which leads to voiding 

and failure, and the integration of TSVs in chip design must not negatively affect the 

electrical performance of nearby components. Experimental results for the TSV 
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electromigration resistance and residual stresses in the silicon would significantly 

contribute to the understanding of TSV reliability, and these effects are also of interest 

for further studies of TSVs. 
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