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Abstract 
 Three-dimensional integrated circuit (3D IC) technology enables heterogeneous 
integration of devices fabricated from different technologies, and reduces global RC delay by 
increasing the device density per unit chip area. Wafer-level Cu-Cu thermocompression bonding 
provides an attractive route to 3D IC fabrication, with Cu serving as both the electrical and 
mechanical interconnection between adjacent device layers. While the bonding process is 
currently employed for such applications, the lack of quantitative understanding of the bond 
quality and reliability has made developing robust processes extremely challenging. The current 
work addresses this problem through the development and implementation of bond toughness 
measurement techniques that investigate the effects of thin film patterning, surface chemistry and 
process parameters on the Cu-Cu bond quality under a range of loading conditions. 
 The four-point bend test was used to quantify Cu-Cu bond toughness, Gc, under mixed-
mode loading and to develop an optimized process flow that enabled the creation of high- 
toughness bonds (> 5 J/m2) at a bonding temperature of 300 oC. Mixed-mode loading induces 
significant plastic energy dissipation in ductile layers, resulting in an overestimation of the true 
adhesive strength of the interface. The chevron test method has been developed to allow bond 
toughness measurements under mode I loading, thereby probing the ‘true’ work of adhesion of 
the bonded interface. Furthermore, analysis of the bonded chevron specimen with different layer 
thicknesses was performed to allow the specimen to be used to characterize the bonded interface 
under mixed-mode loading conditions. Chevron tests reveal that the toughness of patterned Cu 
films is a strong function of the feature size and orientation. For debond propagation across 
periodic bonded and unbonded regions, a pronounced increase in Gc was observed, compared to 
debond propagation along a continuous bonded interface. Effects of patterning were significantly 
different in ductile thermocompression and brittle fusion bonded systems, with the latter showing 
a reduction in toughness due to patterning.  

The ultimate limit of low temperature Cu-Cu adhesion was investigated using pull-off 
force measurements in Atomic Force Microscope (AFM) under ultra-high vacuum (UHV) 
conditions. These measurements show that the work of adhesion of Cu bonds created at room 
temperature is ~ 3 J/m2, similar to Gc for wafer-level bonds created at 300 oC and measured 
using the chevron test. Deliberate pre-adhesion exposure of the Cu surfaces to 10-6 Torr O2 leads 
to a dramatic reduction in adhesion (to 0.1 J/m2), suggesting the formation of a Cu oxide that is 
detrimental to the Cu-Cu bonding process. The UHV-AFM measurements suggest that strong Cu-
Cu bonds can be created by bonding clean Cu surfaces at room temperature, thereby eliminating 
several thermal stability issues in the thermocompression bonding process.  

The thermal management problem in 3D ICs containing multiple device layers was 
examined using an analytical model of forced liquid cooling via Cu-sealed integrated 
microchannels. Integration of microchannels requires a reduction in the area available for 
interconnects and adhesion, causing a trade-off between the inter-layer bonded area and the size 
and density of the channels that can be included. The optimum channel density is a function of 
the achievable local Cu-Cu bond strength.  
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Chapter 1 

Introduction 

1.1 Vertical Integration of Integrated Circuits 
The innovation of the planar transistor in 1959 is viewed as the origin of “Moore’s 

Law”, by Gordon Moore himself [Scha, 1996]. Moore’s Law, which states that the 

number of transistors on a chip doubles about every two years, has become a barometer 

for rapid technological change. For over four decades, Moore’s Law has been sustained, 

and therefore, higher computing performance has been achieved, primarily through 

rigorous scaling of transistor device dimensions. As the technology approaches atomic 

dimensions, a fundamental barrier to scaling is on the horizon. Solutions beyond Silicon 

CMOS technology, based on molecular electronics will revolutionize computation in 

future by scaling into the third dimension. However, in the more immediate future, device 

scaling can be sustained by the extension of standard silicon processes into the vertical 

dimension in the form of Three-Dimensional Integrated Circuits (3D ICs).  

 3D IC technology enables the vertical integration of a stack of device layers (with 

their associated metallization levels, i.e. interconnects) using inter-layer interconnections 

for electrical and mechanical connectivity (Fig. 1-1). In traditional 2D ICs, the device 

dimensions continue to shrink and the interconnect pitch continues to decrease to meet 

the wiring density requirement. This reduction in pitch, coupled with smaller wire cross-

sections and longer lines, increases the RC delay or global interconnect latency [Sara, 

1992]. Owing to the vertical construction, three-dimensional ICs are expected to reduce 

the semi-global and global wiring requirements significantly, therefore, allowing higher 

packing density in wiring-limited ICs and smaller interconnect delay [Rahm, 2000]. 

In general, there are two primary fabrication schemes for wafer-scale integration 

of integrated circuits. One option is to sequentially form a stack of active device layers 

(“bottom-up” approach). Another route is parallel assembly of the finished device layer    

(“assembly” method).  

In the bottom-up approach, devices in each active layer are processed 

sequentially starting from the bottom-most layer. Devices are built on a substrate wafer 

by mainstream process technology. After proper isolation, a second device layer is 

formed and devices are processed by conventional means on the second layer is 
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Fig. 1-1. Schematic of a 3D IC consisting of two device levels and their associated 
interconnect levels. The device layers are bonded with high density interconnects. [Figure 
provided by C. V. Thompson] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

formed and devices are processed by conventional means on the second layer. This 

sequence of isolation, layer formation, and device processing can be repeated to build a 

multi-layer structure. This bottom-up approach has the advantage that precision 

alignment between layers can be accomplished. However, it suffers from a number of 

drawbacks. The crystallinity of upper layers is usually low and imperfect. As a result, 

high-performance devices cannot be built in the upper layers. Thermal cycling during 

upper-layer crystallization and device processing can degrade underlying devices and 

therefore a tight thermal budget must be imposed. Due to the sequential nature of this 

method, manufacturing throughput is also low. 

The “assembly” method, on the other hand, allows one to fabricate individual 2D 

circuits using conventional planar fabrication technology; these 2D circuits can then be 

tested and assembled to form 3D circuits. While it is possible to stack high-performance 

devices, this method poses new challenges. Precision alignment between layers can 

impose a limit on the density of vertical interconnects. Low-temperature layer transfer 

techniques are also needed, and recent progress in wafer bonding has been 
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encouraging [Pete, 2003]. Since device layers can be fabricated in parallel and 

optimized using their respective technologies prior to layer stacking, higher throughput 

can be expected. This feature also enables heterogeneous integration of materials and 

functionalities, i.e. System-on-a-Chip (SoC). 

 

1.2 Motivation - Challenges in 3D IC Technology 
 The successful implementation of 3D IC technology hinges on the development 

of a robust process flow and addressing potential thermal/mechanical reliability issues 

during device operation. The key technological challenges in 3D IC development are: 

• Process development related to alignment and bonding of multi-layer stacks.  

• Heat dissipation through a stack of Si wafers separated by dielectric materials 

that have poor thermal conductivity.    
 
1.2.1 Wafer Bonding Characterization  
 Wafer bonding has emerged as an important tool in the fabrication of a range of 

microsystems technologies, including advanced integrated circuits [Fan, 1999], 

microelectromechanical systems (MEMS) [Schm, 1998], and the manufacture of silicon-

on-insulator (SOI) substrates [Cell, 2003]. Typically, wafer bonding processes involve 

joining substrates of 100 mm - 300 mm diameter and 0.5 mm - 1.0 mm thickness. The 

common bonding mechanisms are, a) direct bonding, where flat and smooth surfaces 

are brought into contact at room temperature followed by annealing at high temperatures 

[Plöß, 1999], b) anodic bonding, which uses an electrostatic field in combination with 

high temperatures [Coz, 1995], c) thermocompression bonding, where intermediate 

metallic/polymer layers are used to form a bond under applied temperature and pressure 

[Fan, 1999], [Eat, 1994], and d) solder/eutectic bonding, where a bond is formed by the 

melting and solidification of an alloy material [Til, 2000].  

 Wafer bonding schemes for 3D ICs can be classified into “via-last” and “via-first” 

approaches. When the bonding medium between active layers is insulating, a “via-last” 

sequence is followed. Device layers are first bonded and vertical vias are etched through 

the bonding interface. Therefore, high-aspect-ratio vertical vias are needed. Examples of 

such bonding media include polyimide adhesive, polymeric adhesive, and silicon oxide. 

Device layers can also be bonded with a conductive metallic layer, which allows for a 

“via-first” approach for fabricating 3D ICs. When metal is used as the bonding medium, 
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vias can be formed in both paired device layers prior to bonding, hence the requirement 

for interlayer via aspect ratio can be relaxed. For the case of metal bonding, the bonded 

inter-wafer connections do not consume active device area, enabling a significantly 

higher signal bandwidth between device layers. However, in many integration schemes, 

through-wafer vias are still needed for power, input/output (I/O), and signal routing 

through the device strata, as well as for inter-wafer connections for multi-strata stacking. 

Although these through-wafer vias will consume some active device area, overall, metal 

bonding still provides a significant bandwidth advantage over dielectric bonding. The 

inter-wafer bandwidth is an important parameter for applications such as 3-D logic in 

microprocessors where the die-to-die via pitch requirements can be extremely tight 

[Blac, 2004]. Figure 1-2 shows the schematic cross-sections of 3D ICs created by 

metallic and dielectric (SiO2) bonds. The bonding plane of the metallic bonds is used for 

interconnections, whereas through-wafer vias are required for dielectric bonds.  

 

 

 

 

 

 

 

 

 

 

 

 

 

(b)(a) 
Fig. 1-2. Schematic cross-sections of 3D ICs created by a) Metallic bonds [Morr, 2006] and b)
Dielectric (SiO2) bonds [Koob, 2005]. For metallic bonding, the bonded interconnects do not 
consume active device area, whereas vertical vias are required for dielectric bonding schemes. 

In this work, the Cu thermocompression bonding process is studied as a means 

to achieve a permanent bond to hold active device layers together in a multi-layer stack. 

Metallic Cu wafer bonding is an attractive choice because the same bonding medium 

acts as an electrical bond to establish a conductive path between active layers in a 3D 

IC, and also as a mechanical bond to hold the active layers together reliably. In Cu wafer 

bonding, the bond is created by the application of temperature (300 oC – 400 oC) and 

pressure to bring two wafers with Cu layers together. Several facets of Cu wafer bonding 

technology have to be addressed to enable development of a robust process flow: 
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Ultra-low-temperature bonding (< 100 oC) 

Since device wafers that have completed front-end and some back-end steps are 

bonded to each other, low-temperature bonding is highly desired. This is essential to 

prevent damage to the devices and to be compatible with low-κ dielectrics. Low 

temperature bonding is also important to reduce stresses due to thermal mismatch of 

different materials.  

Creation of high-density interconnections between device layers depends on the 

ability to align features with a very fine pitch. The smallest feature size on the bonding 

plane, and therefore, the packing density of interconnects, is being dictated by the limits 

of wafer-to-wafer alignment. Alignment is affected by thermal strain during the 

thermocompression bonding process. Therefore, ultra-low-temperature bonding has the 

potential to minimize or eliminate wafer-to-wafer (or die-to-die) misalignment.   

 

Bond characterization and reliability  
The concern for mechanical reliability exists in present day 2D ICs containing 

millions of transistors on a microprocessor chip, where the interconnect layers are 

densely stacked to form the multi-layer interconnect structure. In such a structure, the 

interconnect lines and the vias are embedded in a matrix of the ILD. Due to the large 

difference in thermal expansion coefficient between the metal, barrier layer and the 

surrounding ILD, tensile stresses generated in the interconnect lines are large enough to 

make the interfaces vulnerable to fracture failure. Interface decohesion is bound to be a 

much more potent problem when a switch is made from 2D to 3D ICs. In 3D ICs 

fabricated using wafer bonding technology, not only are more interfaces present 

compared to 2D ICs, but there also exists the crucial bonded interface. Determination of 

the mechanical strength of the bonded interface is an essential requirement in 

developing wafer bonding processes. Bonded interfaces are subjected to 

thermal/mechanical stresses during both fabrication and device operation. Quantitative 

characterization of bond strength is critical for developing processes that enable the 

fabrication of devices with long-term reliability. Though work has been done towards 

measurement of adhesion properties of multi-layer thin film structures, the bond quality 

and reliability of Cu-Cu bonds for 3D applications have not been studied in quantitative 

detail.  

A critical requirement for bond toughness measurements is that the test mimics 

the real case. Hence, the type of load that the bond is subjected to in the resulting 
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device should, to a great extent, determine the choice of method. If the bonded structure 

is to be subjected to tensile forces, then a tensile test method may be preferable. 

Common loading conditions are tension (mode I), shear (mode II), and mixed-mode 

(mode I + mode II), as shown in Fig. 1-3. Since 3D ICs and other devices created by 

wafer bonding are subjected to different loading conditions during fabrication and 

operation, bond toughness values have to be evaluated under different mode-mixities. 

 

 

 

 

 

 

 

 

 

 a) b) c) 

 Fig. 1-3. Loading conditions of a bonded interface. a) mode-I (pure tension),  
b) mode-II (in-plane shear), and c) mode-III (out-of-plane shear) 

 

The toughness of a Cu-Cu bonded interface is known to depend on several 

process parameters such as bond temperature and pressure, Cu layer thickness, and 

presence of surface oxides [Tad, 2003], [Lane, 2000].  Therefore, it is necessary to 

develop a measurement technique that is robust and quantitative as well as sensitive to 

effects of process parameters. The test method must also be tunable for different 

loading conditions.  

 

Bonding of patterned surfaces 

 Interfaces between patterned films that are bonded to each other show different 

characteristics compared to bonded continuous films. In thermocompression bonding, 

the reduced area of patterned interfaces results in greater applied bond pressure, for the 

same bonding force. This increase in applied pressure could lead to better bond quality 

[Tsau, 2003]. However, it has also been shown qualitatively that there exists a minimum 

pattern area (~50%) below which bond quality deteriorates [Tan, 2006]. Consequently, 

there are two opposing effects in thermocompression bonding of patterned films. Further 

quantitative understanding of pattern effects is therefore required. Adhesion 
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measurements of patterned Au-Au interfaces show a significant effect of pattern 

size/density on bond toughness [Tsau, 2003]. In addition, orientation of the features 

(parallel or orthogonal to the debond front) plays a role in the overall bond fracture 

toughness [Litt, 2004]. Patterning effects i.e., size/density/orientation have not been 

explored in Cu-Cu bonds in great detail. Therefore, there is scope for furthering 

knowledge of patterned interconnect bonding through quantitative means. Patterned film 

bonding is an important feature not only in Cu wafer bonding, but also in other bonding 

types such as fusion bonding [Turn, 2002]. Fusion bonding of silicon/silicon dioxide finds 

applications in several microsystem technologies [Schm, 1998], including 3D ICs [Warn, 

2002]. Quantitative test protocols similar to that of thermocompression bonding can be 

employed to examine patterning effects in fusion bonds. Owing to the brittle nature of 

fusion bonds, they present a completely different material system compared to 

thermocompression bonds of metals, which have a strong ductile component. In addition 

to bond toughness characterization, an important challenge in patterned film bonding is 

wafer-to-wafer (or die-to-die) alignment, which was discussed in page 13.  

 

1.2.2 Thermal Management  
Thermal management in 3D ICs is a critical issue that requires solutions beyond 

conventional 2D circuit heatsinking technology. In a 3D wafer or die stack, there are 

multiple device layers and therefore a multiplication of the power that must be 

dissipated. Most of the heat energy generated in integrated circuits arises due to 

transistor switching. This heat is typically conducted through the silicon substrate to the 

package and then to the ambient by a heat sink. With multi-layer device designs, 

devices in the upper layers will also generate a significant fraction of heat. Also, all the 

active layers will be insulated from each other by layers of dielectrics that typically have 

much lower thermal conductivity than Si. Hence, the heat dissipation issue can become 

even more acute for 3D ICs compared to conventional 2D ICs and can cause 

degradation in device performance and a decrease in chip reliability due to increased 

junction leakage and electromigration failures [Im, 2000], [Rahm, 2001]. 

 

1.3 Thesis Objectives 
 This dissertation is intended to be a blend of engineering and scientific research. 

This work is aimed at addressing some of the key challenges in 3D IC fabrication 
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technology such as wafer bonding characterization and thermal management. During 

the course of this research, we sought a fundamental understanding of metal-metal 

adhesion, and interfacial delamination. Also, using 3D ICs as a model application, we 

endeavored to develop holistic solutions to a bigger set of applications involving wafer 

bonding and quantitative assessment of thin film adhesion and reliability. Specifically, 

the objectives of the current work were, 

• To develop a suite of quantitative characterization techniques to assess the 

toughness of wafer-level bonds. The specific system of interest for this work is 

Cu-Cu thermocompression bonding for 3D ICs. The interfacial adhesion 

methods, which are based on classical four-point bend and chevron tests, are 

intended to encompass a range of loading conditions and must be robust and 

reliable. 

• To understand the dependence of process parameters (bonding temperature, 

surface cleaning), wafer bow and film deposition method (e-beam evaporation 

vs. electrochemical plating) on the bond toughness using the methods developed 

above. 

• To study the bond toughness of patterned films and understand the differences 

between bonding with blanket and patterned adhesion layers. Two model 

systems, Cu-Cu and SiO2-SiO2 bonds, are chosen to represent ductile 

(thermocompression) and brittle (fusion) bonds, respectively. Thereby, 

correlation between patterning effects and the mechanical properties of the 

bonded stack will be explored. 

• To gain a fundamental understanding of Cu-Cu bonding under controlled 

conditions of surface chemistry, thereby exploring the ultra-low-temperature 

bonding option for pristine Cu surfaces.  

• To develop a microchannel-based scheme to address thermal management 

issues in 3D ICs and to experimentally demonstrate the ability to fabricate such a 

heatsinking device.  

 
1.4 Thesis Scope 
 This thesis seeks to address the objectives listed in the previous section in order 

to develop a knowledge base that will allow for the development of robust wafer bonding 

processes for 3D ICs and other applications that require interface adhesion 
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characterization. Development of testing methods for interface adhesion is described 

first followed by experimental results from wafer-level bond toughness measurement. 

Fundamental Cu-Cu adhesion measurements were also performed on a nano-scale 

under controlled ambient, to study ultra-low-temperature bonding. Finally, an analytical 

model and an experimental demonstration of a microchannel-based cooling scheme for 

3D ICs is presented.  

Specifically, in Chapter 2, previous work concerning 3D ICs and Cu wafer 

bonding is reviewed. In addition, a background on testing methods for interfacial 

adhesion measurement is provided, with emphasis on distinction between different 

loading conditions during testing. In Chapter 3, development and implementation of a 

four-point bend test method for characterization of Cu-Cu bonds under mixed-mode 

loading is described. The four-point bend test has been used to optimize the bonding 

process vis-à-vis lowering the bonding temperature through improvement of the Cu 

surface preparation. Chapter 4 introduces an alternative testing method, the chevron 

test, for bonded interface characterization. Finite-element analysis of the chevron 

specimen is performed to obtain expressions for experimental evaluation of bond 

toughness under multiple loading conditions. The merits of the chevron test method vis-

à-vis “standard” four-point bend tests are demonstrated.  

Application of the mode I chevron test for Cu-Cu bond toughness 

characterization as a function of process parameters (surface cleaning, Cu film 

deposition) and wafer bow is described in Chapter 5. Chapter 6 reports experiments on 

chevron testing of the Cu-Cu interface under mixed-mode (plasticity dominated) loading 

conditions. Pattern size/density effects on Cu thermocompression bonds and silicon 

oxide fusion bonds using the chevron test are reported in Chapter 7 and Chapter 8, 

respectively. 

Chapter 9 describes experimental results on ultra-low-temperature Cu-Cu 

adhesion measurements in a UHV-AFM/deposition system. Effects of Cu surface 

preparation on the adhesion under controlled conditions are demonstrated. These 

results make a case for a change in the engineering of commercial bonding tools to 

enable low-temperature bonding. In Chapter 10, an analytical model for 

thermal/mechanical performance of fluid-filled microchannels for thermal management in 

3D ICs is developed. Based on the recommendations from the model, microchannel 

fabrication and bond strength testing are experimentally demonstrated in Appendix B. 
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Finally, a summary and discussion of the work is presented in Chapter 11. Key 

contributions are reviewed, and suggestions for future work are offered. 
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Chapter 2 

Wafer Bonding Characterization – Background 
and Motivation 
 
 As noted in the previous chapter, this body of research not only explores Cu 

thermocompression bonding technology for 3D ICs, but also seeks to provide holistic 

solutions for quantitative characterization of wafer-level bonds. In this chapter, 

background on 3D ICs is provided, followed by a review of wafer bonding, with particular 

emphasis on Cu thermocompression bonding. The chapter continues with a discussion 

of interface adhesion (bond toughness) measurement techniques. Finally, a strong case 

is made for the development of a robust and reliable test method that allows for bond 

toughness measurements under different loading conditions as well as being sensitive to 

effects of process variations. 

 

2.1 Three-Dimensional Integrated Circuits 
The concept of creating 3D structures to increase the packing density of Ultra 

Large Scale Integrated (ULSI) devices has been in existence for almost three decades. 

For example, in 1978 it was reported that polysilicon deposited in insulator can be 

melted by laser irradiation and recrystallized to allow fabrication of devices [Gat, 1978]. 

Yet practical implementation of this concept had to wait until the turn of the 21st century 

[Lee, 2002]. It is no coincidence that aggressive research on 3D ICs is being pursued at 

a time when current IC architectures can no longer sustain the performance 

improvement expected of ULSI circuits [ITRS, 1999].  

At this point, it is helpful to elucidate the definition of three-dimensional integrated 

circuits. Generally, vertical stacking of ICs can be achieved either using packaging or 

foundry facilities. Since there is substantial overlap between the two, classification of 3D 

IC technology is often not straightforward. In 3D packaging, ICs are stacked chip-to-chip, 

and this typically leads to a low vertical interconnect density (104-105 cm-2). In this work, 

the term 3D ICs is used to refer to device-level stacking (wafer-to-wafer or die-to-die), 

and therefore with much higher vertical interconnect densities (105-108 cm-2).  
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2.1.1 Interconnect Wire Length Reduction with 3D ICs 
 Three-dimensional ICs are expected to reduce the semi-global and global     

wire-length requirements significantly, therefore allowing higher packing density in 

wiring-limited ICs and smaller interconnect delay [Rahm, 2000]. Figure 2-1 shows the 

projected wire-length distribution of 2D and 3D logic circuits. By mapping a 2D IC into 3D 

[Fig. 1-1], the number and length of long wires can be reduced significantly at the 

expense of a higher number of short wires. The total and average wire-lengths also 

become shorter, leading to smaller wiring-limited chip area and higher system 

performance. A high density of interconnections can be facilitated by face-to-face 

stacking of multiple device levels, and through-wafer interconnects allow face-to-back or 

back-to-back stacking. Since face-to-face stacking allows creation of a high-density of 

inter-layer connections without the need for area-consuming through-silicon vias, an 

effective vertical integration scheme would utilize alternating face-to-face and back-to-

back bonds [Alam, 2004], as shown in Fig. 2-2. The 3D architecture offers extra flexibility 

in system design, placement, and routing. The availability of additional silicon layers in a 

3D chip gives extra flexibility to designers that can be exploited to minimize area, 

improve performance and power dissipation, or any combination of these [Bane, 2001]. 

 

Fig. 2-1. The wire-length distribution in 2D and 3D implementation of logic circuits. Three-
dimensional integration results in narrower wire-length distribution [Rahm2, 2001]. 
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Fig. 2-2. Four-layer 3D IC with alternate face-to-face and back-to-back bonds.  
[Figure provided by C. V. Thompson]  

 
2.1.2 System-on-Chip Design 
 System-on-a-Chip (SoC) is a broad concept that refers to the integration of 

nearly all aspects of a system design on a single chip [Pelg, 2000]. These chips are 

often mixed-signal and/or mixed-technology designs, including such diverse 

combinations as embedded DRAM, high-performance and low-power logic, analog, RF, 

etc. They can also involve technologies like MEMS, bioelectronics, and optical input-

output (I/O) devices. 3-D chip design technology can be exploited to build SoCs by 

placing circuits with different voltage and performance requirements in different layers. 

Additionally, digital and analog components in the mixed-signal systems can be placed 

on different Si layers thereby achieving better noise performance due to lower 

electromagnetic interference between such circuit blocks. From an integration point of 

view, mixed-technology assimilation could be made simpler and cost-effective by 

fabricating such technologies on separate substrates followed by physical bonding. 
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2.1.3 Thermal Performance of 3D ICs 
 Heat extraction from 3D ICs is a critical and widely researched issue [Im, 2000; 

Rahm, 2001]. In two-dimensional circuits, conventional packaging technology allows 

heat extraction from one side, typically the silicon-substrate side. However, in a 3D wafer 

or die stack, there are multiple device layers separated by dielectrics that have poor 

thermal conductivity thereby restricting heat dissipation pathways through the chip. Use 

of a conventional heat sinking mechanism for 3D ICs would lead to the flow of heat from 

wafers further away from the heatsink through the 3D stack, causing an increased power 

density on a smaller footprint. Therefore, the temperature rise in 3D circuits can be 

significantly higher than that in conventional ICs [Rahm, 2001], as seen in Fig. 2-3. 

 

 

 

 

 

 

 

 

 

 

 Fig. 2-3. Comparison of chip temperature rise between 2D and 3D ICs. Heating 
effects are exacerbated with increase in number of layers in 3D ICs [Rahm, 2001].  

 Flexibility in bonding methods, such as back-to-back and face-to-face bond pairs, 

can be exploited to address thermal management in 3D ICs.  Alam et al. proposed a 

method for 3-D IC technology that efficiently incorporates microchannels for thermal 

management [Alam, 2004]. Figure 2-4 presents the core idea in such a technology. 

Starting at the bottom of the stack, there is a face-to-face bond between the first two 

wafers. The second bonded surface would be a back-to-back bond between the two 

silicon layers (wafers or dice).   The next bonded layer pair could also be bonded face-

to-face, for a high interconnection density. Given that back-to-back substrate-to-

substrate bonding is required for every pair of device layers, there is an opportunity to 

create microchannels in each back-to-back bond. Deep trenches are etched in the back 

of the individual silicon layers before bonding, and microchannels would be created by 

bonding aligned trenches. In this scheme, fluid flow occurs through the microchannels 
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(in to the plane of the figure, as shown by the ‘+’ signs), thereby dissipating heat along 

the plane of the devices. In this method, bonding of patterned Cu layers to 

corresponding patterned Cu layers can simultaneously lead to creation of bonded 

interconnects, and creation of the adhesive element that holds the layers together; 

bonded Cu-to-Cu could therefore seal the channels. In Fig. 2-4, the topmost wafer (no. 

4) is connected to a heat sink. As is apparent from the structure, every wafer in the stack 

except for wafer no. 1 has a heat sink connected to its substrate. Thus, the heat removal 

problem in a 3D IC can be reduced to that of a conventional two-dimensional IC. 

  
 

Fig. 2-4. 3D IC with integrated microchannels for forced liquid cooling.  Cu-Cu bonds are used 
to create inter-level interconnects, provide layer-to-layer adhesion, and seal the 
microchannels. [Figure provided by C. V. Thompson] 

 
 

 

The use of microchannel fluid flow for integrated-circuit thermal management has 

been proposed by several groups [Sam, 1989; Kni, 1992], dating back to the pioneering 

work by Tuckerman and Pease in 1981 [Tuck, 1981].  In the microchannel method 

proposed by Tuckerman and Pease, a unique type of heat spreader is attached to (or 

fabricated on) an integrated circuit. The spreader contains embedded conduits of width 

1-1000 µm through which fluid (typically water) is forced to flow. The fluid absorbs the 

energy dissipated by the circuit as heat and carries this energy to a heat exchanger, 

where the energy is transferred outside the system. The fluid returns to its ambient 

temperature and is recirculated through the system. Such systems may be categorized 
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as single-phase (i.e. liquid or gas), in which heat is transferred principally by convection 

[Tuck, 1981], or two-phase, in which both convection and evaporation are responsible 

for heat-removal [Jian, 2002]. While the concept of microchannel cooling for 2D chips 

has been extensively researched [Jian, 2002; Kni, 1992], few reports on the quantitative 

analyses of fluid-based cooling of 3D chips are available [Dang, 2006; Koo, 2005]. In 

particular, the mechanical strength requirements for integrated microchannels for 3D IC 

cooling have not been explored. In Chapter 10, an analytical solution for microchannel 

cooling of 3D ICs is provided, considering both thermal performance and mechanical 

integrity of the multi-layer stack. 

 

2.1.4 Fabrication Schemes for 3D ICs 
 This section gives a description of previous work on “bottom-up” and “assembly” 

approaches toward 3D IC fabrication.  

 

Bottom-Up Approach 
The “bottom-up” fabrication routes can be grouped into the aegis of Silicon thin- 

film technology. A popular method for fabricating a second active Si layer on top of an 

existing substrate is to deposit polysilicon and fabricate thin-film transistors (TFT). To 

enhance the performance of such transistors, an intense laser or electron beam is used 

to induce recrystallization of the polysilicon film [Kawa, 1983] to reduce or even eliminate 

most of the grain boundaries. The beam recrystallization technique may not be practical 

for 3D devices because of the high temperature involved during melting of the polysilicon 

and also due to difficulty in controlling the grain size variations [Wang, 2000]. However, 

high-performance TFTs fabricated using low-temperature processing have been 

demonstrated [Crow, 1986] that can be employed to fabricate advanced 3D circuits. 

Silicon Epitaxial Growth is another thin film technology applicable for 3D 

integration. Additional Si layers are fabricated by etching a hole in a passivated wafer 

followed by epitaxial growth of single-crystal Si seeded from open window in the ILD. 

The silicon crystal grows vertically and then laterally to cover the ILD [Neud, 1999]. In 

principle, the devices fabricated on these epitaxial layers can be as good as those 

fabricated underneath on the seed wafer surface. However, the high temperatures  

(1000 oC) involved in this process cause significant degradation in the quality of devices 

on lower layers. Also, this technique cannot be used over metallization layers. 
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Solid Phase Crystallization (SPC) is an alternative to high-temperature epitaxial 

growth. This technique involves low-temperature deposition and crystallization of 

amorphous silicon on top of the lower active layer devices. The amorphous film can be 

randomly crystallized to form a polysilicon film [Yam, 1994]. Local crystallization can be 

induced using low-temperature processes (< 600 oC) such as patterned seeding of 

Germanium [Sub, 1998]. Ge seeds implanted in narrow patterns made on amorphous-Si 

can be used to induce lateral crystallization and inhibit additional nucleation. CMOS 

transistors can be fabricated within these islands that are nearly single-crystal. Another 

approach based on the seeding technique employs Ni seeding to induce simultaneous 

lateral recrystallization and dopant activation after the fabrication of the entire transistor 

on an amorphous-Si layer. This technique, known as the metal induced lateral 

crystallization (MILC) [Lee, 1983], offers an even lower thermal budget (< 500 oC) and 

can be employed to fabricate high-performance devices on upper active layers even with 

metallization layers below. 

 

Assembly Approach 
Thin device layers can be added to a substrate to form a vertical stack of device 

layers in two orientations, i.e., “face-down” or “face-up.” The face-down orientation adds 

a device layer face-to-face with the substrate wafer. In this method, a donor wafer is 

permanently bonded to a substrate and thinned back to the desired thickness. On the 

other hand, the face-up orientation adds a device layer back-to-face with the substrate 

wafer. In this method, the device wafer must first be temporarily bonded to a handle 

wafer, thinned back to the desired thickness, and permanently bonded to the substrate 

wafer. The transfer is completed by removing the handle wafer. A permanent bond 

between active layers can be formed either by insulating (dielectric bond) or conducting 

materials (metallic bond).  

 

Dielectric Bond 

Ramm et al. [Ramm, 1997] pioneered the “Vertically Integrated Circuit (VIC)” by 

stacking thinned processed device wafers using an aligned bonding process with 

polyimide adhesive and vertical interconnects. In this method, deep vias were formed in 

the top wafer (into the silicon substrate) before it was attached to a handle wafer. The 

substrate was thinned to expose the vias at the back. A thinned top donor wafer was 

then bonded to the substrate wafer using polyimide glue. After handle wafer release, the 
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vias were further opened down to the top level metal on the bottom circuit and filled with 

CVD TiN and W after careful wall isolation. Lu et al. [Lu, 2001] used a face-down 

approach, hence avoiding the use of a handle wafer. Wafers were bonded using 

polymeric glues such as Benzocyclobutene (BCB). 

Warner et al. [Warn, 2002] demonstrated two-layer SOI CMOS circuits with 

operational ring oscillators. After circuit fabrication, SOI wafers are coated with low 

temperature oxide (LTO). The LTO layers are polished to the required surface 

smoothness and then activated. Wafers are bonded face-to-face using the hydrophilic 

bond of oxide layers, and the bonded pair is annealed at 300 oC. The substrate of the 

top wafer is removed by a wet chemical etch which stops on the buried oxide layer. 

Interlayer connections are formed by etching vias through the oxide bonding interface 

and filling with CVD tungsten. A functional 65-stage ring oscillator was fabricated in     

0.8 µm CMOS technology. Guarini et al. [Guar, 2002] designed a back-to-face donor 

layer transfer to substrate wafer using oxide fusion bonding. A glass handle wafer was 

used to assist in wafer alignment, and bonding between donor wafer and glass handle 

was done using polymeric glue. It was shown that the intrinsic electrical characteristics 

of the thinned layer were preserved. 

 

Metallic Bond 

Using a similar process flow to that described in [Ramm, 1997], Ramm et al. 

[Ramm, 2005] replaced the bond between active layers with a metallic bond formed by 

Solid-Liquid interdiffusion of Cu and tin (Sn). Cu pads were formed on both top and 

bottom wafers, and Sn was deposited on the top Cu pads. Under a pressure of 5 bar 

and temperature of 260 oC - 300 oC, Sn starts to melt and intermixing of Sn and Cu will 

take place. A stable eutectic alloy, Cu3Sn, forms between the remaining Cu layers. This 

is an attractive choice because the alloy is stable up to 600 oC, hence providing a 

temperature window to stack additional layers on the stack using a similar technique. 

Tan et al. [Tan, 2005] stacked ultra-thin silicon layers in a face-to-face fashion having Cu 

as the bonding medium. A double-layer stack was demonstrated and by repeating the 

stacking with two double-layer stacks, a four-layer stack was successfully built. A 

double-layer stack arranged in back-to-face fashion bonded by Cu was also 

demonstrated [Tan2, 2005], [Tan3, 2005]. 
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 Following a detailed discussion on 3D IC technology, the rest of this chapter will 

present an overview of wafer bonding technology and testing methods for bonded 

interface characterization. 

 

2.2 Wafer Bonding 
 Although wafer bonding is only a recent addition to the tool suite of 

microelectronics and microsystems technology, the basic phenomenon has been known 

and used for many centuries. Lord Rayleigh, in 1936, was probably the first to perform a 

thorough scientific study of the adhesion between two flat, polished surfaces [Rayl, 

1936] by showing the presence of an interaction energy between two bonded glass 

plates which was quantified by tensile strength measurements. Bonding of 

semiconductor wafers was described by Wallis and Pommerantz in 1969 [Wall, 1969]. 

Here, silicon wafers were bonded to sodium-containing glass wafers at high 

temperatures (500 °C) and by applying an electric field (anodic bonding). In spite of the 

long history of the direct bonding phenomenon, the modern development of the science 

and technology of wafer bonding was only stirred by two reports in the mid-eighties. The 

first work was reported by Lasky [Lask, 1986] who described the bonding of two oxidized 

silicon wafers to form Silicon-on Insulator (SOI) substrates, which are now extensively 

used for the fabrication of low-power and low-voltage VLSI products. In the second 

report, Shimbo et al. [Shim, 1986] analyzed the bonding behavior of un-oxidized silicon 

wafers forming an epitaxial substrate for power devices. Since this time, numerous 

applications of semiconductor wafer direct bonding were published. In 1988, Petersen et 

al. [Pete, 1988] reported the formation of pressure sensors by bonding of structured 

silicon wafers, which initiated modern silicon bulk micromechanics. Furthermore, 

bonding of wafers using intermediate thin film layers has been developed for packaging 

and 3D device fabrication [Fan, 1999; Tsau, 2002]. 

 

Direct Bonding 

Direct bonding, also referred to as “fusion bonding,” is a process in which flat and 

smooth wafers are initially bonded at room temperature via macroscopically short-range 

surface forces and then annealed at an elevated temperature to strengthen the bond. 

The weak hydrogen and Van der Waals bonds formed upon room-temperature contact 

are strengthened after the high temperature anneal, usually in the range of 700 oC – 

1100 oC [Beng, 1992]. Prominent examples are silicon direct bonds and production of 
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SOI substrates. This method places stringent requirements on cleanliness and flatness 

of the mating surfaces. Gui et al. showed that the bondability of room temperature direct 

bonding depends on a dimensionless parameter, which entails a surface roughness 

around 1 nm and minimal surface asperities [Gui, 1999]. Several groups have focused 

on offsetting the high temperature requirement by using better surface preparation 

methods. Gösele et al. obtained a surface energy similar to that of a high-temperature 

bond by contacting the wafers under a few mbar of vacuum followed by a long (60 hr) 

anneal at 150 oC [Plöß, 1999]. Surface activation with oxygen or argon is another low-

temperature option. Tan et al. [Tan, 2003] have demonstrated silicon oxide fusion 

bonding using oxygen plasma activation and a 3 hr anneal at 300 oC. In addition to 

surface roughness, fusion bond quality depends on other factors such as wafer shape 

variations (bow and warp), patterning, and multiple wafer stacks [Turn, 2002]. 

 

Anodic Bonding 

Anodic or electric-field-assisted bonding is a common technique for bonding of 

silicon with glass that contains a high amount of alkali metal oxides. A typical glass-

silicon bonding involves the application of an electric field of 100 V – 1000 V across the 

structure, at temperatures between 300 oC – 400 oC [Mack, 1997; Schm, 1998]. At these 

temperatures, the oxides in the glass dissociate, and since silicon is held at a positive 

potential with respect to the glass, mobile metal ions are driven away from the interface. 

This process creates an oxygen-rich layer at the Si-glass interface. The oxygen ions are 

forced to the Si surface by the electric field and oxidize the Si, resulting in an irreversible 

bond formation. Anodic bonding is less sensitive to surface irregularities than silicon 

direct bonding. However, thermal mismatch between glass and silicon must be 

controlled to minimize residual stresses.  Another concern is the outgassing of glasses 

at room temperature. For applications that require hermetic sealing, the glass must be 

outgassed at elevated temperatures prior to bonding to ensure reliability [Cho, 1998]. 

 

Solder/Eutectic Bonding 

 Eutectic or solder bonding is frequently used for MEMS devices and advanced 

packaging, and meets the demand for hermetic as well as vacuum sealing for many 

microsystems. This technique is based on the use of bonding materials that form a 

eutectic alloy in specific temperature conditions. Systems such as Au-Si, Au-Sn or Au-

Ge are widely used. For Au-Si eutectic bonding, a gold layer of the desired thickness is 
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first deposited on one of the two wafers. The Si is provided either from the bulk of one of 

the wafers or from deposited thin films. At the Au-Si eutectic point of 363 oC, a liquid Au-

Si alloy that contains 3% Si and 97% Au is formed. The actual bonding temperature is 

some 10 oC higher than the eutectic point, which allows sufficient solid-liquid 

interdiffusion at the interface. The eutectic alloy then solidifies on cooling. Eutectic bonds 

are less susceptible to particulates and surface roughness than direct bonding [Til, 

2000]. In addition, common solder materials are conductive, thereby providing an 

electrical connection between the device and package. Oxide formation on the bonding 

surfaces will prevent proper wetting between the solder and the substrate, which leads 

to poor bonding [Wang, 1992], [Hoge, 1980]. Since Si, Ge and Sn oxides are readily 

formed under ambient conditions, proper surface preparation is critical for reliable bond 

formation. 

 

Thermocompression Bonding 

The technique of simultaneous application of pressure and temperature during 

the bonding process is known as thermocompression bonding. This process is 

essentially identical to diffusion bonding, which is used extensively for joining metallic 
components at the macro-scale. Metallic bonds form when the distances between the 

two substrates are so small that it becomes energetically favorable for surfaces to 

coalesce in order to eliminate the interfacial energy. The surfaces can be brought 

together by the application of pressure. Due to surface roughness, bonds initially form 

where the surfaces touch at asperity contacts. As the materials deform under pressure, 

the asperity heights decrease, and more areas are brought into contact. At room 

temperature, relatively high pressures or ultra-clean surfaces are needed for inter-atomic 

attraction to overcome surface asperities in metals [Tyle, 1968]. But dislocation mobility 

and diffusion increase with temperature, resulting in softening of the metal and plastic 

deformation. Therefore, the pressure requirement can be offset by increasing the 

processing temperature. Almost any metal can be bonded via thermocompression. 

However, the requisite pressure and temperature may not be in a practical range for all 

metals. For oxidizable metals, such as solder or even Cu, the bonding surfaces must be 

treated to remove the oxide that would impede bond formation. As a noble metal, gold is 

an ideal bonding material, and a good example of thermocompression bonding is gold 

wire bonding. 
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 Large IC manufacturers, which are keen to construct hybrid circuits and 3D 

architectures, are exploring ways to build vertical transistors and stack individual 

devices. Thermocompression bonding, using metal-to-metal bonding, has become a 

favored fabrication step. A key driver for the uptake of thermocompression bonding is 

the transition from aluminum primary metallization layers to lower resistivity materials 

such as gold and copper. While in the past the IC industry has avoided using gold and 

copper because of unwanted effects from electromigration, diffusivities into Si and high 

fabrication costs, today's demanding IC performance requirements have forced 

manufacturers to switch to these elements.  

 Li and Bower combined plasma activation with thermocompression to achieve 

low-temperature bonding of silicon [Li, 1998]. Direct bonding of glass at lower 

temperatures using thermocompression was also demonstrated [Saya, 2000]. It has 

been reported that the application of pressure allows for solder bonding below the 

eutectic temperature. Au-Sn solder was bonded at 240 oC with 0.4 MPa of pressure 

[Wang, 1992] and Al-Au bonds were made at 350 oC under 45 MPa [Wae, 1998]. By far, 

the most popular material systems for thermocompression bonding have been Au and 

Cu. Gold thermocompression bonding has been a standard microelectronics packing 

technique, in both wire and tape automated bonds, primarily due to the corrosion 

resistance and low yield stress of pure gold. More recently, Tsau et al. have 

demonstrated wafer-level gold thermocompression bonds for MEMS packaging 

applications [Tsau, 2002]. Characterization of the process focused mainly on the effects 

of bonding temperature (260 oC – 300 oC) and pressure (1.25 MPa- 120 MPa). High 

bond toughness was obtained and bond quality was found to improve with increases in 

bond temperature and pressure. However, non-uniform bonding was observed as 

plasticity was introduced into the system, either by increasing the bond layer thickness 

or by increasing the bond pressure. In addition, geometry-induced bond pressure 

variation was also found to influence the overall bond quality.  

 

2.3 Copper Thermocompression Bonding 
 While copper has similar mechanical properties as gold, the fundamental 

difference between the two metals vis-à-vis bonding is the surface oxidation behavior. 

Gold is virtually oxidation-free while Cu oxidizes under ambient conditions. The presence 

of surface oxide is a major detriment to thermocompression bonding since the oxide film 

hinders diffusion and deformation of the metal. Nevertheless, Cu wafer bonding has 
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gained ground over other bonding processes for enabling 3D IC fabrication. Since Cu is 

the interconnect material of choice in modern-day ICs, the ability to use Cu as both the 

bonding material and the interconnect presents a strong justification for Cu wafer 

bonding. In addition to 3D ICs, Cu bonding has also been used for fabrication of metal 

waveguides in Quantum Cascade Lasers by Williams et al. [Will, 2005]. Fan et al. have 

demonstrated Cu bonding at a temperature of 400 oC for 3D application [Fan, 1999]. 

Qualitative characterization of Cu bonding using Transmission Electron Microscopy 

(TEM) has also been reported [Chen, 2001].  Tadepalli and Thompson have studied the 

effect of temperature and surface cleaning on the Cu-Cu bond toughness [Tad, 2003]. 

Under cleanroom conditions and with commercial bonding tools, high toughness bonds 

were created at 300 oC using an Acetic-acid-based pre-clean to remove surface oxide, 

followed by a reducing gas purge in the bond chamber to reduce the reoxidation rate of 

Cu. The effect of Cu film thickness on the bond quality has been discussed by Lane et 

al. [Lane, 2000]. Thicker Cu films resulted in higher bond toughness owing to increased 

plastic deformation in the Cu stack.  

The Cu thermocompression bonding process is typically carried out in a 

temperature range of 300 oC – 400 oC, primarily due to the unavailability of commercial 

tools that enable maintenance of oxide-free surfaces. Presence of surface oxides is 

detrimental to bond formation, and therefore the thermal budget of the bonding process 

has to be increased to achieve stable bonds. However, lowering the thermal budget in 

the Cu-Cu bonding process is a major incentive, given that several thermally sensitive 

layers (e.g. polymer thin films) are present in the stack prior to the attachment process. 

Furthermore, thermal strains developed during the heating process could affect the 

alignment between the mating surfaces that have sub-micron features. The ultimate goal 

of thermocompression processes is to achieve contact at room temperature, while still 

maintaining adequate bond toughness.   

Shigetou et al. have demonstrated room temperature bonding of Cu by 

bombarding the surfaces with Ar fast atom beam (Ar-FAB) prior to bonding under high 

vacuum (10-7 Torr) [Shig, 2006]. However, only a semi-quantitative analysis of the bond 

strength was performed. The bond strength is the average stress at the interface when 

fracture occurs and is a strong function of the geometry of the bond and defects at the 

interface, both of which are influenced by specimen geometry and preparation. The 

interface toughness or work of adhesion, which is typically measured using fracture-
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mechanics specimens, can provide a more direct measure of interfacial adhesion and is 

therefore the metric for quantitative bond characterization. 

Previous research on Cu bonding has focused predominantly on qualitative 

evaluation of the bonded interface. Quantitative characterization of multi-layer stacks 

involving Cu bonds was performed on structures where Cu was used as the “glue” 

material to bond two wafers [Daus, 1998]. In these studies, the interface of interest was 

typically the dielectric/barrier layer interface (e.g. TaN/SiO2), and not the Cu-Cu bond 

interface. Also, these bond toughness measurements were performed under conditions 

where the Cu film’s plasticity dominated the measured fracture toughness. Therefore, 

several aspects of quantitative evaluation of Cu bonds had not been investigated prior to 

this work. Testing under conditions of minimum film deformation (plasticity) will provide 

information on the true strength of the Cu bonded interface. Also, a thorough 

examination of ultra-low-temperature (< 100 oC) bonding is necessary to reduce the 

thermal budget in the wafer bonding process. 

With the increasing number of applications entailing bonding technology for 

creation of three-dimensional structures, the need to bond wafers patterned by etching 

or thin-film deposition has assumed greater importance in both direct bonding (e.g. 

fabrication of miniaturized gas turbine engine) [Turn, 2002; Miki, 2003] and 

thermocompression bonding (e.g. packaging for MEMS, three-dimensional integrated 

circuits) [Tsau 2003; Tan, 2006]. Design of Cu interconnect structures for 3D IC 

fabrication requires understanding of bond formation of patterned films. Qualitatively, it 

has been observed that Cu-Cu bond formation is dependent on the size and area 

fraction (density) of patterns [Tan, 2006]. While quantitative characterization of Cu-Cu 

bonds has been performed [Tad, 2003], the effects of patterning have not been 

addressed in detail. Pattern effects in other thermocompression bond systems (Au-Au 

bonds) have been studied by Tsau et al. [Tsau, 2003]. The bond quality was measured 

using four-point bend delamination fracture specimens. Toughness of discontinuous 

bond interfaces (bonded pads) was found to be significantly greater (~ 250 J/m2 vs. 50 

J/m2) than the toughness of continuous bonded interfaces (bonded lines). This difference 

was attributed to high pressures achieved during bonded pad formation (~ 120 MPa vs. 

7 MPa), since the area density of pads was lower than that of the lines. It is not clear 

from the above study, however, if there are fundamental differences between continuous 

and discontinuous bonded interfaces that are formed under similar bonding conditions.   
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Effects of pattern size and orientation on adhesion of multi-layer thin film stacks 

have been investigated by Litteken et al. [Litt, 2004].  The contribution from plastic 

energy dissipation and crack-tip shielding to the relevant fracture energy was measured 

in patterned structures that contained arrays of Cu/PAE (Polyaryl ether) or Cu/CDO 

(Carbon doped oxide) lines. The bond quality was measured using four-point bend 

delamination fracture specimens. The fracture energy of Cu/CDO structures was 

dependent on the orientation of the line width with respect to the direction of crack 

propagation. The width of the lines was on the order of the film thickness, thereby 

resulting in conditions where dimensional constraints play a role in the plastic 

deformation of the ductile layers. 

In addition to surface preparation and bonding temperature, other parameters 

that could influence Cu-Cu bond quality include wafer bow and Cu film deposition 

technique. 

Wafer bow refers to the finite curvature of a substrate, or the height difference 

between the center and edge of the wafer. Such wafer-scale shape variations are 

inherent in the substrates, and are also influenced by highly stressed films deposited or 

grown during processing. Wafer bow affects direct wafer bonding, since the initial bond 

formation occurs at room temperature under minimum applied pressures [Turn, 2002]. 

Typically, a wafer bow below 25 µm is required for direct bonding of 150 mm wafers 

[Tan, 2006]. However, for thermocompression bonding, the maximum wafer bow that 

can be accommodated is not known. Since thermocompression bonds are formed under 

applied temperature and pressure (~1 MPa), there is a greater driving force to deform 

the wafers compared to a direct bonding process. In fact, a recently developed 

mechanics-based model shows that a bow of 100 µm can be accommodated for 100 

mm wafers that are bonded under a pressure of 0.3 MPa [Turn, 2006], since the Si 

substrate is relatively thin (~0.5 µm) and compliant. Experimental verification of wafer 

bow effects has been pursued in this work and is reported in Chapter 5. 

Finally, the Cu film deposition method could play a role in the bond quality of Cu-

Cu bonds. Modern day Cu interconnect structures are fabricated by filling trenches in a 

dielectric using electrochemical plating (ECP) and subsequently using chemical 

mechanical polishing (CMP) to remove Cu between trenches. Research on 3D ICs 

created by Cu-Cu bonding has focused predominantly on e-beam evaporated Cu films 

[Tad, 2003; Tan, 2006]. However, there are some differences in the grain growth 

characteristics between e-beam evaporated and ECP Cu films [Gang, 1974]. In vapor-
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deposited films, recovery and recrystallization are believed to take place in situ. In 

contrast, electroplated films exhibit room temperature recrystallization over a period of 

hours or days, with a strong dependence on the impurity content [Hau, 2000]. These 

differences in recrystallization kinetics could influence the thermocompression bonding 

process. Qualitatively, it has been observed that the ECP and e-beam evaporated Cu- 

bonded films are similar to each other [Tan, 2006]. Quantitative characterization of the 

differences, if any, between the ECP and e-beam evaporated bonded films will be 

performed in this work.  

 

2.4 Bond Toughness/Interface Adhesion  
From the very beginning of the development of wafer bonding, the bond 

toughness has been considered one of the most important characteristics to determine. 

Heterogeneous integration of technologies using wafer bonding drives the need to 

understand mechanical and thermal behavior of material interfaces prior to and during 

operation. In order to understand this behavior, quantitative knowledge about the bond 

strength and quality is essential. The interfaces in a vertically stacked circuit are 

subjected to intrinsic stresses during fabrication and thermal cycling during device 

operation. Such high stresses can cause failure of interfaces that leads to overall system 

failure. Therefore, it is necessary to develop models for bond reliability that can be used 

to predict the reliability of the circuit from the standpoint of mechanical integrity. 

Currently, an increased interest in bond adhesion quantification can be 

anticipated when wafer bonding is optimized for complex microelectromechanical 

systems and 3D circuits. Furthermore, at subsequent steps of a fabrication process, the 

accumulated economic value of the previous steps is at stake. Merging of costly pre-

processed subsystems into larger systems by wafer bonding therefore requires high 

process yield. These severe requirements demand good quantification methods to both 

develop reliable bonds and wafer bonding processes and to provide the understanding 

necessary to facilitate the work. 

Three reasons for applying adhesion quantification methods can be discerned 

from the above: general understanding, bonding scheme optimization and quality 

control. Although the main perspective differs, all three can contribute to the 

understanding of underlying physical, chemical and mechanical processes and 

properties. Initial tests confirm or reject hypotheses about the bond toughness response 

revealing information about the nature of the bond. For instance, the response in bond 
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toughness when varying one parameter, such as surface roughness or bonding 

environment, can be sought. Thereafter, adhesion tests determine the simplest process 

that yields sufficiently good bond toughness. This is an optimization process. The third 

field of application is process quality control. Here, tests are used to certify that a bond 

has sufficient bond strength to allow the structure to proceed to the customer or to the 

next manufacturing step. If the measurement method is destructive, random sampling or 

dummy work pieces with test structures are necessary. 

 
2.4.1    Measurement of Interface Adhesion 

One fundamental quantity that characterizes an interface is the energy, 2γ, 

required to separate a unit area of two bonded surfaces. This is often referred to as the 

thermodynamic work of adhesion (WA) and is denoted as  

2γ = (γ1 + γ2) - γ12,   (2-1) 

where γ12 is the energy of the interface, and γ1 and γ2 are the surface energies of the two 

materials, 1 and 2, on either side of the interface. The theoretical strength of the 

interface corresponds to the thermodynamic work of adhesion. Interfaces, however, do 

not generally fail in an ideal fashion, and hence one does not measure the theoretical 

strength. More typically, delamination occurs through crack growth by localized breaking 

of bonds in the highly stressed region at the tip of a propagating crack. This localization 

results in failure occurring at applied stresses much lower than the theoretical maximum. 

A framework for analyzing crack growth has been established in the field of 

fracture mechanics. An important concept is that the change in the total mechanical 

energy of a system associated with the propagation of a crack provides the driving force 

for delamination. This driving force, G, which is also referred to as the strain energy 

release rate, is the energy available to separate a unit area of interface, and is given by 

U)(W
A

G −
∂
∂

= ,   (2-2) 

where A is the crack area, W is the work done by any external loads, and U is the elastic 

strain energy stored in the system. The crack propagates, and delamination occurs if G 

is larger than the energy required to separate a unit area of the interface, G. This 

quantity, G, is referred to as the toughness, or the fracture resistance, of the interface. In 

other words, the fracture event must also be accompanied by a reduction in surface 

energy, a phenomenon first recognized by Griffith [Grif, 1920]. The energies associated 

with crack extension are often partitioned into mechanical and surface energy terms. 
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The mechanical energy consists of the potential energy of the applied external load and 

the strain potential energy elastically stored in the material. The mechanical energy 

decreases as the crack-area extends and thus represents the crack driving force. The 

surface energy, on the other hand, increases with crack-area extension and serves to 

resist crack advance. Spontaneous fracture is preceded by an unstable equilibrium 

situation, where the magnitudes of the crack-driving and crack-resisting forces are equal. 

Here, an infinitesimal increase in applied load will cause the crack to expand 

spontaneously. This equilibrium situation is mathematically described as [Grif, 1920; 

Rag, 1999] 
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where UTOT is the total system energy and A is the crack interfacial area. UM, US, UA, and 

UE are the mechanical, surface, applied, and elastic energies, respectively.  

Fracture toughness is measured experimentally by determining the load required 

to propagate a sharp crack, performing an elastic calculation to calculate the value of G 

appropriate for the load and geometry, and equating the toughness of the interface to 

this value of the energy release rate. The fracture toughness, G, is ideally equal to the 

quantity 2γ defined in Eq. 2-1 [Rice, 1968]. However, this equality is found 

experimentally only in very weak interfaces, such as when the interfacial bonding is 

provided by the capillary force of a liquid [Thou, 1992]. It is important to realize that the 

measured fracture toughness consists of several components in addition to the cohesive 

surface energies on the right-hand side of Eq. 2-1. For brittle materials, the plastic 

deformation contribution can be neglected, as opposed to ductile materials, where this 

term is entirely dominating. Generally, the surface energy represents only a small portion 

of the total energy consumed in separating an interface by a propagating crack. The bulk 

of the energy is dissipated by dislocation emission, flow, or other irreversible processes 

occurring in a process zone at the crack tip. This contribution from plastic dissipation is 

generally denoted by Wpl.  

 
2.4.2    Application of Fracture Mechanics to Interface Adhesion 

Delamination of a film from a substrate or a bonded interface can be expected to 

occur only if there is both a pre-existing flaw and a driving force for crack propagation. 

One might imagine that, in microelectronic devices, processes such as corrosion, 
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localized plastic flow in high-stress regions, or contamination could introduce suitable 

flaws. In general, the driving force, G, depends on both the flaw size and film thickness. 

However, when the length of the interface crack is substantially larger than the film 

thickness, G often exhibits a maximum value which is independent of the crack length 

and scales only with the film thickness.  

 

Solutions for Delamination 

The value of fracture toughness, G, is obtained by experimentally measuring the 

energy release rate, G. Since G is equal to G at the point of fracture, this experimental 

measurement gives the value of fracture toughness. The energy release rate is related 

to the stress intensity factors, which are the components of a vector quantity that 

characterizes the crack-tip stress field in an elastic body. The stresses at a crack tip 

exhibit a square-root singularity and the stress-intensity factors indicate the value of the 

stresses at a fixed distance from the crack tip. For the purposes of analyzing interface 

adhesion of bonded structures, two types of stresses are considered: normal stresses 

acting across the crack plane and in-plane shear stresses. The stress-intensity factors 

associated with these stresses are designated the mode-I and mode-II components, KI 

and KII respectively. The energy-release rate is related to the stress-intensity factors by  

E
)K)(Kν(1G

2
II

2
I

2 +−
= ,   (2-4) 

where ν and E are the Poisson’s ratio and elastic modulus of the bulk substrate, 

respectively. The third stress mode, albeit less commonly encountered, is mode-III, or 

out-of-plane shear. The three stress modes were shown as schematic in Fig. 1-3. 

 

Mixed-mode Fracture 

In an isotropic material with no interfaces, a crack propagates along a path that 

locally minimizes the energy release rate. This trajectory is one for which KII is 

essentially zero, also called a pure-tensile fracture mode. In contrast, a crack forced to 

grow along an interface is generally subject to some shear. Hence, failure is essentially 

one of a mixed-mode type. It is this effect that is frequently responsible for what is 

termed “cohesive” failure (when fracture occurs in the vicinity of the interface, but leaves 

the interface intact) rather than “adhesive failure” at the interface itself. Mode mixity is 

defined by a parameter ψ, which is given by  

ψ = tan-1(KII/ KI).   (2-5) 
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ψ is the phase angle associated with the normal to shear stress ratio ahead of the crack 

tip. For example, ψ = 0o represents a pure mode-I (opening) deformation, and ψ = 90o 

represents a pure mode-II (shear deformation). In the case of mixed-mode failure, both 

the fracture toughness and the interface crack growth mechanism are dependent on ψ 

[Evan, 1990]. The criterion for crack extension can be written as . Some of the 

commonly used mixed-mode toughness characterization methods are shown in Fig. 2-5.  

Γ(ψ)G ≥

 
 

 

 

Fig. 2-5. Schematic illustration of the dependence of G on ψ. Different tests for the measurement of 
G involve a wide range of ψ values [Evan, 1990]. 

A fracture-mechanics-based method to measure interface adhesion will require a 

detailed knowledge of G(ψ) for the interface of interest. Direct measurement of G(ψ) 

relies on the premise that it is possible to experimentally determine the critical load just 

sufficient for incipient crack growth. By definition, at the critical load, the corresponding 

critical strain-energy release rate, Gc, equals the interface fracture energy, i.e. Gc = G(ψ). 

The critical strain energy release rate, Gc, is a function of both material properties 

such as the interface chemistry, adjacent microstructures and elastic-plastic constitutive 

behavior, and mechanical parameters such as the loading mode-mixity near the crack 

tip. Interface morphology and the thickness of adjacent thin film layers have important 

effects on adhesion [Daus, 1998]. 
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Fracture Strength vs. Fracture Toughness 

 Before discussing specific measurement methods, it is useful to make the 

distinction between fracture strength and fracture toughness. Fracture strength is 

defined as the stress that causes fracture. This stress is generally derived from fracture 

load and a linear elastic model of the test specimen. With a proper choice of model, the 

fracture strength well describes the global stress in the specimen at fracture. In principle, 

the theoretical strength could be assessed from the fracture strength, since their ratio is 

geometrically defined as stress concentration factors. However, stress levels at the 

theoretical strength are not sufficient for fracture. The Griffith energy criterion, Eq. 2-3, 

must also be fulfilled. Hence, the applied load can be further increased without fracture 

even if the theoretical stress level has been attained locally in the material.  

Above, it was mentioned that fracture only occurs if it is accompanied by a 

system energy reduction. From this criterion, two other material parameters can be 

derived, both called fracture toughness. One is deduced through system energy 

considerations and the other from local stress, strain and displacement at the crack 

front. The fracture toughness is related to the work required to break the wafer bond into 

two free surfaces. For cohesive fractures it is therefore often defined as the total surface 

energy of the two free surfaces created, although from previous discussion, it can be 

recalled that several other terms contribute to measured toughness. This GC is the most 

frequently used parameter in published wafer-level bond toughness measurements. 

Another parameter commonly used to describe the behavior of cracked structures is the 

stress intensity factor K. When the applied stress reaches the fracture stress, the stress 

intensity factor attains a critical value Kc. This is a material property under plane 

deformation conditions. Like the critical energy release rate GC above, the critical stress 

intensity factor Kc is often referred to as fracture toughness, and they are related to each 

other by Eq. 2-4. Fracture toughness gives information about the interface whereas 

fracture strength describes the global stress in the specimen at failure. The measured 

fracture strength does not solely depend on the nature of the interlinking bonds but is, in 

the case of brittle solids, also determined by local stress concentrations in the loaded 

interface. For the purpose of wafer bond characterization, fracture toughness is the 

relevant quantification measure, since the toughness is a fundamental material property 

dependent on the bond-nature in the interface. 
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2.5 Bond Toughness Measurement Methods 
A number of different requirements could be applied to a bond adhesion method: 

precision, accuracy and ease of use. Probably, the most important requirement is that of 

precision. A precise method allows comparison between individual measurements, 

which facilitates interpretation of the results. In the following, precision is divided into 

repeatability and reproducibility. Accuracy, the deviation from the physical quantity 

looked for, is highly important. The accuracy is determined by the mathematical model’s 

perfection and other systematic errors. It is also important that the method is effective in 

terms of cost and time, probably more so in industrial processes involving large volumes 

than in small-scale basic research. Non-destructive methods would be desirable, but up 

until now, no such methods have evolved. The explanation is due to difficulties in finding 

physical models that describe fracture in terms of quantities that are not purely 

mechanical in nature, e.g. it is difficult to relate the acoustic impedance of a bond to 

bond strength [Hao, 1998]. The vast majority of the test methods are mechanical and 

destructive. For a more general analysis of a testing method, a mathematical model of 

each test structure must be derived. If the method can be made geometry independent, 

the bond can be described as a material parameter. An excellent review of adhesion 

quantification methods for wafer bonding is given by Vallin et al. [Val, 2005]. 
  
Tensile Test 

In the simplest case of a tensile test, unstructured bonded wafers are cut into test 

samples that are glued onto attachments, often called pull studs, fitting a tensile strain 

test machine (Fig. 2-6 a). The studs are then pulled apart and the maximum force, 

occurring at separation, is recorded. The force divided by the bonded area is taken as 

the tensile strength. The tensile test method has been a popular method for wafer bond 

adhesion quantification due to the ease of specimen fabrication and testing. However, 

tensile tests may present problems in quantifying the process because the failure load is 

not only a function of the material properties at the interface, but also a function of 

geometry. Thus, defects in the bond or damage at the edges due to specimen 

preparation and handling can lead to low failure stresses with a significant degree of 

scatter in the data set. In addition, the stress-state at the interface may be dependent on 

the exact specimen geometry employed, which makes comparing data between different 

tests difficult. To eliminate the possibility of edge damage, researchers have used 

patterned wafers to bond selective areas of a wafer [Farr, 1993]. These wafers were 
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then diced, such that the bonded region was far from the dicing path. This eliminated the 

chance of introducing flaws at the bonded interface that can lead to erroneous failure 

loads. Despite these efforts though, significant scatter still existed in the reported 

strength values. Although the tensile test is used to measure bond strength, it can be 

used to obtain bond toughness values. The following equation relates the stress intensity 

factor (or bond toughness) KIC to the measured stress at fracture, σA. 

aYK AIC σ=    (2-6) 

where Y is a geometry dependent factor and ‘a’ is the crack length. Numerical models 

such as Finite Element Analysis (FEA) are required to calculate Y. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(c)

(b) (a) 

Fig. 2-6. Schematic illustration of bond testing methods. (a) Tensile test. (b) Blister 
test. (c) DCB test [Mas, 1988]. 
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Blister Test 

With the blister test or pressure-burst test method, load is applied to the bond 

interface by pressurizing internal cavities sealed by wafer bonding (Fig. 2-6b). The 

pressure required to initiate fracture at the bond is used as an estimate of bond strength. 

Attempts to calculate fracture strength from fracture pressure have been made. There 

are few papers published on blister testing. The pressure-burst test has been employed 

to measure failure stress of silicon fusion bonds [Shim, 1986]. Fabrication of the test 

structures was straightforward and was accomplished by etching through holes in one of 

the wafers to be bonded. Following bonding, the wafer pair was diced into specimens 

and the dies were mounted in a fixture which allowed a hydrostatic oil pressure to be 

applied from beneath. The failure stress was calculated from the applied pressure, P, at 

failure. While specimen fabrication is simple, the stress state at the interface is 

complicated and difficulties similar to those of the tensile test may be encountered. The 

blister test method is suitable for the measurement of high-strength bonds. However, it 

cannot be applied to patterned wafers since the pressurizing fluid/gas will leak through 

the patterns. Toughness values can be extracted from measured fracture strengths in 

the blister test, but the requisite mathematical models have not been developed for a 

wide variety of geometries. 

 

Double Cantilever Beam (DCB) Test 

Maszara et al. [Mas, 1988] recognized the difficulties of the above mentioned 

strength-based tests and employed the double cantilever beam geometry shown in Fig. 

2-6(c) to quantify the strength of wafer bonds for silicon-on-insulator fabrication. The 

test, also known as the crack opening method or the razor blade test, is accomplished 

by inserting a thin blade between the wafers and measuring the extent of the crack 

propagation. Crack length is typically measured using IR imaging from above or with an 

optical microscope from the side. The distance the crack propagates can be directly 

related to bond quality through an energy balance. Based on the thickness of the blade, 

2y, the thickness of the bonded layers, t, the elastic properties of the layers, E and ν, 

and the crack length, L, the critical strain energy release rate, GC, or the bond toughness 

can be calculated as: 
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Equation 2-7 is for the specific case where the bonded layers have the same 

thickness and elastic properties. Similar expressions exist for the general case where 

the layers are different materials and have different dimensions [Cao, 1989]. Many 

researchers who have employed this technique report specific surface energy values, γs, 

rather than the critical strain energy release rate. The two quantities are closely related 

and simply differ by a factor of two, where GC=2 γs. 

The crack opening method is advantageous because it allows for quick bond 

toughness estimates with inexpensive equipment in which no wafer preparation is 

required. The extent of crack propagation is largely unaffected by small flaws at the 

edges and in general the measured toughness is less sensitive to geometry than the 

failure stress values in the tensile and pressure tests. However, this technique has 

several limitations. The most important concern is the strong dependence of GC on crack 

length, which is seen in Eq. 2-7. Crack length is a difficult quantity to measure accurately 

and slight errors in measurement can lead to large errors in the GC value. In addition, it 

has been observed that the crack length is dependent on time and humidity, which can 

make repeatability difficult [Mart, 1997]. Finally, in well-bonded wafers, insertion of the 

blade is difficult and often leads to wafer fracture, at which point the test becomes 

completely qualitative. Despite the limitations, it has been the most widely used test in 

the characterization of silicon-silicon wafer bonds up to this point. 

 

Four-Point Bend Test 

 For bonded interfaces embedded in bulk materials, crack growth can be well 

controlled by applying a load on the bulk material sandwiching the interface. The four-

point bend test is an adhesion testing technique which potentially overcomes some of 

the limitations associated with the above-mentioned tests. The specimen to be tested is 

a sandwich structure, illustrated in Fig. 2-7. The specimen is loaded between four 

loading points and an equal load is applied at all points as shown. As the bending 

moment increases with increasing load, a pre-crack initiates from the top surface 

(usually facilitated by a machined notch) and propagates vertically to the interface. If the 

interface is sufficiently weak, the crack deflects into the interface and propagates along 

it. This particular design has the advantage that the strain energy release rate for the 

interface crack is independent of the crack length, as long as the crack tip is not too 

close to the pre-crack or the loading points. This feature facilitates steady-state behavior 

under mixed-mode loading and significantly reduces the difficulties involving crack length 
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measurements. The specimen has been employed previously to characterize silicon 

fusion bonds [Ayon, 2003], and to quantify the integrity of wafer-scale gold-gold 

thermocompression bonds [Tsau, 2004].  

Applying beam theory, the strain energy release rate is related to measurable 

quantities by [Char, 1989]: 

2E
)(1/A)1/I)(1/Iν(1M

 G c2
22 −−

= ,   (2-8) 

where M is the net bending moment per unit width and is equal to Pl/2w, where P is the 

plateau load, l is the distance between the inner and outer loading points and w is the 

specimen width. ν is the Poisson’s ratio of the bulk substrate, E is the elastic modulus of 

the bulk substrate, and I2, Ic are the moments of inertia per unit cross-section area for the 

lower layer and the composite beam, respectively, and A is the fraction of the specimen 

width that is bonded. 

  

      

Fig. 2-7. Four-Point Bend test specimen 

 

When employing the four-point bend delamination specimen to measure critical 

strain energy release rate, it is assumed that at a critical load, P, the strain energy 

release rate at the interface, G, will exceed the critical strain energy release rate 

(toughness) of the bond, GC, and delamination will begin. When the interface toughness 

is constant, the crack will propagate at a constant load while advancing between the 

inner loading points. The loading at the interface of the four-point-bend specimen is 
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mixed-mode. The exact phase angle of loading, ψ, which describes the ratio of Mode I to 

Mode II loading, is a function of the ratio of moduli and thickness of the bonded layers 

[Char, 1989]. While the crack is within the inner loading points, the phase angle is 

independent of crack length. While the mixed-mode conditions may in fact be closer to 

the types of loading incurred in real devices, the mixed-mode properties of the specimen 

pose some challenges in testing. The principal difficulty arises from the fact that in a 

monolithic material, cracks tend to follow the most energetically favorable path, which is 

a Mode I path. For the majority of applications of the four-point delamination specimen, 

the interface has a lower toughness than the adjoining layers, such that the crack follows 

the interface. However, in some cases such as silicon fusion bonding, the bonds have 

the potential to achieve mechanical properties similar to those of silicon itself. Thus, in a 

well-bonded specimen, the crack will not propagate along the interface, but will follow 

the Mode I path and lead to fracture through the middle of the specimen. 

An advantage of this 4-point bend technique is that during debonding, stress 

relaxation of the film is constrained and so does not contribute to the debond driving 

force. A small contribution to the measured value of G will arise from elastic curvature of 

the wafers containing the thin film after debonding. It has been shown that this 

contribution to the debond driving energy is negligible [Daus, 1998]. Another advantage 

of the sandwiched sample configuration is that fracture-mechanics-based tests to 

characterize the subcritical crack growth rate behavior associated with environmentally-

assisted or fatigue processes are easily facilitated. Another factor which has to be taken 

into account during the four-point bend test is the energy dissipation by plastic 

deformation. Plastic deformation is certain to occur in the copper stack surrounding the 

bonded interface (in 3D ICs) [Lane, 2000] and has to be considered while making 

predictions about the quality of bonding. This plastic deformation factor greatly enhances 

the measured interface toughness beyond the true strength of the interface. Therefore, 

the four-point bend test is incapable of providing direct information about the work of 

adhesion or the bond-quality of the interface, owing to its mixed-mode loading condition. 

In this work, the four-point bending technique has been used to measure 

interface adhesion in bonded copper structures for 3-D IC applications. The 

copper/barrier multi-layers present on two wafers are bonded together using 

thermocompression bonding. A pre-machined notch serves as the stress concentration 

point for the origin of the crack. The crack propagates into the weak interface in the 

bonded stack and the steady-state value of the strain energy release rate gives the 
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fracture toughness of the interface. Fracture toughness values are used to optimize the 

processing conditions to obtain high quality bonds at low temperatures. The effects of 

both processing and specimen configuration on the bond quality are analyzed, and the 

bonding process is optimized vis-à-vis conventional fabrication conditions. 

 

Chevron Test 

 The susceptibility of tensile testing to the influence of testing conditions [Val, 

2005] and the semi-quantitative nature of the DCB test drive the need for a robust and 

quantitative Mode I testing method. The chevron test method can be seen as a natural 

development of the tensile test, where load is applied to a specimen with a chevron-

shaped notch, i.e. two edges meet at an angle. With the chevron test, the test structure 

of Fig. 2-8 is subjected to a gradually increased load applied normal to the bond. A crack 

is formed at the tip of the chevron. Initially, the crack exhibits a stable growth since the 

crack width increases as the crack proceeds. This stability leads to a continuous change 

of the structure’s compliance. When the crack reaches a critical length, its growth 

becomes unstable, causing instantaneous fracture of the sample. The critical load is a 

measure of the bond toughness since the crack length depends only on the specimen 

geometry and the loading condition. Hence, measurement of the fracture load is 

sufficient for determination of the bonded structure’s fracture toughness. The critical 

stress intensity factor, KIC, can be calculated from the maximum load in the test, Fmax, 

using 

min
max

IC Y
WB

F
K = ,   (2-9) 

where Ymin is the minimum value of the geometry function, and B and W are the width 

and length of the specimen. Y is the dimensionless stress intensity factor coefficient, 

which varies with the crack length, and Ymin corresponds to the crack length at which 

catastrophic failure occurs under Fmax. The interface toughness is related to the critical 

stress intensity factor by Eq. 2-4. The anisotropy of the material properties (Young’s 

Modulus, Poisson’s ratio) has to be considered when using Eq. 2-4. It can be seen from 

Eq. 2-9 that the calculation of fracture toughness from a chevron test requires 

knowledge of both the experimental load-displacement behavior and the sample 

geometry. Finite-element methods are typically used to obtain the minimum value of the 

geometry function which is dependent on the thickness of the bonded layers and crack 

geometry. 

 54



Fig. 2-8. Schematic of chevron bond test. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Rayleigh used a chevron technique as early as in 1936 when he studied the 

adhesion between glass surfaces in optical contact [Rayl, 1936]. Hurd et al. 

implemented the test on anodic bonded glass on silicon [Hurd, 1995]. In recent years, 

the chevron test method has been further developed and miniaturized for Si-Si fusion 

bonded wafers [Bag, 2001].  

Three exceptional capabilities can be associated with chevron test method. First, 

fracture initiation is guided to the bond by the tip of the chevron because of the high 

stress concentration. This makes the method also suitable for measuring high bond- 

toughness values. Second, an atomically sharp crack is created at the bond, thus 

avoiding ambiguity in crack opening angle estimations. Since the fracture process starts 

from a defect of well-defined size, the scatter in the results is reduced. This allows for 

the evaluation of the interfacial strength in terms of fracture toughness thereby 

facilitating comparison between different bonding technologies. Third, the material 

parameter, fracture toughness, is directly assessed through maximum force 

measurements. It is not necessary to measure the crack length, thereby reducing the 

complexity of the measurement equipment. It might, however, be laborious to arrive at 

and verify the precise specimen geometry as well as determining an expression to take 

this geometry into account. Successful measurements have been demonstrated on very 

small chevron test specimens. Due to the high accuracy and small sample size, the 

chevron test can additionally be applied to characterize the spatial strength distributions 

of the bonded wafer pair if the samples are fabricated as an array on the wafer [Bag, 
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2001]. Such small specimens can also be fabricated simultaneously with functional 

devices, rendering them suitable for quality control or detailed area mapping. The most 

severe obstacle in the chevron test is the gluing of pull studs fitting the testing machine. 

The gluing may introduce alignment problems and is time consuming. In addition, the 

specimen geometry has to be accounted for. Although chevron tests are well established 

for brittle material in general, expressions for the influence of geometry are lacking for 

typical wafer bond specimen sizes. When these expressions are established, force 

measurements alone are sufficient for fracture toughness determination. 

Historically, the chevron test method has been used to study bulk fracture in 

brittle materials. Recently, the use of this method has been explored towards 

characterization of fusion wafer bonding. As such, few reports of wafer bond 

characterization using chevron tests are available. Chevron testing of 

thermocompression bonds and of bonded films are pristine areas that will be 

investigated in this thesis. There are three main objectives of this body of work: 

• To study the true bond-quality of the Cu-Cu bonded interface, i.e. under mode I 

conditions.  The chevron test provides a unique capability for this examination 

since it is quantitative (and therefore, an upgrade over semi-quantitative tensile 

and DCB tests), and the test can be operated under mode I conditions.   

• To explore the effects of patterning on the bond quality. Since the chevron test 

has low inherent scatter and minimum plastic deformation under Mode I 

conditions, this method can be used to understand the possible differences in 

interface adhesion between blanket bonds and pattern bonds.  For this 

investigation, two material systems are used – Cu thermocompression bonds 

and SiO2 fusion bonds. 

• To tune the chevron test specimen for mixed-mode testing. Finite-element 

modeling of the chevron specimen can be used to design the specimen geometry 

to induce mixed-mode loading conditions at the bonded interface. These results 

will provide a hitherto unexplored flexibility for the chevron test, i.e. testing bonds 

under different mode-mixities. Using this capability, and combined with the 

relative ease of sample preparation, the chevron test can serve as an alternative 

to the four-point bend test as the ‘standard’ interface adhesion measurement 

tool.  
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2.6 Summary 
 In this chapter, an overview of 3D IC technology and the fabrication options for 

creating 3D ICs was provided first, followed by a discussion on wafer bonding. In 

particular, the Cu thermocompression bonding approach for fabricating 3D ICs was 

reviewed in detail. The final part of this chapter was devoted to a review of fracture 

mechanics-based specimens for characterizing toughness of wafer-level bonds. Several 

key questions related to copper wafer bonding and interfacial adhesion measurements 

were raised over the course of this discussion: 

1. How does the Cu-Cu bond toughness depend on process parameters 

(temperature, wafer bow, surface preparation, etc.)? 

2. How does mode-mixity affect the measured bond toughness? Can we identify 

the true work of adhesion under mode I loading? 

3. How does patterning affect the toughness of wafer-level bonds? Are there 

any differences between thermocompression-bonded ductile systems and 

fusion-bonded brittle systems? 

4. Can clean (oxide-free) Cu surfaces be bonded (and characterized) at room 

temperature under controlled conditions?  

5. How to implement microchannel-based cooling solutions for 3D ICs? What 

are the trade-offs between the thermal performance and the mechanical 

integrity of the bonded channels?  

 

In the rest of this thesis, attempts will be made to answer these questions 

through experiments, finite-element and analytical modeling, and physical reasoning 

based on the observations.    
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Chapter 3 
Four-Point Bend Testing of Wafer-level Cu-Cu 
Bonds – Effects of Temperature and Surface 
Preparation 
 
 The first step towards quantitative characterization of Cu thermocompression 

bonds is to establish a reliable fabrication process flow for Cu wafer bonding. In addition, 

the test method has to be adapted for Cu bond characterization. In this chapter, a four-

point bend test method is developed and utilized to assess the quality of wafer-level Cu-

Cu bonds. Specific parameters of interest are bonding temperature and Cu surface 

preparation. Using this technique, an optimized and robust process flow is developed for 

Cu bonding. 

 

3.1 Experimental Procedure 
3.1.1 Test Structure Fabrication 

Figure A-1 (Appendix A) shows a process flow for fabricating monolithic 3D ICs 

based on wafer bonding [Fan, 2006]. The fabrication process consists of making the 

device layer on the top wafer followed by mechanical grind-back and chemical etching 

for via filling. To maintain mechanical integrity during the grind-back process, the wafer 

is bonded to a handle wafer. The processed top wafer is bonded to the bottom wafer that 

has another device level. A typical copper wafer bonding process is a thermo-

compression process at 400 oC for 30 minutes, followed by a 30 minute anneal at       

400 oC.  

The aim of this work was to fabricate bonded test structures representative of the 

configuration seen in a 3D IC. The results from mechanical testing of these structures 

would give information on the quality of bonding for 3D IC applications. Various 

configurations of copper bonding are of interest. 

• Blanket copper films. 

• Patterned copper/barrier lines. 

• Patterned copper/barrier pads. 

Blanket films and patterned lines are tested using four-point bending. The chevron test is 

used to analyze all three configurations [Chapters 5, 6 and 7]. 
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100mm Si (100) wafers were used as substrates for all thin-film deposition and 

bonding studies. The thickness of the wafers ranged from 475 µm (for double-side 

polished wafers) to 525 µm (for single-side polished wafers). Each bonded wafer-pair 

consists of one single-side polished wafer and one double-side polished wafer. The 

necessity for the latter arises from the alignment configuration in the EVTM bonder tool 

used for wafer bonding. The tool provides front-to-back optical alignment capability that 

necessitates fabrication of registration features (alignment marks) on both the front and 

back sides of one wafer. Therefore, that particular wafer must be polished on both sides. 

The fabrication process flow chart is shown in Figs. A-2 and A-3 (Appendix A). 

The first step in the fabrication process was alignment-mark registration on the front side 

of single-side polished (SSP) wafers and on both sides of double-side polished (DSP) 

wafers. Next, silicon dioxide films of 300 nm thicknesses were thermally grown on the 

SSP wafers, after subjecting the wafers to a standard RCATM clean prior to diffusion. The 

oxidation temperature was 1100 oC. 100 nm-thick silicon nitride films were deposited on 

the DSP wafers using Low Pressure Chemical Wafer Deposition (LPCVD), involving the 

decomposition of silane gas and ammonia. A 500 µm-wide trench was then patterned at 

the center of the DSP wafers using a standard positive photoresist. After etching of the 

nitride in the exposed region using a CF4 plasma (using resist as the mask), Si was 

etched to a depth of 50 µm using a KOH wet etch, the silicon nitride serving as the hard 

mask. The anisotropic etching characteristics of KOH on Si yield a sloped-walled 

grooved trench at the center of the DSP wafers. The nitride hard mask was then stripped 

off by treating the wafers with hot phosphoric acid (175 oC). The trench was made to 

facilitate machining of a notch for four-point testing of the bonded wafer-pair. The DSP 

wafers were then subjected to an RCA clean prior to thermal oxidation at 1100 oC to 

obtain 300 µm-thick oxide films. 

The next step in the fabrication process was metal deposition. The copper 

deposition step was preceded by the deposition of a barrier layer to prevent copper 

diffusion into silicon dioxide. Also, the wafers were subjected to high enough 

temperatures during bonding (300 oC – 400 oC) which could cause copper diffusion in 

the absence of a barrier layer. Tantalum was chosen both as a diffusion barrier and an 

adhesion promotion layer for copper metallization. Continuous Cu/Ta films were 

deposited using physical vapor deposition (PVD) in an evaporative deposition unit on the 

processed SSP and DSP wafers. Ta was deposited first, followed by Cu without 

 59



breaking vacuum. The chamber pressures were around 4x10-7 Torr for Ta deposition 

and 7x10-7 Torr for Cu deposition. Nominal film thicknesses were 30 nm Ta/300 nm Cu. 

Two different routes were explored for fabrication of patterned Cu/Ta lines.  

• Etching – This was a subtractive option, i.e. the films were patterned after 

deposition. A combination of HCl-based wet etching for Cu and BCl3-based dry 

etching for Ta was pursued using a standard positive photoresist mask. The Cu 

etching rate was too high to control lateral etching. Also, plasma-based etching 

for Ta was not entirely selective to the oxide layer underneath. Plasma exposure 

also hardened the photoresist and this affected post-etching resist removal.  

• Lift-off - The second option for patterning Cu/Ta was an additive technique, 

namely metal lift-off. In this process, the oxidized wafers were first coated with 

image-reversal photoresist. After exposure using a light-field mask, the patterned 

areas were developed. Ta and Cu were deposited on these patterned wafers and 

then the wafers were soaked in acetone for a few hours. Ultrasonic agitation of 

these wafers in acetone was done to lift-off the resist (along with the metal film 

above it) leaving behind lines of metallization on the wafers. The wafers were 

then cleaned in methanol, isopropyl alcohol and then rinsed with water and dried, 

in that order. The lift-off process was reliable and robust compared to etching and 

therefore, this was selected as the standard route for patterning Cu/Ta films. 

The next step in the process flow was wafer bonding. Since Cu forms an oxide film 

under ambient conditions [Chav, 2001], removal of the surface oxide prior to bonding 

was a key process step. Three different pre-bonding clean procedures were examined.  

• The processed wafers were subjected to a pre-bonding clean in 1:1 HCl:H2O for 

one minute just prior to bonding. The wafers were then rinsed with deionized (DI) 

water and spin-dried. It has been suggested that the HCl surface treatment prior 

to bonding removes native copper oxide [Fan, 1999]. However, the reoxidation 

rate of the Cu films after this process was not known. Therefore, quantitative 

evaluation of bond toughness was necessary to provide insights on the efficacy 

of the pre-bonding clean steps. 

• An Ultraviolet (UV)-ozone clean step was employed to remove organic 

contaminants from the surfaces of the layers to be bonded. UV-ozone cleaning 

has been successfully employed by Tsau et al. to remove organic contaminants 

from the surfaces of gold films prior to Au-Au thermocompression bonding [Tsau, 

2003]. Since gold does not oxidize under most conditions, this cleaning 
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procedure was useful for selective removal of organic contaminants without 

impacting the surface chemistry.  

• The third pre-bonding clean option for Cu was the Glacial Acetic Acid clean. 

Chavez et al. showed that acetic acid is effective in removing copper oxide and 

reducing the reoxidation rate of Cu [Chav, 2001]. The wafers were dipped in 

acetic acid for 10 min and then blow-dried using a N2 gun to remove excess acid. 

It was also shown that oxidation of Cu was significantly reduced when the 

surfaces were blow-dried instead of rinsing with water. Water-rinse provides 

(OH)- ions that aid in the oxidation of Cu and this source of oxidation can be cut-

off by drying the wafers using N2 without the rinse step. 

A common limitation to all the three cleaning procedures was that the wafers are 

exposed to ambient for a brief period after cleaning and before bonding. Therefore, Cu 

reoxidation could not be completely avoided. The best cleaning process was the one 

that not only removed Cu oxides effectively, but also led to the slowest reoxidation 

kinetics of Cu. 

The cleaned wafers were then bonded together in an Electronic VisionsTM (EV) 

bonder. The first step in the bonding process was the alignment of the two wafers. 

Though precision (micron-level) alignment was not a necessity for bonding wafers with 

continuous copper films, it was a crucial process for bonding wafers with patterned 

metallization levels. The alignment tool (Electronic VisionTM EV 450 Aligner) made use of 

an optical alignment method. The top wafer (SSP) was first placed on the unit face-down 

and the alignment marks were recorded on the screen in the form of computer-

generated cross-hairs. The bottom wafer (DSP) was then placed face-up and adjusted to 

match its alignment marks to the cross-hairs. The wafers were viewed from the bottom 

and hence the need for back-side alignment marks on the second wafer. The alignment 

accuracy obtained using this method was + 3µm [Fan, 1999]. After alignment, the wafers 

were clamped together in a bond-chuck, but separated by three 30 µm-thick metal flaps. 

The bond-chuck was then transferred to a bonding chamber (EV 501) that had 

provisions for heating, and purging with gas. Nitrogen and forming gas (95 % Ar, 5% H2) 

were the purge gases experimented with. Figure 3-1 shows the schematic of the EV501 

wafer bonding setup. The bonding recipes were altered for various runs to optimize the 

process. The basic structure of the recipe involved repeated pump-purge cycles to clean 

the chamber followed by pumping down the chamber to the lowest possible pressure 

(10-3 Torr). The wafers were then brought into contact and heated to the predetermined 
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bonding temperature. The wafers were subjected to the constant maximum temperature 

for 30 minutes under an applied pressure of 0.4 MPa. Finally, the wafers were cooled 

down to room temperature in the chamber. Variations in the forming gas purge portion of 

the bonding recipe using were carried out and the results tabulated. The final step in the 

processing was a 60-min anneal in forming gas ambient at the bonding temperature. A 

schematic cross-section of the bonded-wafer stack is shown in Fig. 3-2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 3-2. Schematic c

 

Fig. 3-1. EV501 wafer bonding setup [Fan, 2006]. 
ross-section of the aligned and bonded patterned lines for four-point bend tests. 
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The bonded wafer pair was inspected for large macro-voids using IR imaging. 

This inspection process would give a qualitative estimate of the bond quality by checking 

for any conspicuous defects. A typical IR image of a bonded wafer pair is shown in Fig. 

3-3 (a). The bonded wafers were next diced into strips of 8mm width using a diamond 

saw. Prior to this dicing action, a notch was made for the four-point bending test by 

dicing through the thickness of the DSP wafer till the cut met the KOH-etched trench. 

Each bonded wafer-pair yielded seven samples for the four-point bending test           

3.1.2 Fou

(Fig. 3-3b). 

r-Point Bend Test 

s carried out in a commercial servo-hydraulic test machine fitted with a 

four-po

(a) (b) 

Figure 3-3. (a) Infra-red camera image of bonded wafer; each rectangular strip is a 
four-point test specimen, and contains a set of parallel metallization lines. (b) Four-
Point test specimens were diced from the bonded wafer; rectangle in (a) shows single 
specimen. 

Test Apparatus 

Testing wa

int loading fixture. The four-point loading fixture was a commercial fixture and 

accepted specimens up to 8 mm width and of any thickness. The inner loading points 

were 20 mm apart and were centered between the outer rollers which were spaced 40 

mm apart. The rollers were 4.8 mm diameter carbon steel pins and rested on half-moon-

shaped alumina supports. The half-moon supports allowed the rollers to articulate 

 63



around the longitudinal axis of the specimen. The test machine offered direct 

measurement of crosshead displacement and a 100 N load cell was used to ensure 

accurate load measurement in the range of interest. The load and crosshead 

displacement were monitored and recorded using a computer with a data acquisition 

board and LabVIEWTM software. Crack propagation was monitored using a QuestarTM 

telemicroscope. 

 

Alignment  

ignment in the four-point test fixture could lead to asymmetric crack 

propag

Misal

ation and a larger loading on one side of the specimen [How, 1993]. The bending 

test relies on the principle of constant bending moment between the inner loading pins 

for a given load, and the steady state strain energy release rate is proportional to the 

square of the moment, M. Any asymmetry in the moment would result in asymmetric 

loading of the sample and could, therefore lead to erroneous fracture toughness values. 

To correct for the misalignment, a custom fixture was designed and constructed [Turn, 

2000]. The fixture which is illustrated schematically in Fig. 3-4, consisted of two 

aluminum plates pivoted on a center roller. Two springs on the ends of the plates 

provided a preload, which kept the plates firmly against the center roller. Two 1/4"-80 

thumb-screws were mounted in the top plate and allow the relative angle between the 

two plates to be varied by approximately ± 10o from the parallel position. Care was taken 

when using the alignment fixture to avoid displacing the thumbscrews too far and lifting 

the plates off of the center roller. If the plates were separated from the center roller, the 

jig would be unstable. To be effective, the center line of the alignment jig had to be 

aligned with the center line of the four-point-loading fixture. Employing this alignment 

fixture and adjusting it appropriately resulted in a uniform loading of the specimen [Turn, 

2001]. Strain-displacement curves obtained using a strain-gaged beam were used to 

verify the alignment. While the alignment jig provided the potential to achieve good 

alignment, it did not guarantee it. The jig had to be adjusted carefully to ensure that the 

specimen was uniformly loaded. Proper adjustment of the alignment jig was an iterative 

process, and involved loading a strain-gaged beam specimen up to a specified 

displacement that corresponds to a range similar to that expected in actual tests. While 

the beam had a static load applied, the thumbscrews were adjusted to balance the 

strains on the two sides. The specimen was then unloaded and reloaded to ensure the 

strain-displacement curves had similar slopes. Experience demonstrated that several 
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loading and adjustment steps were required to achieve balanced loading on the two 

strain gages. Following alignment, load-displacement curves obtained on delamination 

specimens exhibited the load plateau that was expected. 
 

 

Fig. 3-4. Schematic of the four-point bend test alignment fixture [Turn, 2001]. 

 
 
 
 
 
 
 
 
 
Test Procedure 

 were placed in the four-point bending fixture such that the central 

notch o

.2 Results 

onding of processed wafers, a few fabrication issues were identified 

during the process flow: 

Specimens

f the specimen fell within the inner loading points. While exact alignment was not 

critical since the moment between the inner rollers is constant, an attempt was made to 

align the central notch of the specimen with the center line of the fixture. Centering the 

specimen allowed the maximum amount of crack growth at a constant load and hence a 

larger plateau in the force-displacement curves. Specimens were loaded under 

displacement control at a constant rate of 0.12 mm/min. Crack propagation was 

permitted to continue until the crack reached the inner loading points, at which point the 

specimen was unloaded. The actual dimensions of the specimen, including the overall 

width, and the thickness of the layers, were measured using a digital micrometer. These 

dimensions and the critical load from the test were used to calculate GC values using Eq. 

2-8. 

 

3
 Prior to b
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• 

n. Without the ultrasonic agitation, however, the photoresist 

• 

re, this cleaning method was found to be 

 

3.2.1 Toughness of Bonded Continuous Films 
The first tests were performed on bonded continuous copper film structures. 

most part unsuccessful. 

Rathe

The next set of structures tested were bonded patterned copper lines. The global 

er than that of bonded continuous films 

since th

Occasionally, lift-off patterning of films led to breakage of lines during the 

ultrasonic agitatio

could not be lifted off of the wafers. The reason for the breakage of lines was 

identified to be the weak Ta/SiO2 interface. Photoresist contamination on the 

oxide surface prior to metal deposition caused weak adhesion between Ta and 

silicon oxide. This problem was solved by exposing the wafers to an O2 plasma 

(ashing) at 1000W for 1 minute after lithography and before e-beam evaporation. 

The ashing step, also known as “resist descum,” served to remove any traces of 

resist left on the oxide surface that could not be detected by optical inspection. 

This ashing process resulted in negligible post-lift-off line breakage and 

therefore stronger Ta/SiO2 interfaces. 

UV-ozone cleaning of Cu wafers exacerbated oxidation of Cu surfaces and 

resulted in poor bonding yield. Therefo

ineffective for Cu films.  

Obtaining data from these high-strength bonds was for the 

r than delaminating along the interface, the crack would begin to propagate along 

the interface and quickly deflect into the unnotched bulk silicon layer. The crack, 

therefore, deflected from the interface to follow a mode I path and subsequently resulted 

in fracture of the upper silicon beam. Hence, useful bond toughness data could not be 

obtained. This result could be attributed to the deflection of the crack into the brittle stack 

of Ta/Silicon dioxide/Si which has a considerably lower mode I fracture toughness 

compared to the interface toughness of the ductile bonded-copper stack [He, 1989]. 

Similar observations have been reported by Turner et al. [Turn, 2000] who studied 

fracture toughness of Si fusion bonds using the four-point bend technique. 

 

3.2.2 Toughness of Bonded Lines 

interface toughness of these structures is less

e bonded area fraction is considerably lesser. For these structures, delamination 

and crack propagation along the interface were routinely observed. As expected, crack 
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propagation would begin at a critical load and then propagate at a constant load until it 

reached the inner loading points. Figure 3-5 shows a typical force-displacement curve 

that demonstrates this expected behavior. The critical load that is required for the 

calculation of the bond toughness is the load during steady-state crack growth, which 

corresponds to the plateau in the force-displacement curve. The area fraction of the 

bonded interface is incorporated into the calculation of fracture toughness (Eq. 2-8) and 

hence, the resultant interface adhesion value is given in terms of energy per unit area of 

bonded interface. 

The value of interface fracture toughness was calculated using Eq. 2-8. By 

expanding the moments of inertia in terms of the specimen dimensions, fracture 

toughness is given by 

{ }
EF2w

)ν(1l3PG 33
2

222

+−
−

= ))h(1/(h)(1/h 211    (3-1) 

where h1 is the thickness of the top wafer, and h wafer. 

The expression for G is therefore given in terms of specimen dimens 1, h2), 
2 is the thickness of the bottom 

ions (l, w, h

material properties (ν, E) and the peak load P. Since the specimen dimensions were 

easily measurable and material properties known, G could be readily calculated. The 

results from the patterned copper specimens served as the launching pad for testing 

various processing conditions and modifications. The fracture toughness values from the 

different configurations were compared and optimum conditions determined. 
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Figure 3-5. Typical Load-Displacement behavior from Four-point test. (a) elastic loading 
of bulk material. (b) crack initiation and deflection to weakest interface. (c) plateau load-
steady state crack propagation. (d) unloading. 

 

 

 



Effect of Temperature on Bond Quality 
With the introduction of Cu/Low-k dielectric technology to reduce RC delay in ICs 

ist a limit on the maximum processing 

temper

 400 oC. Four-point bending 

tests w

[Fay, 2002], it is foreseen that there will ex

ature. The conventional dielectric material, namely silicon dioxide, can withstand 

temperatures well in excess of 400 oC. However, polymer-based low-dielectric-constant 

materials are known to be unstable above 400 oC [Uhl, 2000]. Hence, there is a 

motivation for limiting the processing temperature within the stability range of the 

dielectric material. Though all processing was done with silicon dioxide as the dielectric 

material, low-temperature bonding was explored keeping in mind the future of 3-D ICs 

wherein Cu and low-k dielectric technology would be used. 

To study the effect of temperature on bond quality, wafers patterned with copper 

lines were bonded at temperatures ranging from 200 oC to

ere performed and fracture toughness values tabulated as shown in Fig. 3-6. The 

results show a trend of increasing bond strength with increasing bonding temperature. 

Bonds created below 250 oC exhibited poor adhesion and the wafers routinely separated 

during post-bonding diamond-saw cutting.  
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In order to understand the significance of the measured fracture toughness values, a 

minimum required bond toughness criterion is incorporated based on experimental 

results on adhesion in Cu/low-k dielectric film stacks by Scherban et al. [Sche, 2001]. 

Scherban et al. established an adhesion success criterion of 5 J/m2 below which thin-film 

delamination and cracking were observed in chemical mechanical polishing (CMP) tests. 

In the current work, it was observed that a minimum adhesion energy of 1 J/m2 was 

required for bonded wafers to survive the diamond saw cutting process. Since the 

success criterion of Scherban et al. is more conservative and incorporates the CMP 

process, fracture toughness of 5 J/m2 measured using the four-point bend test was used 

as a measure of good bond toughness (Fig. 3-6).  

 

Effect of Ambient on Bond Quality  
During the pump-purge step in the bonding process, the purge gases considered 

were Nitrogen and Forming gas (95%Ar-5% H2). Since it is known that native copper 

oxide could be reduced to copper metal using H2 gas at high temperatures [Poul, 1996], 

forming gas ambient was utilized. However, exploitation of reducing properties of 

forming gas at high temperatures (400 oC) demanded a high vacuum (10-6 – 10-8 Torr) 

ambient. The EV bonder was designed to pump the chamber down to a minimum 

pressure of 10-3 Torr, and at this pressure, surface reoxidation of copper could not be 

avoided. Hence, the unavailability of a high vacuum system was a serious limitation. 

Despite the vacuum limitations in the bond chamber, the forming gas purge step 

resulted in higher fracture toughness values and greater uniformity in bond strength, as 

seen in Fig. 3-6.  

 

Effect of Pre-Bonding Clean Step on Bond Quality 
In addition to the effects of bonding temperature and chamber ambient, Fig. 3-6 

also shows the dependence of Cu-Cu bond toughness on the pre-bonding clean step. It 

can be noted that the room-temperature acetic-acid clean resulted in better bond quality 

compared to HCl clean. AFM scans of the Cu surfaces before and after the acetic-acid 

clean revealed that the cleaning process did not change the surface roughness. 

Cleaning with heated acetic acid (35 oC) was also investigated, based on reports from 

the literature [Chav, 2001]. However, this process led to visible scalding of the Cu films 

and non-uniform bonding. 
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Effect of Copper Film Thickness on Bond Quality 
It has been shown earlier that the fracture toughness of multi-layer thin film 

stacks containing ductile layers increases with increasing ductile layer thickness, owing 

to the greater volume of ductile material available for plastic dissipation [Lane, 2000]. 

This result has been verified for both Cu [Lane, 2000] and Au film stacks [Tsau, 2003].  

In this study, three different Cu stack (combining both wafers) thicknesses were 

analyzed -0.1µm, 0.6 µm, and 1.2 µm. All three layer thicknesses were bonded at 300 
oC. The results from the four-point bend tests of these specimens are tabulated in Table 

3-1.  

 

Cu Stack Thickness (µm) G (J/m2) 

0.1 9.1 

0.6 10.3 

1.2 No Delamination (for bonds 

created at 300 oC and above) 

 

 

The results show very little variation in fracture toughness values for Cu stacks of 

thickness below 0.6 µm. However, for thicker Cu films, it was not possible to measure 

useful toughness value from the four-point test. This was a drawback similar to that 

encountered in the tests with continuous films. Due to a large amount of plastic 

dissipation in thicker films [Lane, 2000], the toughness of the interface increased. The 

crack propagated in a mode I path through the silicon layer, and hence, interface 

toughness could not be measured. The saturation of fracture toughness below a certain 

film thickness was consistent with observations in [Lane, 2000]. 

Table 3-1. Variation of Cu-Cu bond Toughness with Cu Stack thickness 

 

Failure Loci 
 Failure occurred in either of the following two modes: Ta/SiO2 interface, Cu-Cu 

bonded interface. SEM micrographs of the two interfaces are shown in Figs. 3-7 (a) and 

(b). The Ta/SiO2 interface failed in a brittle manner, since the surface of Ta was smooth, 

devoid of any plastic deformation. The Cu-Cu fracture surface shows ductile failure as 

identified by the dimple formations. For the high-toughness bonds, profilometry scans of 

the fractured surfaces showed unequal thickness of the delaminated thin films on either 
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sides of the fractured surface, suggesting that the fracture occurred through the bulk of 

the copper stack and not exactly at the bonded interface. 

 
 
 
 
 
 
 
 
 
 
 
3.3 Discussion 

(b) (a) 

Figure 3-7. (a) Cu fracture surface- ductile failure. (b) Ta/SiO2 fracture 
surface - brittle failure 

Quantitative toughness characterization of Cu-Cu bonds using the four-point 

bend test has led to several process improvements. First, the “resist descum” process 

was found to be effective in creating stronger and more uniform bonds. The failure locus 

changed from predominantly Ta/SiO2 to one of a mixture of Cu-Cu and Ta/SiO2, after the 

introduction of the descum process. Therefore, it is evident that the resist residue 

caused weakening of the Ta/SiO2 interface, which was otherwise of similar toughness as 

the Cu-Cu bond layer.  

The temperature dependence of bond toughness was clearly exhibited using the 

four-point bend test. Cu-Cu bond toughness increased with increasing bonding 

temperature. The higher toughness values at higher temperatures may be attributed to 

the increased rate of diffusion of copper atoms across the interface which would have 

caused an increase in the chemical bond strength (work of adhesion). It was also noted 

that the bonds created below a temperature of 250 oC routinely failed during handling, 

especially during the diamond-saw cutting process. From Fig. 3-6, it can be seen that 

Cu-Cu bonds created at 275 oC after pre-bonding acetic acid clean and forming gas 

purge in the bond chamber exceed the adhesion success criterion. Therefore, high 
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quality bonds can be created for 3D ICs at low (< 300 oC) processing temperatures 

despite the limitations of the bond chamber. 

Cu-Cu bond toughness was also a strong function of the pre-bonding clean 

method. Glacial acetic-acid-clean of Cu films followed by N2-drying resulted in strong 

bonds at temperatures above 275 oC. The efficacy of the acetic-acid-clean was in 

agreement with previous studies on cleaning of Cu films using acetic acid [Chav, 2001]. 

Avoiding water exposure after the cleaning step was found to improve the film quality by 

reducing the reoxidation rate of Cu. In addition, it was confirmed that the room-

temperature acetic-acid cleaning process did not affect the surface roughness. 

Analysis of the fractured surfaces, coupled with bond toughness results, also 

elucidates the effects of chamber ambient on bond quality. Non-uniform crack paths 

were observed (both Ta/SiO2 and Cu-Cu) for the nitrogen-purge-bonded wafers and 

uniform failure modes (either Ta/SiO2 or Cu-Cu) were seen for the forming gas-purge- 

bonded wafers. This observation, coupled with higher toughness and lower variation in 

the forming gas-purged-bonded wafers, confirmed that a reducing ambient improves Cu 

bond quality. The pump-purge cycles with forming gas presumably reduced the oxidation 

rate of Cu films during thermocompression and therefore, led to uniform, strong bonds. 

Increasing Cu stack thickness resulted in higher bond toughness, owing to the 

increased available volume for plastic energy dissipation. However, substrate (Si) failure 

was observed in bonds created between thick (~1 µm) copper films at temperatures 

above 300 oC. This result could to be attributed to the change in the relative magnitudes 

of the interface fracture toughness and the mode I toughness value of the brittle stack 

surrounding the interface. For thicker metal stacks, the plastic dissipation increases and 

hence, the measured interface fracture toughness increases. Therefore, the ratio of the 

interface toughness to the mode I fracture toughness of brittle stack increases. This 

causes a condition where the crack propagation has a preference towards a mode I path 

instead of interfacial delamination [He, 1989].  

 

3.4 Summary 
Four-point bend testing of Cu thermocompression bonds has been implemented 

to understand the effects of several process parameters on the bond toughness. The 

test method was sensitive to the effect of process variations on the bond toughness. 

 Four-point bend test measurements were used for bonding process optimization. 

Strong Cu-Cu bonds were created at low temperatures (< 300 oC) using an acetic acid-
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based pre-bonding clean process and a reducing gas purge in the bond chamber. A 

strong caveat to this test measurement is that four-point bending introduces mixed-mode 

loading and therefore, the measured toughness values are a combination of the 

chemical work of adhesion and plastic deformation in the film stack, the latter being the 

predominant factor. The plasticity factor needs to be considered while interpreting the 

bond toughness results. Mixed-mode loading places a limitation on this technique since 

the “true” work of adhesion (mode I) cannot be independently measured. Another 

limitation of the four-point bend test was that high-toughness bonds could not be tested 

for interface adhesion. Si substrate failure precluded interfacial delamination and 

therefore, useful toughness values could not be obtained.  

 As a follow-up to the four-point bend test evaluation of bond quality, a logical 

course of further research is to pursue a technique for mode I evaluation of Cu-Cu bonds 

that is also adaptable for mixed-mode conditions. In addition, the testing method should 

be able to measure high toughness bonds. Towards this end, chevron testing of wafer –

level Cu-Cu bonds is investigated and reported in Chapters 4, 5, 6 and 7.  
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Chapter 4 
Chevron Testing of Wafer-level Bonds – Modeling 
and Mixed-Mode Analysis 
 
 As described in Chapter 3, the loading conditions used in a test play an important 

role in the interpretation of fracture toughness values. The loading conditions vary from 

pure tension (mode I) to pure shear (mode II), including mixed-mode loading. Choice of 

a particular test method is based on several criteria such as robustness and 

reproducibility, ease of sample preparation, and applicability to certain materials (brittle 

or ductile). If the specific case of mixed-mode testing is considered, there is paucity of 

specimens available that satisfy all the above criteria. While the four-point bend test is 

extremely robust and reproducible, it suffers from difficulty in sample preparation and 

also is of limited use for the study of strong bonds between brittle materials [Turn, 2000]. 

Therefore, it is important to develop a robust mixed-mode test method for characterizing 

a variety of samples that can be fabricated easily and quickly.  

 

4.1 Chevron Test Specimen 
The bonded chevron specimen has been shown to be an effective means of 

characterizing the interface toughness of wafer bonds [Hurd, 1995; Bag, 2001].  The 

specimen is simple to fabricate, amenable to miniaturization, and easy to test.  Previous 

works [Hurd, 1995; Bag, 2001] have used a specimen, in which the layers are of equal 

thickness and have the same elastic properties, that yields a measure of interface 

toughness under pure I mode conditions.  If the geometry and or elastic properties of the 

two layers of the specimen are changed such that they are not equal, the specimen can 

be used to characterize the mixed-mode interface toughness.   

In the current work, the potential to use the chevron specimen for the 

characterization of mixed-mode interface toughness is examined. Specifically, finite- 

element modeling is used to calculate the strain-energy release rate and phase angle for 

bonded chevron specimens with dissimilar layer thicknesses.  The chapter begins with a 

review of the chevron specimen and testing.  The finite element model and the 

calculation of the strain energy rate used in this work are then described.  Finally, 
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modeling results that demonstrate how the chevron specimen can be used for mixed 

mode testing are presented and discussed. 

 

4.2 Chevron Test  
While the chevron test has traditionally been used to characterize bulk materials 

[Bark, 1977], it has been modified to study bonded wafers [Hurd, 1995], and more 

recently, miniaturized to get statistical data across an entire bonded wafer-pair [Bag, 

2001]. Figure 4-1 (a) shows the schematic of a chevron test specimen used for bonded 

interface characterization. The interface is patterned in the form of a V-shaped notch and 

the specimen is glued between two stubs that are loaded in tension during the test. The 

sharp chevron tip enables characterization of weak and strong bonds alike as it serves 

as a stress-concentration point.  

A typical load-displacement curve for a chevron-notched specimen is shown in 

Fig. 4-2. After the initial elastic loading of the specimen, a sharp crack initiates at the 

chevron notch and propagates across the bonded interface. The triangle-shaped notch 

leads to an increasing bond area with increasing loading, and therefore, stable crack 

propagation initially. Catastrophic failure of the sample occurs at the point of maximum 

load. The critical stress intensity factor, KIC, can be calculated from the maximum load in 

the test, Fmax, using 

min
max

IC Y
WB

F
K = ,   (4-1) 

where Ymin is the minimum value of the geometry function, and B and W are the width 

and length of the specimen defined in Fig. 4-1 (b). Y is the dimensionless stress-intensity 

factor coefficient, which varies with the crack length, and Ymin corresponds to the crack 

length at which catastrophic failure occurs under Fmax. The interface toughness is related 

to the critical stress intensity factor by 

2
IC

2

C K
E
ν1G −

=    (4-2) 

where E and n are the Young’s modulus and Poisson’s ratio, respectively. The 

anisotropy of these material properties has to be considered when using Eq. 4-2. It can 

be seen from equation (4-2) that the calculation of fracture toughness from a chevron 

test requires knowledge of both the experimental load-displacement behavior and the 

sample geometry. Finite-element methods are typically used to obtain the minimum 
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value of the geometry function which is dependent on the thickness of the bonded layers 

and crack geometry.  

 

(a)

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) 
 Fig. 4-1. a) Schematic of a chevron test specimen for bonded interface characterization.  

b) Plan view of a chevron specimen showing the geometry. 
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 Fig. 4-2. Typical Load-Displacement behavior from a bonded chevron test.  

The maximum load is used to calculate interface fracture toughness.  
 
4.3 Chevron Specimen Modeling  

Figure 4-1 (b) shows the schematic of the specimen used for chevron modeling. 

The sample length W (= 9 mm), width B (= 10 mm), and the notch angle θ (= 90o) were 

fixed for the purpose of this study. However, these dimensions could easily be varied to 

change the geometry function. The main variable parameters in this model are the initial 

crack length a0 (and therefore, initial crack length ratio α0 = a0/W), the crack length ‘a’ 

(and therefore, crack length ratio α = a/W), and the thicknesses of the two layers, h1 and 

h2. The thickness ratio, η, is defined as the ratio between h2 and h1, with h2 

corresponding to the thinner of the two layers. The specimen geometry was chosen to 

represent a sample size of 10 mm * 10 mm, with a total thickness of 1 mm – 2 mm, 

which is the range of standard 100 mm/150 mm diameter silicon wafers. 

 

4.3.1 Finite-Element Model 
A three-dimensional model of the chevron specimen was developed using the 

commercial finite element package ABAQUSTM.  The mesh is shown in Fig. 4-3. The 

mesh was generated in MATLABTM, exported to ABAQUSTM and solved. The MATLABTM 

scripts can be found in Appendix C. The mesh consisted of 8560 20-noded brick 

elements. The final mesh density was determined through a series of convergence 
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studies.  Appropriate boundary conditions were used along the symmetry plane and 

displacements were prescribed at the edge of the specimen to simulate the loading 

applied during testing.  The specimen was modeled as silicon with anisotropic elastic 

properties (C11=165.7 GPa, C12=63.9 GPa, C44=79.6 GPa) with the orientation shown in 

Fig. 4-3.  The model was used to calculate the reaction forces and displacements near 

the crack tip as well as the total strain energy as a function of the crack length. 

 

 
 
 
 
 
 
 
 
 
 
Fig. 4-3. Picture of the mesh used for finite element analysis of the chevron specimen. Symmetry 
allowed only half of the specimen to be modeled. 

4.3.2 Calculation of Strain Energy Release Rate and Phase Angle 
The results of the finite element solution were used to calculate the strain energy 

release rate, G, using two different methods – the virtual crack closure technique 

(VCCT) and the total strain energy (TSE) method. 

The VCCT allows the mode I and mode II components of the strain energy 

release rate to be calculated from the reaction forces at the crack tip and the 

displacements immediately behind the crack tip. GI and GII were calculated locally along 

the front using the standard equations for 20-node solid elements [Kru, 2002]. The 

VCCT allows the strain energy release rate to be determined for a given crack length 

from a single finite element simulation. 

The TSE method estimates G from the area differential of the total strain energy 

U. The TSE method requires two finite element simulations (i.e. one with crack length ‘a’ 

and the other with crack length ‘a+∆a’).   The strain energy release rate is calculated for 

an incremental change in crack length ∆a, 

 78



 

A(a)∆a)A(a
U(a)∆a)U(aG

−+
−+

=    (4-3) 

 

The TSE method does not allow the mixed-mode strain energy release rate components 

to be determined.  However, the strain energy release rate calculated via the TSE can 

be compared to the sum of the mixed-mode components determined via the VCCT, GTSE 

= GI + GII. The strain energy release rates were calculated using both methods and were 

compared to verify that the model is internally consistent. 

Using calculated values of G, the minimum geometry function Ymin is calculated 

using equations 4-1 and 4-2. Ymin is studied as a function of α0, η, and the total layer 

thickness, htotal (= h1+h2). Using the G1 and GII components from VCCT, the phase angle 

ψ for mixed-mode loading is calculated using 

 

I

II1

G
Gtanψ −=    (4-4) 

 

The dependence of phase angle ψ on the layer thickness ratio η is studied to get 

the range of mode-mixities that can be realized using wafers of thicknesses that are 

amenable for fabrication. 

 
4.4 Results 
VCCT vs. TSE 

Figure 4-4 shows G as a function of thickness ratio η calculated using both the 

VCCT and TSE methods. It can be seen that there is excellent agreement between the 

two methods. While this result was obtained for the case of a particular initial crack 

length ratio, the agreement between VCCT and TSE methods has been verified for a 

range of initial crack length ratios. For all subsequent results and discussions, the VCCT 

method will be used exclusively to calculate G, since it provides GI and GII values that 

are essential for calculation of the phase angle ψ (Eq. 4-4).  
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Fig. 4-4. Comparison of the strain energy release rates calculated using VCCT 
and TSE methods as a function of layer thickness ratio.  

 
 
Phase Angle vs. Thickness Ratio 

Figure 4-5 shows the variation of phase angle ψ as a function of thickness ratio, 

η for various crack lengths. The phase angle was independent of crack length over the 

range examined and is primarily determined by the thickness ratio. As η decreases, ψ 

increases indicative of greater mode-mixity. For comparison, the phase angle as a 

function of thickness ratio predicted by an analysis of a crack in a layered material 

loaded by end moments [Hut, 1992] is shown along with the finite element results.  The 

analysis in [Hut, 1992] assumes that pure moments are applied at the crack tip and does 

not account for any transverse shear load, which is present in the chevron specimen. All 

of the FE cases and the solutions from [Hut, 1992] predict similar phase angles for a 

given η when η is between 0.2 and 1.0. At thickness ratios below 0.2, the FE results 

stray from the [Hut, 1992] solution.  Interestingly, the FE simulations deviate from the 

[Hut, 1992] solution in a different fashion for different absolute layer thicknesses.  For 

example, in case A in Fig. 4-5 at η =0.1 (h1=1 mm, h2 = 0.1 mm) the phase angle is 

approximately 39°, which is greater that the 37° calculated by the [Hut, 1992] analysis.  

While in Case B at η =0.1 (h1=0.5 mm, h2 = 0.05 mm) the phase angle is approximately 

34°, which is less than the [Hut, 1992] value. 
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Fig. 4-5. Dependence of phase angle, ψ, on layer thickness ratio, η, predicted by the 
FE model and an analysis of moment loaded crack by Hutchinson and Suo [17]. ψ (or 
mode-mixity) increases with decreasing η.  

 
 
 
Geometry Function vs. Crack length Ratio 

Figures 4-6 (a) and 4-6 (b) show the dependence of the geometry function Y on 

the crack length ratio α for a Mode I and a mixed-mode (η=0.5 corresponding to ψ=23°) 

specimen, respectively. For both cases, Y is given for 4 different initial crack lengths. 

The geometry function goes through a shallow minimum, which is consistent with 

previous analyses [Bag, 2001].  

 

From Figs. 4-6 (a) and 4-6 (b), the minimum value of the geometry function, Ymin, 

can be extracted.  The value Ymin is a function of the initial crack length, as seen in Fig. 

4-6, as well as the total thickness of the specimen and the thickness ratio.  Through a 

parametric study, in which Ymin was calculated across a wide range of specimen 

thicknesses (0.2-1.4 mm), thickness ratios (0.1-1.0), and initial crack lengths (1-4 mm), a 

fit that allows Ymin to be estimated from α 0, htotal, and η, was determined:    
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From the above equation, it is seen that, for constant htotal and η, Ymin is a linear function 

of the initial crack length ratio α0.  FE results for Ymin as a function of the total layer 

thickness, htotal, and the thickness ratio, η, are shown along with the fit given in Eq. 4-5 in 

Figs. 4-7 and 4-8. This fit predicts Ymin to within 1.8% of the FE results across a range of 

thicknesses from 0.2 mm - 1.35 mm, thickness ratios from 0.1-1, and initial crack length 

ratios from 0.1-0.4. 
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Fig. 4-6. a) Mode I geometry function dependence on crack length ratio for different initial crack 
lengths. b) Mixed-mode (η = 0.5, ψ=23°) geometry function dependence on crack length ratio for 
different initial crack lengths. 
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Fig. 4-7. Mode I minimum geometry function vs. total layer thickness for fixed initial crack 
length ratio. 
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Fig. 4-8. Minimum geometry function vs. layer thickness ratio for fixed total layer thickness.  
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4.5 Discussion 
The excellent agreement between the G values calculated using the VCCT and 

TSE methods as well as convergence studies demonstrates that the FE model was 

robust across a wide range of geometric parameters and that the mesh density was 

adequate.  In order to further validate the model, it was compared with existing FE 

modeling results for a mode I wafer bonded chevron specimen. Bagdahn et al. [Bag, 

2001] reported the dependence of Ymin as a function of crack length ratio for different 

initial crack lengths on a specimen that was 10 x 10 x 1.05 mm. By incorporating these 

specimen dimensions and the elastic properties reported in [Bag, 2001] in our model and 

calculating the geometry function, it was observed that this model predicted Y to within 

10% of the results given in [Bag, 2001]. An exact comparison, however, is precluded due 

to the unavailability of the elastic constants data used in [Bag, 2001]. 

Results that show the variation of the phase angle ψ with the thickness ratio η 

(Fig. 4-8) demonstrate that a chevron specimen with layers of different thickness is an 

excellent tool to study the toughness of bonded interfaces as a function of mode-mixity. 

The result suggests that one just needs to vary the thickness of one wafer while keeping 

the other constant in order to measure interface toughness across a wide range of 

mixed-mode conditions. The incremental experimental cost incurred in testing 

specimens with different layer thicknesses, and hence different mode-mixities, is 

minimal. Considering fabrication constraints for thin wafers (minimum thickness ~200 

µm) and availability of thicker wafers (maximum thickness ~1 mm), the smallest practical 

thickness ratio is 0.2, which corresponds to a phase angle of ~35°. The phase angle in 

the four-point bend interfacial fracture specimen, which has been used to characterize 

wafer bonds previously, ranges from 41°-48°, for similar materials with varying thickness 

ratio  [Char, 1989].   

The results in Fig. 4-5 allow the phase angle of the specimen to be determined 

based on layer thickness ratio.  It is interesting that the phase angle for a wide range of 

layer thicknesses can be estimated using the moment-loaded layered material solution 

[Hut, 1992], even though the chevron specimen has a moment and a tranverse shear 

load at the crack tip.  Given that the specimen is relatively short, it might be expected 

that a solution that does not account for the transverse shear loading at the crack tip, 

would not yield a good prediction of the phase angle. However, as seen in Fig. 4-5, the 

analysis given in [Hut, 1992] provides a good estimate of the phase angle down to 

thickness ratios of 0.2. 
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The results from the present FE study shown in Figs. 4-(6-8) and described by 

the fit given in Eq. 4-5 provide a toolset to calculate Ymin for specimens with a range of 

geometries. Ymin must be known in order to calculate the interface toughness from 

chevron test data (Eqs. 4-1 and 4-2) and in general, Ymin = f(htotal, η, α0). These model 

results can be used to easily compute Ymin for different specimens and permit reduction 

of test data. 

 

4.6 Summary 
FE analysis of a bonded chevron specimen with different layer thicknesses has 

been performed to allow the specimen to be used to characterize the bonded interface 

under mixed-mode loading conditions. A bonded (100) silicon specimen, with a 

thickness range representative of typical semiconductor wafers (0.1 to 1 mm), and a 

nominal geometry of 10 x 10 mm, was analyzed. First, the efficacy of the model was 

verified by comparing strain energy release rates obtained using two different techniques 

– VCCT, and TSE. Next, the dependence of the phase angle on the layer thickness ratio 

was studied. The results of the analysis show that the phase angle at the interface can 

be varied from 0° to 35° by changing the layer thickness ratio from 1 to 0.2. These 

results agree reasonably with previous analyses on a moment-loaded layered material.  

In order to facilitate the calculation of interface toughness from experimental 

data, the FE analysis was used to study the dependence of the geometry function on the 

thickness ratio, total layer thickness, and the initial crack-length ratio. A fit to the FE data 

was provided for the minimum geometry function, which can be used to calculate the 

interface bond toughness of bonded wafer/die specimens under mixed-mode loading. 

Given that there are relatively few quantitative techniques for characterizing mixed-mode 

toughness of bonded wafer/die, the current study on the chevron specimen provides a 

crucial new method for assessing the toughness of such structures. Experiments on 

bonded chevron structures reported in Chapters 5, 6, 7 and 8 utilize the results from the 

FE analysis to compute interface toughness. Specifically, mode I chevron testing of Cu-

Cu bonds is reported in Chapter 5, along with process parameter studies. Mixed-mode 

analysis of the Cu-Cu interface toughness is described in Chapter 6. Chapters 7 and 8 

examine the effects of patterning on the toughness of thermocompression-bonded 

ductile Cu-Cu bonds and fusion-bonded brittle SiO2 – SiO2 bonds, respectively.  
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Chapter 5 
Mode I Chevron Testing of Wafer-level Cu-Cu 
Bonds – Process Parameter Studies 
 

In Chapter 3, a baseline process was established for thermocompression Cu-Cu 

bonding, enabled by the quantitative characterization of the bond toughness using four-

point bend tests. Specifically, the bonding process was optimized with respect to 

lowering the bonding temperature and improving the surface preparation to yield strong 

bonds at 300 oC. It was noted that four-point bending involves mixed-mode loading and 

therefore, a significant portion of the measured interface fracture energy was due to 

plastic deformation in the Cu stack. In this chapter, mode I chevron tests are used to 

characterize the Cu-Cu bond toughness as a function of wafer bow and Cu film 

deposition and pre-bonding clean processes. There are two major goals for this body of 

work: 1) to establish a standard chevron test procedure for wafer-level bonds based on 

the FE results from Chapter 4, and 2) to analyze the effects of process parameters on 

the true work of adhesion between bonded Cu films. 

 
5.1 Experimental Procedure 
 The experimental procedure for bond toughness measurements using the 

chevron test can be classified into two categories – a) fabrication of test structures under 

cleanroom conditions, and b) mechanical testing. 

 

5.1.1 Test Structure Fabrication 
Figure A-3 (Appendix A) shows the schematic process flow for chevron test 

structure fabrication. Thermally oxidized 100 mm Si (100) wafers, with a nominal oxide 

thickness of 300 nm, were used as substrates for all thin film deposition and bonding 

studies. Two sets of wafers were fabricated for bonding studies. One set of wafers 

(chevron wafers) had patterned chevron structures, and the other set (set B) had 

patterned lines. All bonding pairs comprised of one wafer from each set. The chevron 

structures (Fig. 4-1 b) had the following dimensions: length, W (10 mm), width, B (10 

mm), and the notch angle θ (= 90o). However, the effective length was taken as 9 mm as 

the studs that were glued on the specimen transfer the load to the specimen 1 mm from 

the edge. Three different initial crack lengths a0 (= 1 mm, 3 mm, and 4 mm) were used. 
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The mask layout for the chevron structures is shown in Fig. 5-1a. The thicknesses of all 

the wafers was within the range of 480 ± 5 µm, and therefore, the thickness ratio, η was 

approximately 1.0 (symmetric chevron specimen, mode I loading) for all specimens.   

 

(a) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 (b) 
 

 
Fig. 5-1. a) Mask layout of chevron structures, with three different initial crack lengths, a0 (= 1 mm, 
3 mm, 4 mm). b) Schematic layout of lines that were bonded to chevron structures. Mask contains 
lines of varying widths (2 µm – 250 µm), with the area fraction maintained at 0.5 for all line widths. 
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The chevron structures were patterned on oxidized wafers using standard 

positive photoresist. After patterning, the oxide film was etched using buffered oxide etch 

(BOE), followed by deep reactive ion etching (DRIE) of Si to a depth of 10 µm. 0.5 mm 

wide alleys separated adjacent chevron structures to enable dicing of individual 

specimens post-bonding (Fig. 5-1a). After the creation of chevron structures, the wafers 

were cleaned in an O2 plasma asher, followed by a Piranha clean (3:1 H2SO4:H2O2). The 

SiO2 film on the front side was then removed using BOE. The chevron wafers were then 

reoxidized using thermal oxidation to grow 300 nm-thick SiO2.  

  The complementary set of wafers (patterned wafers) had patterned lines of 

varying widths (Fig. 5-1b). The line widths ranged from 2 µm to 250 µm. The ratio of the 

line width to spacing was kept constant (= 1), and therefore, the bonded area fraction 

was uniformly maintained at 0.5. Each set of lines covered a total width of 11 mm. Lift-off 

process was used to create line structures. Following photoresist patterning, the wafers 

were subjected to the “resist descum” process, as described in Chapter 3. 30 nm of Ta 

and 4000 nm of Cu were then successively deposited (without breaking vacuum) on 

both sets of wafers using e-beam evaporation, with a base pressure of 2 x 10-7 Torr. The 

extra metal was lifted off the set B wafers by soaking the wafers in NMP (N-Methyl-2-

Pyrrolidone) for at least an hour followed by light ultrasonic agitation in NMP and 

deionized water.  
 

Wafer Bow 

 Curvature measurements of the wafers after every process step were performed 

using a KLA-TencorTM thin-film stress-measurement system. Wafers with a nominal bow 

< 5 µm were used as substrates for test specimen fabrication. It was found that the 

chevron structure process flow contributed to a change in bow of 3.6 µm, predominantly 

from the stress in the Cu/Ta film stack. In order to study the effect of wafer bow on bond 

quality, three different bonding stacks were examined (Fig. 5-2). Figure 5-2a shows a 

bonding stack with nominally ‘zero’ (< 5 µm) bow. Figures 5-2 (b) and (c) show stacks 

with high compressive and tensile bows, respectively. In these stacks, a large bow was 

deliberately induced in one of the wafers of the bonding pair (wafer 1) by depositing a 

highly stressed film on the backside of the wafer. Silicon Nitride (SiNx) films were 

deposited using Plasma Enhanced Chemical Vapor Deposition (PECVD) to induce bow. 

By tuning the frequency of the plasma, the sign and magnitude of the bow could be 

varied. Table 5-1 shows the SiNX deposition parameters and the resultant wafer bows. 
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The thickness of the films was adjusted to obtain bows of 100 µm (Tensile and 

Compressive) on different substrates. After wafer bow creation, the process flow was 

continued to deposit Cu/Ta using e-beam evaporation.  

 

 

 

 

 

 

 

 

 

 

 

 

 (b) (c) 
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Fig. 5-2. Schematic of the wafer-bow bond configurations examined using chevron test.   

 

 

 

High Frequency (%) Thickness (µm) Dep. Rate (Ǻ/s) Stress (MPa) Bow (µm) 

0 1.06 2.97 -1000 (Comp) -100 
100 2 1.17 +350 (Tens) +100 
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Table 5-1.  PECVD SiNX deposition parameters. Varying the plasma frequency 
resulted in different magnitudes and signs of the resultant stresses. 
oplated Cu 

In order to create electroplated films, 30 nm/100 nm Ta/Cu films were first 

ited using e-beam evaporation, to serve as the seed layer for Cu plating. After lift-

e wafers were plated with 300 nm-thick Cu. A commercial copper sulfate solution 

ne-OMITM) was used as the electrolyte. Organic additives in the solution were 

etary. Copper plating was performed under dc conditions from a phosphorized Cu 

, at a current density of 8 mA/cm2. The wafers were rinsed with deionized water 

iately following plating, in order to prevent oxidation of Cu by the electrolyte. The 

 wafers were then incorporated into the process flow for bonding and chevron 
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testing. In order to study the effect of recrystallization kinetics on the bond toughness, 

two different ECP film configurations were tested: a) bonded after 35 mins and b) 

bonded after 1 week. 

 

Thermocompression Bonding 

The wafers from sets A and B were then prepared for thermocompression 

bonding. Based on the optimized process developed using four-point bend 

characterization (Chapter 3), an acetic acid-based pre-bonding clean step was 

performed to remove the native oxide on the copper surface for all but two bonded-pairs. 

Those two bonded-pairs were created using as-deposited wafers (without cleaning) to 

quantify the effect of the pre-bonding clean process under mode I loading.  

Prior to the bonding process, the wafers were first clamped together in a bond 

chuck using an Electronic VisionsTM EV 620 Aligner. The patterned lines on the 

“patterned wafer” were aligned to the chevron notch on the “chevron wafer” such that the 

debond propagation would occur along the length of the lines, thereby presenting a 

homogeneous bond interface for debond growth, as shown in schematic in Fig. 5-3a. 

Figure 5-3b shows a schematic cross-section of the bonded stack. The wafers were 

bonded such that specimens with different line widths could be obtained, with each 

specimen containing lines of uniform width. The bond chuck was then transferred to an 

EVTM 501 bond chamber that was subjected to three pump-purge cycles using forming 

gas (95% Ar, 5% H2). The wafers were then brought into contact and bonded for 1 hour 

at 300 oC under a chamber vacuum of 10-3 Torr. The bonding force was kept constant at 

5000 N for all wafers, which resulted in a bonding pressure of 2.12 MPa on the Cu-Cu 

bond interface. After cooling the bonded pair down to room temperature, the bonded 

wafers were taken out of the chamber and then annealed in a tube furnace under 

forming gas ambient for 1 hour. 

While bonding wafers with induced bow, the thermal mismatch between PECVD 

SiNX and Si had to be considered. Since PECVD SiNX and Si have similar thermal 

expansion coefficients [Mart, 2006], there was no thermal mismatch between the two 

materials during the bonding process. Therefore, the bow on the highly stressed wafers 

was determined to be unaffected by the heating process during bonding. Chevron tests 

were used to determine the effect of applied bonding pressure on the bond formation in 

bowed wafers. 
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(a) (b) 

Fig. 5-3. a) Schematic of a chevron test specimen with bonded parallel lines. b)
Schematic cross-sectional view of a bonded specimen.  

Individual specimens for chevron testing were cut from the bonded wafers using 

a diamond saw. The first few cuts were made through the thickness of one wafer such 

that the chevron wafer was exposed at the edges. These cuts were used to locate the 

alleys along which further cuts were made through the thickness of the total wafer stack 

to obtain individual test dies.   

 
5.1.2 Chevron Test 

Test specimens from the bonded wafer-pair were glued on to Aluminum stubs 

using high-viscosity glue. Care was taken to prevent seepage of glue into the bonded 

interface. Approximately 20 specimens were tested for each geometric configuration. 

The specimens were selected to represent all regions on the bonded wafer. The glued 

specimens were then tested under tension in an InstronTM 8848 electromechanical 

universal testing apparatus. The specimens were loaded at a constant displacement rate 

of 0.12 mm/min. The load-displacement behavior was digitally recorded. After 

debonding, the specimens were dismounted from the stubs using acetone and the stubs 

were reused. Optical Microscopy, Scanning Electron Microscopy (SEM), Atomic Force 

Microscopy (AFM), and profilometry were used to characterize the fractured surfaces.  
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5.2 Results 
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Fig. 5-4. Load-displacement behavior from chevron test. a) Unstable fracture from 
chevron tip. b) Overloading prior to crack initiation followed by stable extension. c) 
Stable crack extension through maximum load. 
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Equations 4-1 and 4-2 were used to calculate the interface toughness from the 

chevron test. Equation 4-2 was modified to account for the bonded area fraction of Cu-

Cu bonds, 

A
1K

E
ν1G 2

C

2

C
−

= ,    (5-1) 

where A is the fraction of the chevron area that was bonded (= 0.5, for lines of equal 

width and spacing). FE analysis from Chapter 4 was used to determine the minimum 

value of the geometry function, which is dependent on the thickness of the bonded 

layers and crack geometry. 

Figure 5-4 shows the three possible load-displacement profiles in a chevron test. 

As stipulated by ASTM [ASTM, 2002], the validity of the chevron test is dependent on 

the nature of the crack propagation. Figure 5-4a shows an invalid chevron test behavior, 

wherein unstable fracture occurs beginning at the chevron tip, thereby preventing any 

useful measurements of the interface adhesion. Figures 5-4b and 5-4c show stable 

crack extension through the maximum load, and are therefore, considered acceptable 

test results. In this study, all three load-displacement profiles were observed, depending 

on the initial crack length, ao. Test specimens with ao = 3mm and ao = 4mm showed 

predominantly (> 60%) unstable crack behavior, resulting in fracture of the Si substrate 

without any interfacial delamination, as illustrated in Fig. 5-4a. In contrast, more than 

90% of the specimens with the lowest initial crack length (ao = 1mm) exhibited stable 

crack growth.  

With decreasing initial crack length, the applied moment at the chevron notch tip 

decreased and therefore, the interfacial delamination (and not Si substrate fracture) was 

the preferred failure mechanism. Since stable crack growth was necessary to extract 

useful information on the interface toughness, the chevron mask was modified such that 

all specimens had initial crack length ao = 1mm.  

 

5.2.1 Mode I Toughness 
 For the range of line widths considered (2 µm – 250 µm), mode I Cu-Cu bond 

toughness was found to be independent of line width, for specimen geometries where 

crack growth occurred parallel to the lines. The average mode I toughness, obtained 

across all line widths, was found to be 2.73 ± 0.7 J/m2. Four-point bend mixed-mode 

toughness of Cu-Cu bonds created under the same conditions was about 17 J/m2, the 
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discrepancy attributed to enhanced plastic deformation under mixed-mode loading 

conditions. 
 

5.2.2 Process Optimization 

Effect of Cu Pre-Bond Clean 

 Cu films bonded without the acetic acid pre-bond clean process resulted in a 

significant decrease in bond toughness, as shown in Table 5-2. The efficacy of the 

cleaning process is also shown by the relatively lesser percentage of samples that failed 

at the Cu-Cu bonded interface. Lack of Cu pre-bond clean also resulted in a highly non-

uniform bonded interface, as evidenced by the reduced yield of the specimens after the 

diamond saw cutting process. The specimens that survived the dicing process exhibited 

bond toughness ~ 1 J/m2.  

 Table 5-2 also shows the comparison between mode I (chevron) and mixed-

mode (four-point bend) interface toughness of as-deposited and pre-cleaned Cu-Cu 

bonds. Surfaces that were bonded without acetic-acid clean (as-deposited films) 

exhibited equally poor toughness under mode I and mixed-mode loading. However, for 

strong bonds (acetic-acid clean), there was a significant increase in toughness with 

increase in mode-mixity. 

 AFM and SEM micrographs of the fractured surfaces (mode I) show that the Cu 

grain structure is clearly visible for the cleaned surfaces, whereas the specimens without 

the cleaning process reveal rough interfaces without any grain structure (Figs. 5-5 and 5-

6).  

 

Pre-bonding 
Process 

G (J/m2) 
(chevron) 

G (J/m2) 
(four-point 

bend) 
Dicing Yield Cu-Cu Bond Failure 

(during test) 

Acetic acid Clean 2.91 ≤ 0.68 17.1 ≤ 2.4 100 % 50 % 

No Clean 1.14 ≤ 0.53 1.61 ≤ 0.6 66 % 100 % 

Table 5-2. Mode I (chevron) and mixed-mode (four-point bend) fracture energies of pre-
bonding cleaned vs. as-deposited bonded Cu films. Dicing yield refers to the percentage 
of specimens that survived the diamond saw cutting process. Cu-Cu bond failure 
represents the number of specimens that failed along the bonded interface (in contrast to
Ta/SiO2 interface). For as-deposited (uncleaned) surfaces, the mode-mixity has a 
negligible effect on the bond toughness, while there is a significant effect for cleaned 
surfaces. 
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  (a)  (b) 
 Fig. 5-5. 3µm x 3µm AFM images of post-debond fractured surfaces. (a) as-deposited 

bonded film i.e. no pre-bond clean (RRMS = 9.55nm). (b) acetic acid pre-bond cleaned 
bonded film (RRMS = 6.53 nm).   
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(b)  (a)  

Fig. 5-6. SEM micrographs of post-debond fractured surfaces (mode I). 
(a) No pre-bond clean. (b) Acetic acid pre-bond clean. 
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Effect of Wafer Bow 

 Figure 5-7 shows mode I Cu-Cu bond toughness as a function of wafer bow. 

There was negligible effect of wafer bow on the bond toughness, even for bow = 0.2 * 

film thickness. The wafer-level variation in the toughness was also found to be similar for 

the range of wafer bows studied (-100 µm to +100 µm). 
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 Fig. 5-7. Pure mode I Cu-Cu bond toughness vs. wafer bow for the three different 
configurations illustrated in Fig 5-2.    

 

 

Effect of Cu Deposition Process 

 Table 5-3 summarizes the results of mode I bond toughness characterization for 

films deposited by e-beam evaporation and ECP. A marginal improvement in bond 

toughness was observed for ECP films bonded within 35 mins of plating, compared to e-

beam evaporated films. There was no observable shelf-life dependence for e-beam 

evaporated films, even with storage (in the cleanroom) for 1 month after deposition. In 

addition to the toughness, the percentage of the specimens that failed at the bonded 

interface decreased slightly for the ECP films (Table 5-3). 
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 AFM scans of the films prior to bonding are shown in Fig. 5-8. From Fig. 5-8 (a) 

and (b), it can be seen that the surfaces of ECP films 35 mins and 1week after plating 

look similar. However, in contrast to e-beam evaporated films (Fig. 5-8 c), the ECP films 

look rougher. A comparison of the films at higher magnification reveals that the grain 

structure of the ECP film looks finer compared to the e-beam evaporated film (Figs. 5-8 

d and e). Similar differences (higher roughness and finer grain structure in the ECP 

films) were also observed in the post-debond surfaces of ECP and e-beam evaporated 

Cu films, as seen in the SEM micrographs in Fig. 5-9.  

Cu Deposition Process G (J/m2) Cu-Cu Bond Failure 
(during test) 

E-beam Evaporation* 2.91 ≤ 0.68 50 % 

ECP (bond after 35min) 3.37 ≤ 0.80 30 % 

ECP (bond after 1wk) 2.94 ≤ 0.68 30 % 

 * No observable shelf-life dependence 

 

 

 

Table 5-3. Pure mode I Cu-Cu bond toughness vs. Cu deposition process (e-beam 
evaporation and ECP Cu films). Cu-Cu bond failure refers to the % of specimens that failed 
along the Cu-Cu bonded interface. Low Cu-Cu bond failure indicates uniform bonding. 
97
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(a)  (d) 

 (e) 

 (c) 
Fig. 5-8. AFM images of electroplated and e-beam evaporated films prior to bonding. All 
films have been cleaned with acetic acid. a, b and c - 3µm x 3µm scans. d and e –
0.5µm x 0.5µm scans. (a) ECP film 35mins after plating (RRMS = 7.34nm). (b) ECP film 
1wk after plating (RRMS = 6.42 nm). (c) e-beam evaporated film (RRMS = 2.34nm). (d) 
ECP film 35mins after plating. (e) e-beam evaporated film. 
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Fig. 5-9. SEM micrographs of post-debond fractured surfaces. (a) and (b) ECP bonded 
films. (c) and (d) e-beam evaporated bonded films.  

 

5.3 Discussion 
Mode I Cu-Cu Bond Toughness 

As noted in the introduction, the interface fracture energy has two major 

contributions for ductile materials: the chemical work of adhesion G0, and the work of 

plastic dissipation Gp, i.e. GC = G0 + Gp. The maximum chemical work of adhesion, G0 

between two identical Cu surfaces is ~ 2γCu – γGB, where γCu is the surface energy of Cu, 

and γGB is the grain boundary energy of Cu. Surface energy of Cu at room temperature 

is ~ 1.8 J/m2 and the grain boundary energy, γGB = 0.32γCu [Tys, 1977]. Therefore, the 

maximum contribution of the interface chemistry to the fracture toughness is ~ 3 J/m2. 
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Under mode I loading conditions, the measured fracture toughness, 2.73 J/m2, is 

similar to the estimate of work of separation G0. Therefore, there is minimum plasticity 

contribution to the interface toughness, if any, under mode I loading conditions. As 

suggested in [Tver, 1992], a partially developed plastic zone could explain the 

insignificant contribution of Gp to the fracture toughness. 

Interface toughness measured using the symmetric chevron specimen under 

mode I loading provides the closest estimate of the “true” Cu-Cu work of adhesion for 

bonds created under a particular set of bonding conditions. Mode I toughness is 

expected to be of importance in assessing the quality of bonds and also to predict the 

behavior of the interface under conditions of plastic deformation, since Gp is a function of 

G0 [Lane, 2000]. 

 

Pre-bonding Clean 

Lack of Cu pre-bond cleaning resulted in a significant decrease in the interface 

toughness of Cu-Cu bonds. The dicing yield was also reduced (66% from 100%) and 

therefore, the bond uniformity was compromised. Since the bond toughness of the 

“survived” dies was ~ 1 J/m2, this value can be used as a metric for minimum required 

mode I toughness. All the specimens from the as-deposited bonded-wafer pair exhibited 

Cu-Cu interface failure, providing further evidence for poor bonding. The effect of the 

pre-bonding clean step was further magnified under mixed-mode loading, as shown by 

the four-point bend test data in Table 5-2. This behavior is due to the increase in plastic 

energy dissipation under mixed-mode loading [Tver, 1993]. However, Cu surfaces 

without the pre-bonding clean step exhibited equal (and poor) bond toughness under 

both mode I and mixed-mode loading conditions, thereby showing that the plastic 

deformation of Cu was negligible for weak bonds. Therefore, the pre-bonding clean 

process is a critical step towards creation of uniform high toughness bonds. 

Post-debond fractured surfaces of as-deposited bonded films exhibited rough 

topography, providing evidence for sparse bonding. On the other hand, acetic acid 

cleaned bonded films showed Cu grain structure, indicating grain growth across the 

interface and therefore, uniform bonding. Sparse bonding of as-deposited films may be 

further understood by a model quantifying the “true contact area” during the bonding 

process [Leon, 2006]. It has been observed that the deformation of surface asperities 

during the bonding process is dependent on the roughness and yield strength of the 

contacting films. Since as-deposited films presumably have a surface copper oxide, the 
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deformability of the mating surfaces could be lesser than that of a cleaned copper 

surface. Therefore, the “true contact area” of the as-deposited bonded film could be 

lower than that of a cleaned bonded film, resulting in a lower yield during the dicing 

process, as observed in [Leon, 2006].  

 

Wafer Bow 

Wafer bows up to 100 µm (tensile and compressive) on 100 mm substrates did 

not cause any depreciation of the toughness of thermocompression Cu-Cu bonds, 

compared to wafers bonded with nominally zero bow. This result is in contrast to 

observations in fusion-bonded wafers, wherein wafer bows > 25 µm on 150 mm wafers 

could not be accommodated [Tan, 2006]. This difference between thermocompression 

and direct bonded wafers could be understood by considering the applied pressure     

(~2 MPa) during the thermocompression bonding process. FE results show that such 

pressures are sufficient to elastically deform the bowed wafers [Turn, 2006] and bring 

them into contact. This result shows that stresses induced by films during processing will 

not affect bonding of multi-layer films, since such mismatch stresses are expected to 

induce bow << 100 µm. FE results, however, indicate that the mechanics of the bond 

tool might affect the bonding process. Specifically, the steel/graphite plate that is placed 

between the piston and the wafers to be bonded (Fig. 3-1) could have a major effect on 

the pressure transferred to the wafers during the bonding process. The steel/graphite 

plate is ~ 3 mm thick and therefore, less compliant than 0.5 mm – 0.8 mm thick Si 

wafers. Therefore, any flatness non-uniformity in the steel/graphite plate could result in 

uneven pressure distribution across the bond stack.  

  

Cu Film Deposition Process 

Bonding of electroplated Cu films resulted in only a marginal improvement in the 

bond toughness over e-beam evaporated films. The slight improvement in toughness 

was only observed for the films bonded within 35 min of plating. Under mixed-mode 

loading, this improvement could be magnified, since the plastic energy dissipation is 

known to be a function of the inherent toughness of the bond [Lane, 2000]. 

There was no observable effect of recrystallization of ECP films on the bond 

creation, even though the films showed a finer grain structure compared to e-beam 

evaporated films of similar thickness. Further studies have to be performed to examine 
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bonding of ECP films, particularly after CMP processing. Effects of impurities and plating 

conditions have to be investigated in detail. 

 

5.4 Summary 
Bonded chevron specimens have been used to investigate the mode I fracture 

toughness of Cu-Cu bonds created at 300 oC under an applied pressure of 2.12 MPa. 

Mode I interface toughness of Cu-Cu bonds was comparable to the “true” work of 

adhesion between pristine Cu surfaces (~ 3 J/m2) and the plastic work component was 

negligible. Mode I Cu-Cu toughness is expected to be a useful metric for the selection of 

an optimized bond process, particularly under conditions where the bond experiences 

pure tensile loading (e.g., bonded microchannels, described in Chapter 10 and Appendix 

B). 

The effect of Cu pre-bond cleaning was verified by bonding as-deposited films 

(without cleaning). As-deposited bonded films had poor bond toughness and uniformity 

compared to the acetic-acid-cleaned films. A minimum required mode I toughness of ~ 1 

J/m2 was identified based on the die yield. Post-debond surfaces of as-deposited 

bonded films exhibited characteristics of non-uniform bonding.  

Wafer bows up to ±100 µm did not have an effect on thermocompression 

bonding of 100 mm substrates. The bond tool mechanics could still have a significant 

effect on the bonding, due to possible flatness variations in the contacting steel pressure 

diffuser plate.  

 Bonded electroplated copper films exhibited similar toughness compared to e-

beam evaporated films. More detailed investigations on the plating process and impurity 

control must be performed to fully understand the effects of recrystallization kinetics of 

electroplated films on the bonding process.  

 Finally, it can be noted that the chevron test specimen fabrication process was 

optimized with respect to the initial crack length a0 and was applied to the analysis of Cu-

Cu bond quality as a function of certain process parameters. In the next chapter, mode-

mixity effects on Cu-Cu bond toughness will be investigated using the asymmetric 

chevron specimen, which was analyzed using FE modeling in Chapter 4.  
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Chapter 6 
Mixed Mode Toughness of Cu-Cu Bonds Using 
Asymmetric Chevron Test 
 
 

Finite element modeling results from Chapter 4 provide a tool for investigating 

the toughness of wafer-level Cu-Cu bonds under mixed-mode loading conditions using 

the chevron test. By varying the relative thicknesses of the two wafers (asymmetric 

chevron specimen), a range of mixed-mode loading conditions can be introduced, 

starting from mode I (symmetric chevron specimen). Chapter 5 examined the mode I 

toughness of Cu-Cu bonds, which has minimum plasticity contribution, and therefore, 

provides an estimate of the true work of interfacial separation. In this chapter, the effects 

of mode-mixity on the interface toughness of Cu-Cu bonds are investigated. 

 
6.1 Experimental Procedure 

The fabrication process flow for creating bonded patterned chevron test 

specimens was similar to that described in Chapter 5. One set of wafers (chevron 

wafers) had patterned chevron structures, and the other set (patterned wafers) had 

patterned lines of the same geometry described in Chapter 5 (line widths ranging from   

2 µm – 250 µm, and area fraction = 0.5). The thickness ratio of the chevron specimen, η, 

is defined as the ratio between h2 and h1, with h2 corresponding to the thinner of the two 

layers. The thickness of the chevron wafers (set A) was kept constant (= 475 µm).  The 

thicknesses of wafers in set B were varied to induce mixed-mode loading conditions. 

Four different wafer thicknesses were used – 525 µm, 475 µm, 335 µm, and 230 µm. 

Table 6-1 summarizes the thickness ratios and phase angles of loading used in this 

study, based on FE results from Chapter 4.  

 

 Wafer Thickness (Set A) 
(µm) Thickness Ratio* - η Phase Angle - ψ 

475 1.0 0 
525 0.9 3.7o

335 0.7 12.7o

230 0.48 24o

* Set B Wafer Thickness = 475 µm 

 

 

 

 

 

 

 

Table 6-1.  Wafer thickness ratios used for chevron mixed-mode experiments. 
Phase angles are obtained from FE results in Chapter 4. 
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Thermocompression Bonding 

The wafers were aligned such that debond propagation would occur along the 

length of the lines during chevron testing, thereby presenting a homogeneous bond 

interface for crack growth, as was shown in schematic in Fig. 5-3a. The wafers were 

bonded for 1 hour at 300 oC at a bonding pressure of 2.12 MPa under a chamber 

vacuum of 10-3 Torr. After cooling the bonded pair down to room temperature, the 

bonded wafers were taken out of the chamber and then annealed in a tube furnace 

under forming gas ambient for 1 hour. Figure 6-1 shows the schematic of mode I 

(symmetric) and mixed-mode (asymmetric) bonded chevron specimens.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 6-1. Schematic of mode I (symmetric) and mixed-mode (asymmetric) bonded chevron specimens.

Chevron tests were performed on the bonded specimens using the procedure 

described in Chapter 5. 

 

6.2 Results 
6.2.1 Mixed-mode Toughness 

Figure 6-2a shows that, for the range of line widths considered (2 µm – 250 µm), 

Cu-Cu bond toughness was found to be independent of line width for all phase angles, 

for specimen geometries where debond growth occurred along the length of the lines. 

From Fig. 6-2a, an average value of toughness was derived for each phase angle and 

plotted in Fig. 6-2b. Data from four-point bend tests of Cu-Cu bonds created under the 
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same bonding conditions is also included in Fig. 6-2b. It can be seen that the bond 

toughness monotonically increases with increasing phase angle.  
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Fig. 6-2. (a) Cu-Cu bond toughness vs. line width for three different phase angles. Mode-mixity 
achieved using asymmetric chevon specimens (Fig. 6-2). Schematics of chevron specimen and 
cross-section of bonded stack were shown in Fig. 5-3a and b, respectively. For a given phase 
angle, the toughness is independent of line width for parallel lines. (b) Cu-Cu bond toughness 
vs. phase angle. In ascending order of phase angles, the first four points correspond to the 
thickness ratios in Table 1, based on asymmetric chevron test. Four-point bend test data from 
Chapter 3 is also included (ψ=42°). 
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6.2.2 Failure Loci 
The locus of failure was found to be dependent on the mode-mixity, with three 

different failure mechanisms observed – Ta/SiO2 interface (adhesive), Cu-Cu bonded 

interface, and bulk Cu (cohesive), as illustrated schematically in Fig. 6-3 (a), (b), and (c) 

respectively. Visual inspection and optical microscopy were used to differentiate 

between adhesive and cohesive failure mechanisms. Profilometry was used to 

distinguish between the two cohesive failure mechanisms, based on the relative 

thicknesses of the thin film stacks after failure.   

There was no quantifiable difference between the fractured surfaces of 

specimens that were tested at ψ = 0 and ψ = 3.7o. Therefore, only three different 

specimen loading conditions will be discussed for fracture surface characterization – 

mode I, ψ = 12.7o, and ψ = 24o. Table 6-2 shows the variation in the relative adhesive to 

cohesive failures observed in the specimens. The specimens tested under mixed-mode 

conditions had increasing amounts of adhesive failures, indicating crack deflection from 

the Cu-Cu bond interface to the Ta/SiO2 interface. Another difference between mode I 

and mixed-mode failure loci was that the mode I cohesive failures occurred along the 

bonded interface whereas the mixed-mode cohesive failures occurred within the bulk 

Cu, again confirming crack path deflection.  

Figure 6-4 shows SEM images of the fractured surfaces. Figure 6-4(a) shows a 

mixed failure locus, starting with Ta/SiO2 failure at the chevron notch tip followed by Cu-

Cu failure. The fracture surface of Ta appears smooth, as seen in Fig. 6-4(b). Mode I 

Cu-Cu bond failure is shown in Fig. 6-4(c). Cu grain structure can be observed in Fig. 6-

4(c), indicating failure along the bonded interface. Under mixed-mode loading, the 

fractured surfaces are rougher (Figs. 6-4(d) and (e)), indicating plastic deformation 

leading to ductile failure. Evidence of ductile failure is particularly apparent in the 

specimens loaded with the maximum phase angle in this study (24o), wherein a dimpled 

failure locus is observed.  

AFM scans were used to analyze the roughness of the fractured surfaces (Fig. 6-

5). For reference, the surface of Cu just prior to bonding is compared with the fractured 

surfaces (Fig. 6-5a). The RMS roughness increases with increasing mode-mixity, 

indicating greater plastic deformation. These observations are consistent with the SEM 

images in Fig. 6-4. 
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Fig. 6-3. Modes of failure observed in mixed-mode chevron testing of Cu-Cu bonds. 
a) Adhesive failure (Ta-SiO2) interface. b) Cohesive failure (Cu-Cu bonded interface). 
c) Cohesive failure (Bulk Cu). 
hase Angle -  ψ % Adhesive Fail

0 33 
12.7o 75 
24o 90 

u-Cu Bond Interface 
ulk Cu 
(a)
(b)
u

(c
re % Cohesive Failure % Mixed Failure 

17* 33* 
0  25** 
0  10** 
Table 6-2. Variation of the failure loci with mode-mixity. Increasing fraction of specimens 
exhibited crack deflection from the bonded interface, with increase in mode-mixity. 
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(d) (e)  

 
 
 

Fig. 6-4. SEM micrographs of fractured surfaces. a) Mixed-failure mode – Initial adhesive failure 
originating at the chevron notch tip, followed by cohesive failure. b) Ta lines after fracture. c) Mode I 
(ψ=0) Cu fractured surface. d) Mixed-mode (ψ=12.7°) Cu fractured surface. e) Mixed-mode (ψ=24°) Cu 
fractured surface. Roughness increases with increasing mode-mixity. Cohesive fracture path changes 
from the bonded interface to bulk Cu with increase in mode-mixity. 
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(a) (b) 

 (c) (d) 

 
 
 
 

Fig. 6-5. 3µm x 3 µm 3D AFM images of fractured surfaces. RRMS = RMS Roughness. a) Cu surface 
just prior to bonding (RRMS =  2.3 nm). b) Mode I (ψ=0, Gc = 2.68 J/m2, RRMS = 6.52 nm). c) Mixed-
mode (ψ=12.70, Gc = 4.66 J/m2, RRMS = 11.1 nm). d) Mixed-mode (ψ=240, Gc = 10.1 J/m2, RRMS = 21.3 
nm). 
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6.3 Discussion 
Mixed-mode Toughness 

The key result from this study is that the fracture toughness of Cu-Cu bonds 

increases significantly with the introduction of mixed-mode loading. As noted in the 

introduction and Chapter 5, the interface fracture energy has two major contributions for 

ductile materials: the chemical work of adhesion G0, and the work of plastic dissipation 

Gp, i.e. GC = G0 + Gp. The work per unit area needed to separate the interface, G0, is 

independent of the mode-mixity [Tver, 1993]. Therefore, the increase in GC with 

increasing phase angles can be attributed to the effect of plasticity. The plasticity effect 

is supported by observations of the fractured surfaces using SEM, which shows 

enhanced ductile deformation modes (dimpled surfaces) under mixed-mode loading. 

There is minimum plasticity contribution to the interface toughness, if any, under mode I 

loading conditions, as discussed in Chapter 5.  

As the mode-mixity increases, the contribution of Gp to the fracture toughness 

increases significantly, indicating the creation of a fully developed plastic zone near the 

crack tip. Even at ψ = 24o, where the loading is still mode I-dominated, the fracture 

toughness is ~ 3G0. Therefore, there is considerable plastic deformation of Cu before 

fracture. Under plane strain conditions, the size of the plastic zone rp, can be roughly 

estimated by [Tver, 1993]: 
2

3
1

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
=

y
p

Kr
σπ

   (6-1) 

where K is the stress intensity factor and σy is the yield strength of the ductile material, 

i.e., Cu. K is related to the bond toughness GC, as seen in Eq. 5-1.  Using Eq. 6-1, the  

Phase Angle - ψ GC (J/m2) Plastic Zone Size – rp (nm) 

0 2.68 87 

3.7o 2.91 103 

12.7o 4.66 155 

24o 10.1 340 

42o 18.4 620 

Total Cu Thickness = 800nm 

 
Table 6-3. Estimate of the plastic zone size as a function of phase angle, using Eq. 6-1. 
The plastic zone size, and hence the interface toughness increase with increasing 
mode-mixity. 
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plastic zone size is estimated as a function of phase angle and tabulated in Table 6-3. It 

can be seen that the plastic zone size increases with increasing mode-mixity, reaching 

close to the full thickness of the Cu stack at ψ = 42o. The increase in plastic zone size 

also corresponds to an increase in the measured interface toughness. 

This enhanced plasticity behavior is supported qualitatively by SEM and AFM 

analyses of the fractured surfaces. As mode-mixity increases, the roughness of the 

fractured surfaces increases, signifying ductile fracture. The crack path deviates as the 

loading is changed from pure mode I to mixed-mode, with increasing number of 

specimens displaying failure away from the bonded interface and into the bulk Cu. The 

crack trajectory and hence the preferred fracture interface is a function of the phase 

angle of loading. 

 
6.4 Summary 

Bonded chevron specimens with different layer thickness ratios have been used 

to investigate the mixed-mode fracture toughness of Cu-Cu bonds created at 300 oC 

under an applied pressure of 2.12 MPa. The Cu-Cu bonded interface was analyzed 

under a range of loading conditions (pure tension to mixed-mode). In order to achieve 

this, the layer thickness ratios were varied from 1.0 to 0.48, and the phase angles from 0 

to 24o. The bond toughness was found to increase appreciably with increase in phase 

angle, consistent with previous observations of mixed-mode ductile failure. It was found 

that the size of the plastic zone was an increasing function of the phase angle, providing 

the correlation between plastic energy dissipation and enhanced interface toughness. 

Analyses of the fractured surfaces revealed significant ductile failure modes in 

the specimens loaded under mixed-mode conditions. The fracture trajectory also 

changed from adhesive to predominantly cohesive as the mode-mixity increased.  

The current study using an asymmetric chevron test provides a convenient 

technique for assessing the toughness of bonded structures under a range of loading 

conditions. This study shows that the interpretation of fracture toughness results requires 

knowledge of the loading conditions employed in the test method. The asymmetric 

chevron test can be used to predict the behavior of bonded structures such as 3D ICs 

during operation, since the test can measure the toughness under a wide range of 

loading conditions. Effects of patterning on the interface toughness of Cu-Cu bonds 

under mode I and mixed-mode loading will be explored in detail in the next chapter.  
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Chapter 7 
Interface Toughness of Patterned Cu-Cu Bonds   
 

The bonded chevron specimen is used to analyze the effects of patterning on 

Cu-Cu bond toughness. Two different kinds of bonded interfaces are considered – 

continuous and discontinuous. Continuous interfaces present a homogeneous bond front 

along the debond growth direction, and are created by bonding continuous Cu films or 

by bonding lines such that the crack growth direction is along the length of the lines 

(“parallel” lines). Discontinuous interfaces have periodic bonded and unbonded regions 

so that the debond propagates along a heterogeneous bond front. Two types of 

discontinuous interfaces are studied – bonded pads (discontinuous in 2D), and lines 

bonded orthogonal to the crack growth direction (“orthogonal” lines, discontinuous in 

1D). Figure 7-1 shows schematic illustrations of the continuous and discontinuous 

debond interfaces. Pattern effects are investigated under mode I and mixed-loading 

conditions. The pattern dimensions are at least an order of magnitude greater than the 

film thickness, and therefore, dimensional constraints are not expected to influence the 

fracture toughness. 

 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7-1. Schematic description of the four kinds of bonded interfaces studied in this chapter. Blanket 
films and parallel lines present continuous interfaces for crack propagation, while pads and orthogonal 
lines present discontinuous interfaces. 
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(a) (b) 

(c) (d) 

 
 
 

Fig. 7-2. Schematic mask layouts used for patterning. (a) Lines 25 µm-250 µm wide. (b) 500 µm square 
pads. (c) 80 µm square pads. (d) 40 µm square pads. More details about the layout can be found in 
Table 1. 
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Pattern Type Pattern Width (µm) Spacing (µm) Area Fraction 

Lines 25 – 250 = Width             0.5 
Pads 500 100  0.69 
Pads 80 40  0.44 
Pads 40 20  0.44 

Table 7-1. Description of the mask layouts shown in Fig. 6-2. 

 
7.1 Experimental Procedure 

The fabrication process flow for creating bonded patterned chevron test 

specimens was similar to that described in Chapter 5. Four different mask sets were 

used to create patterns (Fig. 7-2). Pattern sizes/densities in the masks are outlined in 

Table 7-1. The patterned lines were aligned to the chevron pattern in two different 

configurations – orthogonal and parallel. Schematic chevron structures with patterned 

lines and pads are shown in Fig. 7-3. The notch tip location with respect to the line/pad 

pattern was not controlled during the bonding process. The line structures (both 

orthogonal and parallel) were bonded with three different wafer thickness ratios to create 

phase angles of 0, 12.7o, and 24o respectively.  

All the pad structures and blanket films were bonded with symmetric chevron 

specimens and therefore, tested only under mode I loading. The bonding temperature 

and pressure on the Cu-Cu interface were maintained at constant values of 300 oC and 

2.12 MPa, respectively, for all wafers.  
Chevron tests were performed on the bonded specimens using the procedure 

described in Chapter 5. 
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Fig. 7-3. Schematic illustration of bonded chevron specimens with different pattern geometries. (a)
Continuous interface. (b) and (c) Discontinuous interfaces. Continuous blanket film interface shown in 
Fig. 4-1a. 
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7.2 Results 
7.2.1 Mode I Bond Toughness vs. Pattern Size 

Figure 7-4 shows the variation of Cu-Cu bond toughness as a function of line 

width for the parallel and orthogonal line configurations. For the parallel configuration, 

the toughness was independent of the line width, and was marginally higher than that of 

bonded blanket Cu films. On the other hand, the orthogonal line configuration exhibited 

significant line width dependence. The bond toughness was found to increase with 

decreasing line widths. Therefore, the degree of discontinuity along the crack growth 

direction had a profound effect on the interfacial toughness. 

The other discontinuous interface, namely bonded pads, exhibited a similar trend 

in bond toughness as observed in orthogonal lines. Figure 7-5 shows that the toughness 

of bonded pads increases with decreasing pad width. The two sets of data, i.e. from 

pads and lines, are superimposed in Fig. 7-6. The general trend of increasing bond 

toughness with decreasing feature size is apparent in Fig. 7-6.  
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Fig. 7-4. Cu-Cu bond toughness as a function of line width for the two configurations described in 
Fig. 7-3 (a) and (b). Lines bonded in the orthogonal configuration show a strong toughness 
dependence on line width, whereas the parallel line toughness is independent of line width. 
Blanket films have marginally lower toughness than parallel lines. 
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Fig. 7-5. Cu-Cu bond toughness as a function of pad size (discontinuous interface). Strong toughness 
dependence on pad size is observed, consistent with findings on the other discontinuous interface, namely 
orthogonal lines. 

 
 
 

Fig. 7-6. Superimposed data from Figs. 7-4 and 7-5 show a general trend of increasing toughness with 
decreasing feature size for the discontinuous interfaces. Toughness of continuous interfaces was independent of 
feature size. 
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7.2.2  Mixed-mode Bond Toughness vs. Line Width 
 

In Chapters 5 and 6, it was reported that the Cu-Cu bond toughness was found 

to be independent of line width for all mode-mixities under conditions where crack 

growth occurred parallel to the lines (Fig. 5-3a). For the orthogonal configurations 

analyzed in this chapter, the bond toughness was a decreasing function of the line width 

for all mode-mixities, as seen in Fig. 7-7. Data from the parallel configuration is also 

shown. A common trend between the parallel and orthogonal line configurations is that 

the interfacial toughness increases with increasing phase angle, as discussed in Chapter 

6. This mixed-mode behavior is captured in Fig. 7-8, for the parallel lines and orthogonal 

lines of varying widths. 
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Fig. 7-7. Cu-Cu bond toughness as a function of line width for different mode-mixities. As seen in Fig. 7-
4, orthogonal line configurations exhibit significant line width dependence, whereas the toughness of 
parallel lines is independent of line width. 
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Fig. 7-8. Cu-Cu bond toughness as a function of phase angle for parallel and orthogonal lines. As 
described in Chapter 6, the bond toughness is a strong function of phase angle.  

 
7.2.3  Failure Loci 
 

The locus of failure was found to be dependent on the mode-mixity and the 

pattern orientation, with three different failure mechanisms observed – Ta/SiO2 interface 

(adhesive), Cu-Cu bonded interface, and bulk Cu (cohesive). Roughly equal 

percentages of adhesive and cohesive (bonded interface) failures were observed in 

mode I testing of parallel lines. The specimens tested under mixed-mode conditions had 

increasing amounts of adhesive failures, indicating crack deflection from the Cu-Cu bond 

interface to the Ta/SiO2 interface. Another difference between mode I and mixed-mode 

failure loci was that the mode I cohesive failures occurred along the bonded interface 

whereas the mixed-mode cohesive failures occurred within the bulk Cu, again confirming 

crack path deflection. Specimens with bonded orthogonal lines and pads exhibited 

predominantly adhesive failures, irrespective of the mode-mixity. 

Figure 7-9 shows SEM images of the fractured surfaces of the bonded 

orthogonal lines. Figures 7-9(a), (b) and (c) show mode I cohesive failure. Using a 

profilometer, it was confirmed that the failure locus was in the bulk Cu film, away from 

the bonded interface. Figures 7-9 (d), (e), (f) and 7-9 (g), (h), (i) show mixed-mode 

cohesive failures of specimens tested under phase angles of 12.7o and 24o respectively. 

The fractured surfaces of orthogonal lines are rough, indicating plastic deformation 

leading to ductile failure. Evidence of ductile failure is particularly apparent in the 24o 

phase angle loading, where evidence for ductile void coalescence and growth is 
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observed (Fig. 7-9 h). For comparison, the Cu-Cu fractured surface of mode I parallel 

lines is shown in Fig. 7-9 j. 

Fractured surfaces of bonded pads are shown in Fig. 7-10. In alphabetical order, 

the first three micrographs show the surfaces of the widest pads (500 µm), the next three 

show pads of intermediate width (80 µm), and the final three images show the smallest 

pads (40 µm). The roughness of the fractured surfaces increases with decreasing pad 

size, showing more plastic energy dissipation. Classical ductile cup-and-cone fractured 

surface can be seen in the fractured surfaces of the smallest pads (Figs. 7-10 (h) and 

(i)).   

 

 
 
 
 
 
 
 
 
 
 

20 µm 
2 µm 

(a)  (c) 
 
 
 
 
 
 
 
 
 
 
 
 

20 µm 200 µm 

(b) (d)  
Fig. 7-9. Fractured surfaces of orthogonal lines (line width = 100 µm). (a), (b) and (c) – Mode I.  (d) Mixed-
mode (ψ = 12.7o). Figs. (a) – (c) show area within a single line.  
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Fig. 7-9 (continued). Fractured surfaces of orthogonal lines. (e), (f) - Mixed-mode (ψ=12.7o).  
(g), (h) and (i) – Mixed-mode (ψ=24o). (j) Mode I parallel lines (for comparison). 
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Fig. 7-10. Fractured surfaces of pads. (a), (b) and (c) – 500 µm pads. (d), (e) and (f) – 80 µm pads.
(a) and (d) show mixed failure modes (Ta/SiO2 and Cu-Cu), whereas the rest of the micrographs 
show Cu-Cu failure. 
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Fig. 7-10. Fractured surfaces of pads, continued.. (g), (h) and (i) – 40 µm pads. Bright and dark 
pads in (g) represent Cu-Cu and Ta/SiO2 failure modes, respectively. (h) and (i) show magnified 
images of the Cu-Cu fractured surface. 

 
7.3 Discussion  
 

Orthogonal Lines and Pads 

 The orientation and size of features has a profound effect on the toughness of 

Cu-Cu bonds (Figs. 7-6 and 7-7). Interestingly, the pattern size dependence is observed 

only for discontinuous bonded interfaces. Therefore, patterning effects could be traced to 

the nature of crack propagation along a heterogeneous bonded interface. For the 

purpose of this section, only mode I toughness is considered, so that a direct 

comparison can be made between bonded lines and pads. However, the arguments 

below are expected to hold for mixed-mode toughness as well, the only difference being 
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the mode mixity contribution to enhanced plastic deformation, which has already been 

discussed in Chapter 6.  
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Fig. 7-11. Toughness of bonded orthogonal lines and pads (from Fig. 7-6) plotted as a function of 
the number of crack nucleation events (along the crack propagation direction). Increasing number of 
crack nucleation events results in greater energetic cost and hence, larger toughness. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7-12. Schematic depiction of the crack front for the two kinds of discontinuous interfaces – pads 
and orthogonal lines. L is the wavelength of the features along the debond growth direction. For a 
given feature width, the orthogonal line crack front area is greater than that of pads. 
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Both orthogonal line and pad configurations involve crack growth over periodic 

bonded and unbonded regions. Since the bonded interface is surrounded by ductile Cu 

layers on both sizes, there is an energetic cost to crack initiation (or nucleation) involving 

void growth and coalescence ahead of the crack tip. The measured bond toughness is 

plotted as a function of the number of crack nucleation events in Fig. 7-11. The number 

of crack nucleation events is obtained by dividing the distance traversed by the crack 

prior to complete specimen failure (~ 3 mm) by the wavelength of the patterns L (along 

the crack growth direction), as shown in schematic in Fig. 7-12. 

From Fig. 7-11, it can be seen that the bond toughness of orthogonal lines and 

pads increases monotonically with increasing number of crack nucleation events, 

suggesting that more energy is absorbed in the bond configurations where the crack has 

to nucleate at multiple points. It is assumed that all the pads along a row perpendicular 

to the crack propagation direction nucleate cracks simultaneously and therefore the row 

is considered as a single nucleation event. However, there is still a discrepancy between 

the toughness of lines and pads, which could be understood by considering the crack 

propagation behavior. 

 In multi-layer interfaces containing ductile materials, it is well known that the total 

volume of the ductile layer dictates the amount of energy absorbed during crack 

propagation, by plastic deformation [Lane, 2000]. In the present experiments, the 

thickness of the Cu stack is constant for all specimens. Therefore, the plasticity 

contributions to the measured adhesion arise from an in-plane area effect instead of a 

volume effect. For discontinuous bonded interfaces, the crack front area is defined as 

the area across which the crack propagates at each bonded line or an array of pads 

(Fig. 7-12). Since the pads are discontinuous in 2D, the crack front area for the pads is 

lower compared to lines of similar width. This reduced crack front area for the pads could 

result in lesser plastic deformation, compared to lines of similar width. In order to 

consider this crack propagation effect, Fig 7-11 is modified by plotting the bond 

toughness as a function of both the number of nucleation events and crack front area 

(Fig. 7-13). 
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Fig. 7-13. Toughness of bonded orthogonal lines and pads plotted as a function of the number of 
crack nucleation events and the area along the crack front. The latter contributes to plastic 
deformation of the bonded stack during crack propagation.  

 Fig. 7-13 shows better agreement between the toughness of lines and pads, after 

incorporating the plastic energy dissipation component. The difference between the 

slopes of the two curves is not clearly understood at this point. The nature of the data 

collection could have affected the results to some extent, since the lines of different 

widths were obtained from a single wafer (and hence, fewer number of specimens), in 

contrast to the pads, wherein each pad size corresponded to a separate wafer (and 

hence, greater number of specimens). 

 Fractured surfaces of the orthogonal lines (Fig. 7-9 a, b and c) and pads (Fig. 7-

10) reveal rough features, indicative of ductile fracture. The roughness values, and 

therefore the plastic energy dissipation are greater than that observed in parallel lines 

(Fig. 7-9j), providing further evidence for enhanced toughness due to greater number of 

crack nucleation events. 

 
Parallel Lines 

 For the range of line widths considered (2 µm – 250 µm), the toughness of 

bonded parallel lines was independent of line width, for all mode-mixities. Litteken and 

Dauskardt observed line width dependence on the adhesion of interfaces of thin-film 

structures containing patterned parallel polymer lines [Litt, 2003]. In their work, 

decreasing the line width was found to significantly increase the interfacial fracture 

energy. The increase in adhesion was associated with increasing contributions from 
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plastic energy dissipation in the patterned lines. Due to decreasing lateral constraint of 

the lines with decreasing line width, the stress state in the polymer line becomes 

increasingly less triaxial. As a result, the polymer yields more readily as the stress state 

changes from plane strain, in the case of wide lines or the blanket film, to one of plane 

stress for the narrow lines. The observed fracture resistance behavior was similar to the 

transition from plane strain to plane stress fracture commonly found in bulk metals and 

polymers. In the current work, the length scales (> 2 µm) were still in the regime of plane 

strain for Cu films, and therefore, did not have an effect on the interfacial adhesion. 

Therefore, it is expected that thinner lines (sub-micron widths) would show plane stress 

behavior and enhanced deformation, even under the parallel configuration. 

 
Comparison with Previous Work 

 Pattern effects in other thermocompression bond systems (Au-Au bonds) have 

been studied by Tsau et al. [Tsau, 2004]. The bond quality was measured using four 

point bend delamination fracture specimens. Toughness of discontinuous bond 

interfaces (bonded pads) was found to be significantly greater (~ 250 J/m2 vs. 50 J/m2) 

than the toughness of continuous bonded interfaces (bonded lines). This difference was 

attributed to high pressures achieved during bonded pad formation (120 MPa vs. 7 

MPa). It was not clear from the above study, however, if there are fundamental 

differences between continuous and discontinuous bonded interfaces that are formed 

under similar bonding conditions (same bonding temperature and pressure).   

Effects of pattern size and orientation on adhesion of multi-layer thin film stacks 

have also been investigated by Litteken [Litt, 2004].  The contribution from plastic energy 

dissipation and crack-tip shielding to the relevant fracture energy was measured in 

patterned structures that contained arrays of Cu/PAE (Polyaryl ether) or Cu/CDO 

(Carbon doped oxide) lines. The bond quality was measured using four-point bend 

delamination fracture specimens. The fracture energy of Cu/CDO structures was 

dependent on the orientation of the line width with respect to the direction of crack 

propagation. The width of the lines was on the order of film thickness, thereby resulting 

in conditions where dimensional constraint plays a role in the plastic deformation of the 

ductile layers. A direct comparison with the above work was not viable since the feature 

dimensions of interest here are much larger compared to the film thickness. 

 Recently, Kubair and Spearing [Kub, 2006] used cohesive zone modeling to 

understand the effect of (discontinuous) patterning on interfacial fracture, using the 
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experimental data on bonded Au pads from [Tsau, 2004]. Their results suggest that the 

apparent strain energy in the patterned case is larger compared with the unpatterned 

cases. The apparent strain energy variation essentially indicates that larger strain energy 

is needed to propagate the crack as compared with an unpatterned case. Our 

observations of increased toughness in the orthogonal lines and pads compared to 

parallel lines and continuous films are in agreement with the above modeling result.  
 
 
7.4 Summary 
 
 Mode I and mixed-mode chevron tests on patterned Cu-Cu bonded interfaces 

reveal interesting toughness dependence on pattern size, density and orientation. For 

cracks running parallel to bonded lines, the interfacial adhesion was independent of line 

widths, for widths as low as 2 µm. On the other hand, the bond toughness was a strong 

function of the line width/pad size for discontinuous bonded interfaces. For a given 

bonded area fraction, decreasing the feature size was found to significantly increase the 

interfacial energy. This increase was attributed to the greater number of crack nucleation 

events in the smaller features. The toughness difference between bonded lines and 

pads was explained using a plastic energy dissipation argument. For similar feature 

sizes, the bonded line structures provide more volume for plastic deformation, compared 

to bonded pads, which are discontinuous in 2D. This semi-quantitative model captures 

the effect of pattern size on bond toughness. Observations of enhanced toughness in 

orthogonal lines and pads are in agreement with FE modeling results on discontinuous 

bonded interfaces, which suggest that larger strain energies are required to propagate 

the crack in a patterned case as compared with an unpatterned case.  

 Mixed-mode bond toughness of orthogonal lines also followed similar trends as 

mode I toughness. As discussed in chapter 6, the mode-mixity contributed to enhanced 

plastic deformation and therefore, greater bond toughness compared to mode I loaded 

specimens.  

 Pattern size effects in ductile Cu-Cu thermocompression bonds, therefore, come 

into play during the crack initiation and propagation process, with the orientation of the 

features with respect to the loading direction affecting the measured bond toughness. In 

the next chapter, effects of patterning in a brittle bonded system, namely SiO2 fusion 

bonds, will be investigated using the chevron test. 
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Chapter 8 
Interface Toughness of Patterned SiO2 Fusion 
Bonds   
 
 As discussed in Chapter 7, chevron tests reveal that thermocompression bonds 

between ductile patterned surfaces differ significantly from bonded continuous films, 

depending on the pattern size and orientation. The versatility of the chevron test is 

exploited to study patterning effects in another bonding system, namely fusion (or direct) 

bonding of brittle SiO2 films. Fusion bonding is a process in which flat and smooth wafers 

are initially bonded at room temperature via macroscopically short-range surface forces 

and then annealed at an elevated temperature to strengthen the bond. 

 SiO2 fusion bonds are predominantly used in the production of high quality SOI 

wafers, which play a major role in low-voltage and low-power VLSI products. Recently, 

SiO2 fusion bonds have been utilized in the process flow for 3D IC fabrication by Tan et 

al [Tan, 2003]. SiO2-SiO2 bonds were used to bond a “sacrificial” (or “handle”) wafer to a 

pre-processed “device” wafer (Fig. A-1 in Appendix A). The handle wafer provides 

mechanical stability to the device wafer while it is thinned down and bonded to another 

device wafer to create a 3D IC. The handle wafer is released after the 3D stack is 

created. Bonding of patterned SiO2 films results in the creation of conduits through which 

hydrofluoric acid can be later dispensed to attack the SiO2 bonded interface, thereby 

releasing the handle wafer [Som, 2006]. The bonded handle wafer must have adequate 

toughness to withstand the mechanical grinding processes, while still being amenable to 

release using HF solution. Therefore, the effects of patterning on the bond toughness 

have to be investigated for optimized pattern design. 

The mode I bonded chevron specimen was used to analyze the effects of 

patterning on SiO2-SiO2 bond toughness. Both continuous and discontinuous bonded 

interfaces, illustrated in Fig. 7-1, were studied. The mask layouts and the pattern 

sizes/orientations were the same as those investigated for Cu thermocompression 

bonds (Figs. 7-2 and 7-3).  
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8.1 Experimental Procedure 
150 mm (100) Si wafers with a nominal thickness of 675 µm were used for all 

SiO2 fusion bonding studies. 500 nm thick SiO2 was grown by thermal oxidation at    

1000 oC on all the wafers. Both the chevron structures and the patterns were exposed 

successively on one set of wafers. The oxide film was patterned by BOE wet etch using 

a thick (5 µm) photoresist mask. The photoresist was then as a mask to etch Si to a 

depth of ~ 6 µm using DRIE. The resist was then stripped off using O2 plasma, followed 

by a Piranha (3:1 H2SO4:H2O2) clean. 

The bonding procedure was based on the optimized process flow developed by 

Tan et al. [Tan, 2003]. Wafers from both sets (patterned and continuous films) were 

subjected to an activation process using oxygen plasma at 200 W for 20s. After the 

plasma activation, the wafers were cleaned using piranha solution for 10 min followed by 

deionized water rinse and spin-dry. The pairs were then bonded at room temperature by 

bringing them into contact in the EV 620TM aligner tool. After bonding, the wafer pairs 

were annealed at 300 oC in atmospheric N2 for 3hrs. Figure 8-1 shows a schematic 

cross-section of the bonded wafer stack, with the top wafer patterned with the chevron 

structure and the pattern of interest (lines/pads). More details on the bonding process 

can be found in [Tan, 2006]. Since the goal of this work was to study patterning effects, 

process parameters were kept constant for all bonded specimens.  

Chevron tests were performed on the bonded specimens using the procedure 

described in Chapter 5. 

 

 
 
 
 
 
 
 
 
 Fig. 8-1. Schematic cross-section of SiO2 fusion bonded chevron specimen. The top 

wafer contains the chevron pattern and the relevant bond geometry (lines/pads). 
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8.2 Results 
SiO2 Fusion Bond Toughness vs. Feature Size 

Figure 8-2 shows the variation of SiO2-SiO2 bond toughness as a function of 

feature size. Toughness results of all the bonded configurations – blanket films, pads, 

parallel and orthogonal lines, are captured in Fig. 8-2. The fusion bond toughness is an 

increasing function of the feature size, with the blanket bonded films exhibiting the 

highest toughness. There is no appreciable difference between the fusion bond 

toughness of parallel and orthogonal lines.  
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 Fig. 8-2. Toughness dependence of SiO2 fusion bonds on bond geometry. Bonded 

blanket films are stronger than all patterned bonds. Toughness increases with 
increasing feature size. Orthogonal and parallel line configurations exhibit  similar 
bond toughness. 

 
 
 
 
Failure Loci 
 
 Majority of the fusion bonded specimens failed along the SiO2-SiO2 bonded 

interface. Few of the high toughness bonds (blanket films, 450 µm pads) exhibited failure 

in the bulk SiO2, as seen in Fig. 8-3d.  
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Fig. 8-3. SEM micrographs of fractured surfaces. (a) 40 µm pads. (b) Side-view of 40 µm pads. (c) 80 
µm pads. (d) 450 µm pads. Some of the pads show failure through the bulk SiO2. (e) and (f) parallel 
lines. 
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8.3 Discussion  
 

SiO2 fusion bond toughness measurements show a distinct dependence of the 

interfacial adhesion on the pattern size and density. Dependence of toughness on 

patterning was also observed in ductile thermocompression bonds [Chapter 7]. 

Interestingly, there are several differences between the behavior of brittle fusion bonds 

and ductile thermocompression bonds: 

• Toughness of bonded pads decreases with decreasing feature size in brittle 

bonded interfaces, whereas the trend was opposite for ductile interfaces. 

• For parallel lines, toughness dependence on line width is observed in fusion 

bonds, whereas there was no such effect in thermocompression bonds.  

• Bonds between blanket ductile films were the weakest bond configuration, while 

blanket brittle fusion bonds are stronger than all patterned fusion bonds. 

• There is no appreciable difference between the bond toughness of parallel and 

orthogonal lines for brittle interfaces, while there was a significant difference in 

the ductile bonded interfaces. The degree of discontinuity along the crack growth 

direction had a negligible effect on the interfacial toughness of fusion bonds 

between brittle materials. 

 
In order to understand the patterning effects in SiO2 fusion bonds, the bonding 

mechanism has to be revisited. The bonding is initiated by slightly pressing the two 

wafers at some location, usually the center. Afterwards, the bonded area spreads over 

the whole interface area. This leads to the creation of weak Van der Waals and 

hydrogen bridge bonds at room temperature. The second step in the bonding process is 

high temperature annealing, which leads to formation of permanent bonds.  

 The room temperature contact process has a certain spreading speed of the 

bonded area (or contact wave velocity), which is typically in the order of 10mm/s [Gös, 

1995]. Discontinuous bonded interfaces (such as those examined in this study) could 

affect this bonding speed, and therefore, the initial bond quality. Zhang and Raskin 

[Zhan, 2004], who also reported that patterned bonded interfaces were weaker than 

blanket bonded films, attributed the results to a discontinuous contact wave velocity. In 

this work, the degree of discontinuity of the bonded interface can be quantified by 

considering the total perimeter of the bonded features per unit bonded area. Higher 

perimeter signifies a greater discontinuity of the bonded features. Bond toughness is 

plotted as a function of perimeter in Fig. 8-4. 
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Fig. 8-4. Bond Toughness vs. Perimeter of the bonded features per unit bonded area. Perimeter is a 
measure of the discontinuity across the bonded interface. Greater discontinuity leads to a reduction 
in the toughness. The sub-critical flaw density also increases with increasing perimeter. 

 

 Fig. 8-4 shows that the bond toughness of pads and lines decreases with 

increasing perimeter, indicating that a greater degree of discontinuity leads to a 

reduction in bond quality. Parallel and orthogonal lines behave in a similar fashion, since 

they are exactly the same system as far as bond creation is concerned. The difference in 

the line orientation apparently has no effect on the measured toughness.  

Since the SiO2 fusion bond is a brittle material system, presence of sub-critical 

flaws at the bonded interface cannot be entirely avoided, especially when the bonds are 

annealed at low temperatures (300 oC). Crack nucleation can readily occur at these sub-

critical flaws, and therefore there is no additional energetic cost for multiple nucleation 

events in discontinuous bonded interfaces. Essentially, this results in similar bond 

toughness for parallel and orthogonal lines. This behavior is in contrast to that observed 

in ductile thermocompression bonds, wherein the orthogonal lines exhibited greater 

toughness than parallel lines, owing to plastic energy dissipation in crack nucleation 

processes. Effect of increasing perimeter in brittle bonded systems is to increase the 

density of sub-critical flaws, resulting in the reduction of bond toughness. Another effect 
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of increasing perimeter is that the interface contact with ambient air is enhanced, which 

could speed up the debonding process [Mart, 1997]. 

 While the discontinuity at the bonded interface explains the reduction in bond 

toughness for pads and lines individually, there still exists a difference between pads 

and lines, for the same degree of discontinuity. In order to understand this effect, the 

second step of the bonding process, namely high temperature annealing, is considered. 

The annealing step leads to the formation of hydrogen bonds by the reaction of surface 

silanol (Si-OH) groups 

 Si-OH + OH-Si → Si-O-Si + H2O   (8-1) 

The water molecules, which are the products of the reaction, diffuse out of the bonding 

interface. Presumably, for bonded pads, the diffusion of the water molecules is easier, 

since they are discontinuous in 2D, whereas for the lines, only a 1D path is available for 

out-diffusion of water molecules. Incomplete diffusion could lead to the formation of 

micro-voids that reduce the intrinsic toughness of the bonded interface. However, this 

effect is expected to be less compared to the effect of bond perimeter, since the bonded 

blanket films, which provide minimum pathways for diffusion of reaction products, exhibit 

the highest toughness values.  

 The above arguments expound the idea that patterning has an adverse effect on 

the strength of brittle fusion bonds. These observations are in contrast to the behavior of 

ductile thermocompression bonds, wherein patterning resulted in an increase of bond 

toughness, under certain geometric configurations.  

 
8.4 Summary 

 Bond toughness of SiO2 fusion bonds has been evaluated using the chevron test. 

Similar to thermocompression bonds, fusion bonds also exhibit a pattern size/density 

dependence of the bond toughness. However, there are some fundamental differences 

between the two bonding systems. Fusion bonds between patterned surfaces were 

weaker than blanket bonded films. The degree of discontinuity across the bonded 

interface had an adverse effect on the bond quality. It was postulated that the bond front 

contact wave velocity was affected by the patterned surfaces and hence, lead to weaker 

bonds. Patterning also results in the increase of the overall perimeter of the bonded 

features, possibly enhancing the density of sub-critical flaws in the brittle bonded 

interface. In addition, patterning led to enhanced exposure of the bonded interface to 
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ambient air which degrades bond quality. Out-diffusion of water molecules during the 

annealing process was probably enhanced in the bonded pads, compared to bonded 

lines, because of which the pad structures exhibited slightly greater toughness than the 

lines.  

 Pattern orientation did not have an effect on the measured toughness of brittle 

fusion bonds, since both the parallel and orthogonal line configurations exhibited similar 

interfacial adhesion. This observation is in contrast to that seen in ductile Cu-Cu 

thermocompression bonds, where the orthogonal lines failed at much higher loads. The 

chevron test method has been effectively employed to understand the differences 

between ductile thermocompression and brittle fusion bonds, in addition to quantifying 

the bond quality as a function of process parameters and bond geometry. 
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Chapter 9 
Low-Temperature Cu-Cu Adhesion Measurements 
in UHV-AFM 
 

So far in this thesis, thermocompression Cu-Cu bonding has been evaluated as a 

function of process parameters (temperature, surface clean, etc.) and geometry (wafer 

bow, patterning) using the four-point bend test and the chevron test. All these 

measurements were performed on wafer-level bonds, which were created using 

commercial bond tools. A fundamental limitation of such bond tools is that the bonding 

chamber ambient does not facilitate the maintenance of ultra-clean Cu surfaces (free of 

oxides). Therefore, the above bonding studies had to be performed at temperatures 

around 300 oC to compensate for the poor surface quality.    

As described in Chapter 2, bonding at ultra-low (< 100 oC) temperatures can lead 

to significant improvements to the 3D IC fabrication process flow. In particular, lowering 

the thermal budget in the Cu-Cu bonding process can reduce or eliminate thermal 

strains that affect the alignment between the sub-micron features.  

 In this chapter, the work of adhesion between clean Cu surfaces is evaluated 

using a variable-temperature atomic force microscope (AFM) under ultra-high vacuum 

(UHV; ~10-10 Torr). Pristine (oxide-free) Cu surfaces are created by in situ metal 

deposition and maintained in UHV. Pull-off forces are measured in the AFM between 

Cu-coated cantilever tips and substrates (mode I loading) at different temperatures and 

applied pressures. The measured forces are analyzed using theoretical contact 

mechanics models to obtain the work of adhesion. Controlled oxidation of Cu surfaces is 

performed to quantify the effect of surface oxides on the work of adhesion. 
 

9.1 Experimental Procedure 
9.1.1  Sample Preparation 

A dual chamber Omicron Multiprobe XPTM system, consisting of a UHV surface 

analysis chamber and an electron beam (e-beam) UHV deposition chamber was used 

for adhesion studies. The two chambers were coupled through a sample transfer system 

that allowed samples to be modified, transferred, and characterized all in UHV. The 

preparation chamber also had a provision for controlled intake of gases through a leak 

valve. The analysis chamber had variable temperature scanning tunneling and atomic 
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force microscopy (STM and AFM), which were used for surface characterization and 

force measurements, respectively. The UHV chambers were pumped with a series-

linked mechanical pump and turbo-molecular pump and combined with an ion pump and 

a titanium sublimation pump. After a bake-out time of 1-2 days, base pressures of < 2 x 

10-10 Torr were routinely obtained for the chambers. 

Rectangular Si cantilevers from MikroMaschTM with a nominal spring constant of 

3.5 N/m and a resonant frequency of 75 kHz were used for all contact-mode force 

measurements. The cantilevers were individually calibrated at the facility using the 

nondestructive method of force constant determination designed by Sader et al. [Sad, 

1999]. The force calibrated cantilevers were coated with Al on the backside (by the 

vendor) to enable reflection of laser intensity in the AFM. The cantilevers were nominally 

230 µm long, 40 µm wide, 3 µm thick and had a tip apex radius of ~ 10 nm.  

  500 µm thick (100) Si wafers with a coating of 500 nm thick Si3N4 were used as 

substrates for metal deposition and adhesion measurements. The Si3N4 films were 

deposited using low-pressure chemical vapor deposition (LPCVD) at a temperature of 

800 oC. 8 mm x 3 mm chips were cleaved from the substrates and cleaned with Piranha 

solution (3:1 H2SO4:H2O2) to remove organic contaminants, prior to mounting in a 

substrate holder equipped with a Pyrolytic Boron Nitride (PBN) heating element. The 

cantilevers were mounted onto specialized holders and cleaned with acetone, methanol 

and isopropyl alcohol solvents before they were loaded in the preparation chamber 

along with the substrates. 

Prior to metal deposition, the substrates were radiatively heated in UHV to 700 K 

through the PBN heater to outgas surface contaminants. After allowing the substrates to 

cool down to room temperature, 20 nm Cr and 20 nm Cu films were deposited 

successively on the substrates and cantilever tips by e-beam evaporation. Cr served as 

the adhesion promoter between Si/Si3N4 and Cu. The substrates and cantilevers were 

transferred to the analysis chamber for force measurements.  

 

9.1.2  Force Measurements 
Three different substrate configurations were investigated for Cu-Cu adhesion 

studies: a) as-deposited films at room temperature, b) films at elevated temperature   

(373 K, 473 K, and 573 K), and c) oxidized Cu films at room temperature and elevated 

temperatures. Oxidized Cu films were created by exposing the surfaces to high purity 

(99.999%) O2 gas at 10-6 Torr for 60min in the preparation chamber. Each adhesion 
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measurement was performed with a separate cantilever tip. The cantilever spring 

constants were calibrated in situ before the adhesion measurements using the Sader 

technique [Sad, 1999]. For each measurement configuration, the Cu films were imaged 

using STM so that the AFM tips could be used exclusively for force measurements. 

Force-distance curves were measured in the AFM by bringing the coated 

cantilever tip from a distance to make contact between the tip and the surface, followed 

by retraction of the tip from the surface (Fig. 9-1). The maximum applied force can be 

varied by tuning the maximum approach distance. Tip-substrate adhesion is given by the 

pull-off force, as shown in the schematic illustration in Fig. 9-2. For each of the 

configurations examined in this study, the average pull-off force was determined by 

acquiring approximately 80 force curves, measured over several regions on the 

substrate.  

After the force measurements, the cantilever tips were taken out of the UHV 

chamber and their radii measured using scanning electron microscopy (SEM). Using the 

JKR contact mechanics model [John, 1971], the work of adhesion between a spherical 

probe and a flat substrate can be obtained as 

R1.5
FW
π

=     (9-1) 

where W is the work of adhesion, F is the pull-off force, and R is the radius of the probe. 

For polycrystalline metal films that have topographical features with dimensions 

comparable to the tip radii, their shape can be modeled as a two-dimensional array of 

spherical caps [Skul, 2000]. Therefore, the tip-substrate interaction can be approximated 

as a contact between two half spheres of unequal radii. In this scenario, a reduced 

radius of the two spheres, Ra is defined as 

S

S
a RR

RR
R

+
=     (9-2) 

where Rs is the average radius of the spherical surface caps. The work of adhesion, W, 

is then given by 

aR  1.5
FW
π

=     (9-3) 
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Fig. 9-1. Typical AFM force-distance curve. Pull-off force is used to calculate work of adhesion 
between the cantilever and substrate. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig. 9-2. Schematic illustration of AFM force-distance curve. Cantilever deflection (y-axis) 

multiplied by spring constant gives force. The positions of the cantilever with respect to the 
substrate at various points of the curve are shown.   
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9.2 Results 
 Figure 9-3 shows STM scans of the Cu films under different conditions (as-

deposited, annealed, and oxidized). For each configuration, the radii of curvature of the 

Cu grains were estimated by measuring their height (h) and radius (r) and using 

2h
rhR

22
S

+=    (9-4) 

A line profile from Fig. 9-3c (white line) is shown in Fig. 9-3d. Data from 60 grains were 

taken for each configuration and an average radius of curvature was determined.  

SEM images of the AFM tips are shown in Fig. 9-4. Tip radii were measured by 

drawing a circle on the images such that an arc of the circle coincided with the tip end. 

The reduced radius Ra is then calculated using Eq. 9-2. Using Ra and the average pull-

off force, work of adhesion is calculated using Eq. 9-3. 
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Fig. 9-3. STM images of Cu surfaces. (a) as-deposited. (b) after oxidation. (c) after heating 
to 573 K. (d) cross-section line profile of a region from (c), denoted by the white line. 

(d) (b) 
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Fig. 9-4. SEM micrographs of two different Cu-coated AFM tips after force measurements. The 
circle was used to estimate tip radius of ~ 150 nm in (b).  

Figure 9-5 shows the Cu-Cu work of adhesion at room temperature as a function 

of applied force. The work of adhesion increases with increasing applied force. The rate 

of increase, however, decreases beyond a certain applied force, indicating a saturation 

value for the room temperature work of adhesion.  
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Fig. 9-5. Room temperature Cu-Cu work of adhesion vs. applied force. The work 
adhesion increases with increasing applied force, but tends to plateau at higher 
applied forces. 
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Figure 9-6 shows the Cu-Cu adhesion at different temperatures for both as-

deposited and oxidized Cu films. The measurements were performed at a constant 

applied force of 1.7 µN. The work of adhesion is a strong function of temperature and 

surface preparation. The room temperature adhesion of oxidized Cu surfaces is 

significantly lower (0.1 J/m2) compared to that of as-deposited films (2.6 J/m2). The 

adhesion of oxidized films approaches that of clean surfaces only at 573 K.   
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Fig. 9-6. Cu-Cu work of adhesion vs. temperature, at a constant applied force of 1.7 µN, for as-
deposited and oxidized surfaces. The work adhesion increases with increasing temperature. 
However, the oxidized Cu surface exhibits significantly lower adhesion compared to the as-
deposited surface. 

 
 
9.3 Discussion 
Work of Adhesion vs. Applied Force 

As discussed in Chapter 5 (section 5.3), the maximum thermodynamic work of 

adhesion between two identical Cu surfaces is ~ 2γCu – γGB, where γCu is the surface 

energy of Cu, and γGB is the grain boundary energy of Cu. Surface energy of Cu at room 

temperature is ~ 1.8 J/m2 and the grain boundary energy, γGB = 0.32*γCu [Tys, 1977]. 

Therefore, the maximum contribution of the interface chemistry to the fracture toughness 

is ~ 3 J/m2. From Fig. 9-5, it can be seen that the room temperature work of adhesion is 

comparable to that of bulk Cu at applied forces > 0.7 µN. From a technology standpoint, 

this result is significant since it shows that bonds between two ultra-clean Cu surfaces 
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under controlled ambient can be as strong as the ideal Cu-Cu interface, even at room 

temperature. Interestingly, mode I chevron tests on wafer-level bonds (that are created 

between surfaces with a native oxide) reveal that the toughness of Cu-Cu bonds created 

at 300 oC is ~ 3 J/m2, which is comparable to that observed at room temperature under 

UHV conditions and the oxidized Cu samples contacted and characterized using the 

AFM in situ at 300 oC. 

 The work of adhesion of room temperature Cu-Cu bonds is a function of the 

applied load, as seen in Fig. 9-5. While AFM pull-off force measurement is a mode I 

loading configuration, deformation of the probe-substrate contact could still occur, 

depending on the load and contact area. An analysis performed by Maugis and Pollock 

[Maug, 1984] indicated that the applied load (PP) for inducing full plasticity of a particle 

with radius R is given by the equation 

2

32

P E
YR10800πP = ,   (9-5) 

and the radius of the circle of contact between particle and substrate during full plasticity 

can be predicted from 

E
RY60a P =     (9-6) 

where E is the Young’s modulus and Y is the yield strength for the material.  
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Fig. 9-7. Cu-Cu work of adhesion vs. applied force. Fully plastic contact occurs at an applied 
force > 0.4 µN. 
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For the present situation involving contact between a spherical tip and a rough 

substrate, ‘R’ in Eqs. 9-5 and 9-6 is replaced by the reduced radius ‘Ra’. Cu mechanical 

properties are obtained from [Goul, 1998], taking E and Y at room temperature to be 109 

GPa and 455 MPa, respectively. Using Eq. 9-5, the load required for inducing full 

plasticity at room temperature is calculated as PP = 0.42 µN and is indicated in the work 

of adhesion vs. applied force plot (Fig. 9-7). 

From Fig. 9-7, it can be seen that the load at which the contact completely 

deforms plastically roughly corresponds to the change in slope of the work of adhesion 

vs. applied force plot. This suggests that, once the contact is plastically deformed, 

further increase in the applied force causes only a marginal increase in the work of 

adhesion. The saturation value of the work of adhesion is similar to the strength of bulk 

Cu, suggesting that strong bonds were formed between clean Cu surfaces under UHV 

conditions. The effect of plastic deformation in the AFM force measurements, is 

therefore, to enable good contact between the tip and the substrate (formation of bonds). 
 

Work of Adhesion vs. Temperature 
  For an applied load of 1.7µN, the work of adhesion of clean and oxidized Cu 

surfaces is shown as a function of temperature, in Fig. 9-6. Using Eq. 9-5 and 

incorporating the temperature dependence of E and Y for Cu [Goul, 1998], the loads 

required for inducing full plasticity for clean Cu bonds at 373 K, 473 K, and 573 K are 0.3 

µN, 0.15 µN, and 0.1 µN, respectively, for the tip radii used in this study. Therefore, at all 

temperatures, the applied force exceeds that required for complete plastic deformation 

of the contact. The measured Cu-Cu work of adhesion at higher temperatures clearly 

exceeds the surface energy contribution. Table 9-1 shows the activation energies and 

diffusion coefficients of surface, grain boundary (gb), and lattice diffusivities of Cu at the 

temperatures of interest. The diffusion lengths (L) are estimated using L = √D*t, where t 

is the time for which the probe and substrate are kept in contact during the force 

measurement (=4s). Comparison of the Cu diffusion lengths at various temperatures 

with the contact radius (~ 50 nm) suggests that grain diffusion could operate at 

temperatures > 373 K, in addition to surface diffusion which occurs even at room 

temperature. The origin of the temperature-dependent increase in the adhesive strength 

of UHV bonded Cu is not clear. However, it is likely to arise from plastic deformation 

occurring during the debond process at higher temperatures, though no clear evidence 

of this was seen in post de-bond microscopy of the tip or substrate. 
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  Dsurface (m2/s) Dgb (m2/s) Dlattice (m2/s) Lsurface Lgb Llattice

298 K 2 * 10-15 2 * 10-19 2 * 10-40 98 nm 8 Å 3 * 10-20 m 

373 K 6 * 10-14 6 * 10-17 2 * 10-33 0.47 mm 15 nm 1 * 10-16 m 

473 K 8 * 10-13 8 * 10-15 2 * 10-27 1.8 mm 0.18 mm 9 * 10-14 m 

573 K 4 * 10-12 2 * 10-13 2 * 10-23 4 mm 0.9 mm 0.1 Å 

Activation 
Energy 

(eV) 

0.4 

[Brad, 1964] 

0.75 

[Burt, 1970]

2.1 

[Bowd, 1968] 
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Table 9-1. Cu diffusion coefficients and diffusion lengths at different temperatures. The 
activation energies used to calculate the above are also shown. 
 of Adhesion of Oxidized Cu 
In order to quantify the effect of oxidation on the bond quality, the coverage of 

n on the Cu surface is estimated by considering the flux Φ of molecules impinging 

urface given by [Ohr, 2002]: 

5.0
22

(MT) 
P0 1 x 3.513Φ =   (9-7) 

 P is the pressure expressed in Torr, M is the molecular weight of the gas, and T is 

solute temperature. Assuming that the residual gas in the chamber is oxygen, and 

u2O in the cubic-close-packed structure is formed on the surface of the Cu film, the 

r of molecular oxide layers No formed per unit area can be obtained using [Shig, 

 

N tNo Φ= α     (9-8) 

 t is the oxygen exposure time, α is the adhesion probability, and N is the number 

gen ions in a single molecular layer of the oxide. Using  α = 0.1 and N = 6.4 x 1019 

 2006], the oxygen coverage on Cu surfaces exposed to O2 at 10-6 Torr for 1 hr at 

temperature is estimated to be a maximum of 20 molecular layers, easily enough 

ult in a continuous layer of copper oxide. At room temperature, this coverage of 

n significantly reduces the pull-off force, and hence, the work of adhesion (to 0.1 

from 2.7 J/m2). Therefore, even in the absence of other common surface 

inants such as hydrocarbons, it has been demonstrated that surface oxidation 

is a major detriment to the creation of strong bonds. 
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The work of adhesion of oxidized Cu surfaces at 573K is similar to that observed 

between ultra-clean surfaces at room-temperature (~ 2.7J/m2). At 573K, the oxidized 

surfaces exhibit adhesion similar to that of wafer-level bonds created at the same 

temperature, and quantified using a mode I chevron test. Oxidized Cu surfaces created 

under high vacuum, therefore, adequately simulate Cu thin films that are bonded on the 

wafer-level for 3D IC fabrication. Adhesion measurements of oxidized Cu surfaces using 

the AFM quantify the effect of surface contamination in Cu thermocompression bonding.  

The effect of surface oxides on the bond quality of wafer-level bonds, as observed in 

Chapters 3 and 5, is verified using force measurements in the AFM.  

 

9.4 Summary 
 Pull-off force measurements between Cu-coated cantilever tips and Cu films on 

Si3N4 substrates have been performed in a UHV-AFM under controlled ambient. Cu films 

were deposited using an e-beam evaporator in UHV (10-10 Torr) and transferred to the 

AFM without breaking vacuum. Force measurements at room temperature under various 

applied loads revealed that the work of adhesion increases with increasing applied load. 

Full plasticity of the contact zone was reached at a load of 0.4 µN (for the particular tip-

substrate system), beyond which the work of adhesion tended towards plateau value of 

~ 3.2 J/m2, commensurate with the energy required to create two Cu surfaces. At 

elevated temperatures, the measured pull-off forces indicated a significant increase in 

the work of adhesion, beyond the surface energy contribution of pristine Cu surfaces. 

Deliberate pre-adhesion induction of ~ 20 molecular layers of oxygen on the Cu surfaces 

led to a dramatic reduction in adhesion. Oxidized Cu surfaces behaved similar to the Cu 

films that were bonded at wafer-level, since both systems show similar adhesion         

(~3 J/m2) at 573 K, and poor bonding at lower temperatures. The UHV-AFM 

measurements verified that the surface oxidation of Cu was the main cause for poor 

bonds at low temperatures made using commercial bond tools. This work suggests the 

need for HV or UHV bonding tools, with in situ surface cleaning capabilities for 

fabrication of 3D ICs based on use of Cu-Cu bonding.  
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Chapter 10 
Optimized Design of Bonded Microchannels  

 
 Heat dissipation using forced liquid cooling through integrated microchannels in 

3D ICs has been analyzed. In this method, Cu-Cu bonding provides for creation of layer-

to-layer interconnects and for microchannel sealing, as well as for interlayer adhesion. 

Integration of microchannels requires a reduction in the area available for interconnects 

and adhesion, causing a trade-off between the inter-layer bonded area and the number 

and size of the microchannels that can be included.  A thermal model is developed and 

used to analyze this trade-off. The optimum channel density is a function of the 

achievable local Cu-Cu bond strength.   

 In this work, the feasibility of liquid-phase cooling in integrated microchannels to 

dissipate heat in 3D circuits is analyzed, building on the model developed by Tuckerman 

and Pease [Tuck, 1981]. 

 

10.1 Microchannel Cooling Model 
 The heat transfer problem for a pair of bonded wafers is represented in Fig. 10-1. 

The top surfaces of both silicon layers (length L, width W) contain planar heat sources 

(circuits). The bottom surfaces are patterned into rectangular trenches and are bonded 

to each other using Cu-Cu bonds. The bond plane, in cross-section, therefore contains 

deep rectangular channels of width wc and depth z, separated by fins of width ww. We 

have assumed that each circuit dissipates power Q’ uniformly over the entire circuit area. 

Owing to the symmetry across the bonded interface, this problem can be simplified into 

the one shown in Fig. 10-2. This equivalent method contains channels of the same 

dimensions to cool an equivalent circuit dissipating power Q (which is twice Q’) over the 

same area LW. Also, a cover plate is bonded to the back of the substrate in the 

equivalent scheme to confine the coolant to the channels. Through this construction, the 

problem of heat transfer for a pair of bonded wafers has now been reduced to the one 

modeled by Tuckerman and Pease [Tuck, 1981]. 

 The performance of a heat sink is measured by its thermal resistance θ = 
Q
∆T

, 

where DT is the temperature rise of the chip above the input coolant temperature, which  
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Fig. 10-2. Equivalent microchannel cooling scheme. 

Fig. 10-1. Microchannels in back-to-back bonded layers. The front sides of both substrates 
contain heat sources (circuits). Heat dissipated from the circuits is transferred outside the chip 
using coolant fluid flow through the microchannels. 
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is typically room temperature,  and Q is the dissipated power. Therefore, for a given 

power Q, θ determines the temperature rise of the circuit.  In the microchannel scheme 

outlined in Fig. 10-2, θ is the sum of three components: θCOND, due to conduction from 

the heat source through the substrate; θCONV, due to convection from the heat sink to the 

coolant fluid; and θHEAT, due to heating of the fluid as it absorbs energy passing through 

the channels. As shown in [Tuck, 1981], θCOND can be made very small by locating the 

heat sink close to the heat source. Since silicon has a high thermal conductivity (kSi = 

1.48 W/oC-cm at 27 oC), the thermal resistance due to conduction can be neglected for 

this case of deep channels close to the heat source.  

By making assumptions for laminar flow (Reynolds number, Re ~2100), “fully-

developed” flow (i.e. invariant along the channel length; good assumption for Prandtl 

number, Pr ~ 5, as is the case for water), and a “fully developed temperature profile” (i.e. 

profile is invariant along the channel length), θCONV can be calculated using the following 

expression [Tuck, 1981]: 

ηαLWNuk
Dθ

f
CONV

∞

= ,    (10-1) 

where 
)w(z

2zw
D

c

c
+

=  is the “characteristic width” of the channel, defined as the ratio 

between 4x cross-sectional area and the perimeter, kf is the thermal conductivity of the 

coolant fluid, Nu¶ is the asymptotic value of the Nusselt number (for “fully-developed 

temperature profile”), 
)w(w
)w2(zα

cw

c
+
+

=  is the surface area enhancement factor, defined 

as the total surface area of channel walls in contact with fluid per unit area of circuit, and 

N
tanh(N)η =  is the “fin efficiency”, a correction factor incorporated to account for finite 

fin wall conductivity, kw. N is given by 

)w(z
ww

/kkNu
N c

cw

wf += ∞ . 

Equation 10-1 shows that the convective thermal resistance θCONV decreases 

with decreasing “characteristic channel width”, D. A low characteristic width facilitates a 

greater number of channels for a given chip area, and therefore, greater surface area 

available for heat transfer. Also, θCONV is inversely related to the surface area 

enhancement factor, α, which is a measure of the channel aspect ratio (ratio of depth to 
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width). High-aspect ratio channels provide for low convective thermal resistance owing 

to the increased surface area. Therefore, on the whole, θCONV decreases with decreasing 

channel widths.  

Thermal resistance due to heating, θHEAT, can be computed using the following 

expression [Tuck, 1981]: 

)α(w
∆PWρC
µL 24θ 13

c
p

HEAT
−−=     (10-2) 

where µ, ρ and Cp are the viscosity, density and specific heat of the coolant fluid, and DP 

is the maximum pressure available to pump the coolant.   

Equation 10-2 suggests that θHEAT increases as the channel width decreases, 

due to a reduction in the volumetric flow rate. This dependence of θHEAT on channel 

width is contradictory to the dependence of θCONV on channel width (Eq. 10-1). 

Therefore, an optimum channel size must be calculated to minimize the sum of θCONV 

and θHEAT. 

 

10.2 Results 
Optimum Channel Dimensions 
 The goal of this analysis is to find optimum channel dimensions that minimize the 

sum of thermal resistances θCONV and θHEAT (Eqs. 10-1 and 10-2). For a practical design, 

a channel depth of z = 350 µm is used, considering that the thickness of standard 

100mm silicon wafers is around 500 µm. Also, the chip dimensions are taken as 

L=W=1cm. A maximum pumping pressure of DP = 207 KPa (~ 2 atm) has been used, 

taking into account the pumping capabilities of miniaturized electroosmotic pumps [Zeng, 

2001]. Appropriate material parameters for silicon (substrate) and water (coolant fluid) 

have been incorporated. 

 Figure 10-3 shows the variation of thermal resistances as a function of channel 

width for the case of equal fin and channel widths (ww = wc). As discussed earlier, θCONV 

and θHEAT have opposite dependencies on ww. It can be seen that the total thermal 

resistance goes through a minimum at a channel width of approximately 50 µm.  

 In order to check the assumption of laminar flow, the Reynolds number is plotted 

as a function of channel width in Fig. 10-4, along with the total thermal resistance. The 

current laminar flow-based analysis is valid for channel widths < 90 µm, for which Re < 

2100. Turbulent flow occurs in wider channels. It has been shown by Phillips [Phil, 1988] 
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that the total thermal resistance is lower by 20% in the turbulent flow regime. However, it 

was also shown that the pumping power requirements for such a flow are very high (>10 

W/cm2). Such high pumping power cannot be provided by miniaturized electroosmotic 

pumps [Zeng, 2001]. Electroosmotic pumps are highly compact and efficient units that 

can be integrated in a modular fashion with semiconductor chips. They have no moving 

parts and therefore offer distinct advantages over other micropumps. Hence, from a 

practical viewpoint, there is an advantage in trading off some of the thermal performance 

requirements in order to make use of compact pumping units. 

 The variation of total thermal resistance with channel width for different fin widths 

is plotted in Fig. 10-5. ‘b’ denotes the ratio of fin width to channel width. By increasing b, 

the number of channels is reduced; and therefore the thermal resistance increases. The 

minimum value of thermal resistance, however, still occurs at the same channel width 

(~50 µm) for different fin widths. 
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Fig. 10-3. Thermal resistance vs. channel width. The minimum total thermal 
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Thermal Resistance vs. Channel Width
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Fig. 10-5. Thermal resistance vs. channel width for various fin-channel width ratios, ‘b’. The 
minimum thermal resistance increases with increasing ‘b’, but occurs at WC ~ 50 µm for all ‘b’. 
 

Fig. 10-4. Thermal resistance and Reynolds number vs. channel width. The laminar 
flow approximation is valid for WC < 90 µm. 
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Temperature rise vs. Bonded Area Fraction 
The minimum thermal resistance, θMIN, can be converted to a temperature rise 

using DT = Q*θMIN. From the ITRS projected power requirements for the 45 nm 

generation [ITRS], Q ~ 400 W. The temperature rise is plotted as a function of bonded 

area fraction (Af,B) in Fig. 10-6. Af,B is defined as the ratio of the area occupied by Cu-Cu 

bonds to the total area.  For a given total area LW, and a fin-channel ratio b, 

 
1b

bA Bf, +
=      (10-3) 

It can be noted that increasing bonded area fraction implies decreasing channel density, 

and therefore decreasing heat performance. At the other extreme (low Af,B), very thin fins 

lead to a fin conduction bottleneck, and consequently the temperature rise increases. 
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Fig. 10-6.  Chip temperature rise vs. Bonded Area Fraction (Af,B). The temperature rise 
increases with increasing Af,B due to a reduction in the channel density. 

Temperature Rise vs. Channel Depth 
 The dependence of the chip temperature rise on the microchannel depth is 

shown in Fig. 10-7. With increasing channel depth, the total surface area available for 

convective heat transfer increases; therefore, the convective thermal resistance is 

reduced. Also, the thermal resistance due to fluid flow decreases with increasing 

channel depth due to greater available fluid volume. These two factors combine to cause 

an overall reduction in the chip temperature rise with increasing channel depth. 
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Constraints associated with processing and mechanical integrity will determine the 

maximum channel depth (or aspect ratio) for practical purposes. 
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 Temperature Rise vs. Channel Depth

Fig. 10-7.  Chip temperature rise vs. channel depth. The temperature rise increases with 
decreasing channel depth due to a reduction in the available surface area for heat transfer. 

 

Coolant Pumping Power vs. Fin-Channel Width Ratio 
 The coolant pumping power, QPUMP, is given by 

             
LW

f*∆PQPUMP =      (10-4) 

where 

  
2

αvWw
f c=       (10-5) 

is the volumetric flow rate and 

  
12µ2

∆Pw
v

2
c=       (10-6) 

is the mean flow velocity. 

QPUMP is plotted against fin-channel width ratio ‘b’ in Fig. 10-8. While the temperature rise 

of the circuit is higher for higher fin-channel width ratios (Fig. 10-6), the pumping power 
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requirement is lower. This trade-off must be optimized based on the requirements of the 

designer. Pumping powers around 1 W/cm2 fall within the range of miniaturized 

electroosmotic pumps [Jian, 2002]. Figure 10-8 shows that the current design for 

microchannel cooling can accommodate such pumping powers and is therefore suitable 

for miniaturization. 
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Fig. 10-8. Coolant pumping power vs. fin-channel width ratio, ‘b’. The pumping power 
requirement goes down as ‘b’ increases (decrease in channel density). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

10.3 Discussion 
Thermal Performance vs. Bond Strength Trade-off 

It has been shown in Fig. 10-6 that the temperature rise of the circuit can be 

decreased by increasing the channel density (or decreasing bonded area fraction). 

However, increasing the channel density leads to a mechanically weaker structure. In 

order to assess the mechanical integrity of a back-to-back Cu bond that is interspersed 

with microchannels, possible failure mechanisms are considered. The coolant pressures 

used in this study are not high enough to significantly stress the Cu-Cu bond during fluid 

flow, so that the strength of the microchannel structure depends entirely on the density 

of channels in the bonding plane. Therefore, bond strength can be modeled based on 

Af,B alone.  In the following discussion, the macroscopic bond strength is considered to 
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be the die-level bond strength G (per unit area of back-to-back bond surface), and the 

measured local bonded strength GLOC is the interface fracture toughness per unit area of 

bonded Cu-to-Cu surface (so that if the Af,B is 0.5 and the local bond strength is 1 J/m2, 

the macroscopic bond strength is 1*0.5 = 0.5 J/m2). Therefore, the variation of the 

macroscopic bond strength G with the bonded area fraction Af,B is given by  

 G = GLOC  Af,B       (10-7) 

where Af,B is given by Eq. 10-3. 

The local bond strength GLOC is an intrinsic property of the Cu-Cu bond. As 

observed in the previous chapters, GLOC depends on bonding conditions (temperature, 

bonding pressure) [Tad, 2003] and Cu film properties (surface clean, stack thickness) 

[Lane, 2000]. Also, the interface fracture toughness is fundamentally dependent on the 

mode of loading during the test (tension, shear, or mixed-mode). The Cu sealed 

microchannels have a configuration that will be predominantly subjected to mode I 

loading. Therefore, metrics for GLOC must be based on experimental mode I Cu-Cu 

toughness results (provided by the symmetric chevron specimen). 
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temperature rise of the chip. 
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The variation of G and DT with Af,B is plotted in Fig. 10-9. Three different values 

of GLOC, based on Mode I fracture toughness measurements of Cu-Cu bonds (Chapter 

5), have been selected to calculate G. It can be seen that the achievable macroscopic 

bond strength increases with increasing bonded area fraction for a given GLOC. Hence, 

for a given GLOC, the Af,B must be increased until the desired macroscopic bond strength 

is attained.   

 Also shown in figure 10-9 is the temperature rise for a given Af,B.  If, for example, 

a local Cu-Cu bond strength of 2 J/m2 is achieved, and a macroscopic bond strength of  

1 J/m2 is required, a minimum Af,B of 0.5 will be necessary for structural integrity, so that 

the temperature rise can be reduced to 30 oC.  The temperature rise is therefore seen to 

be a strong function of the local bond strength, with the temperature rise decreasing with 

increasing local bond strengths. 
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Fig. 10-10. Chip Temperature rise vs. Local bond strength for different channel depths. The 
temperature rise decreases with increasing local bond strength. Also, the deepest channels 
have lowest temperature rise. 

Based on macroscopic bond strength tests on wafer-level Cu-Cu bonds using the 

chevron test, the minimum required mode I strength required to survive the diamond saw 

cutting process has been determined to be approximately 1 J/m2. This strength is 

indicative of die yield, since the diamond saw cutting process is used to obtain chips 

from bonded wafers. Using this minimum required wafer-level bond strength value, the 
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dependence of temperature rise on the local bond strength is plotted (Fig. 10-10). Again, 

Fig. 10-10 demonstrates that the temperature rise increases with decreasing local bond 

strength. Also, for a given local bond strength, the temperature rise is lowest for high-

aspect ratio channels (large channel depth). Therefore, Mode I quantitative 

characterization and optimization of the Cu-Cu bonding process are necessary tools to 

evaluate the feasibility of integrated microchannels for 3-D IC cooling. 

 

10.4 Summary 
The microchannel design involves silicon wafers (with trenches etched in the 

backside) that are bonded to each other to create channels for coolant flow. The thermal 

resistance of the heat sink comprised of convective and fluid heating components, with 

the conductive component determined to be negligible for heat transfer through silicon. 

For a fixed channel depth (350 mm), chip area (1 cm2), and coolant pressure drop (207 

KPa), the thermal resistance reaches a minimum at a channel width of 50 mm for various 

ratios of fin and channel widths. The coolant pumping powers for this design are within 

the range of miniaturized electroosmotic pumps.   

 Based on the above analysis of integrated microchannel cooling for 3D ICs, it 

can be seen that the temperature rise due to power dissipation can be managed for an 

unlimited number of device layers.  Furthermore, there is an optimal channel width and 

spacing that will most efficiently dissipate heat.  While the ability to dissipate heat 

improves with increasing channel depth, the maximum channel depth is limited by the 

bonding process, and other requirements for mechanical strength of the 3D stack.  

There is also a trade-off between the number of channels that can be incorporated at 

bonded surfaces and the macroscopic strength of the layer-to-layer bond.  For known, 

measured local bond strength, the trade-off between the needed macroscopic bond 

strength and the thermal rise can be quantified.  Alternatively, for given macroscopic and 

local bond strengths, the maximum allowable bonded area fraction and corresponding 

operational thermal rise can be calculated.  The ability to limit the thermal rise can be 

improved by decreasing the bonded area fraction.  However, this requires Cu-Cu bonds 

with high local bond strengths. Based on chevron tests of wafer-level Cu-Cu bonds, the 

mode I interface toughness (or the local bond strength) of bonds created at 300 oC is ~ 3 

J/m2. Similarly high local bond strengths can be achieved by bonding pristine Cu 

surfaces at room temperature under controlled ambient, as suggested by the UHV-AFM 

measurements in Chapter 9. Bonding under UHV conditions, therefore not only 
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alleviates the thermal strain (and hence, wafer misalignment) problem in 3D ICs, but 

also allows for the fabrication of high-density microchannels for effective cooling of the 

3D chips. 

In conclusion, thermal management in 3D ICs is seen to be related to achievable 

Cu-Cu bond strengths. A demonstration of microchannel fabrication using bonded Cu 

seals, along with chevron strength tests and pressurization tests of the bonded channels 

is given in Appendix B. 
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Chapter 11  
Conclusions and Recommendations 

 Quantitative bond toughness characterization methods that demonstrate the 

effect of process parameters, patterning, and surface preparation on the adhesion of Cu-

Cu bonds have been presented in this thesis. Patterning effects in ductile 

thermocompression bonds and brittle fusion bonds have been analyzed and compared. 

In this chapter, the various aspects of this work are summarized and discussed, key 

conclusions made, and recommendations for future work given. First, the thesis is 

summarized and general comments about the integration of the various parts of the work 

made. Then, the key conclusions that can be drawn from this work are identified and 

recommendations for future work itemized. 

 

11.1 Summary and Discussion 
 The primary objective of this work was to develop a suite of characterization 

techniques to address some of the key challenges in 3D IC fabrication technology, such 

as robust and reliable wafer bonding and thermal management. Chapter 3 presented the 

process developed for the fabrication of wafer-level thermocompression bonds via a Cu 

bonding layer. The process was designed to generate four-point bend test specimens so 

that a quantitative description of the bond toughness could be made. This section was 

used to identify the fabrication challenges and to design an optimized Cu wafer bonding 

process. One of the key issues was the preparation and maintenance of oxide-free Cu 

surfaces prior to bonding. Since the commercial bond tool did not have high vacuum or 

in situ cleaning capabilities, surface Cu oxide could not be effectively reduced. Despite 

these limitations, strong Cu-Cu bonds (> 5 J/m2) were created at low temperatures (< 

300 oC) using an acetic acid-based pre-bonding clean process and a reducing gas purge 

in the bond chamber. This was an improvement over existing copper wafer bonding 

processes that operate at 400 oC. 

 An important contribution of this thesis was to recognize the effect of loading 

conditions on the measured interface adhesion of bonded structures. The four-point 

bend test, which is a “standard” toughness measurement technique, is performed under 

mixed-mode loading (tensile + shear). Bond toughness under shear loading is strongly 

affected by the plasticity in the metal layers, and is therefore affected by many factors in 
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addition to the actual adhesive strength of the bonded interface. In Chapter 4, finite- 

element (FE) modeling was used to analyze a bonded chevron specimen, which is 

nominally a mode I (tensile) toughness measurement technique. Analysis of the bonded 

chevron specimen with different layer thicknesses was performed to allow the specimen 

to be used to characterize the bonded interface under mixed-mode loading conditions. 

Results of the FE analysis show that the phase angle at the interface can be varied from 

0° to 35° by changing the layer thickness ratio from 1 to 0.2.   

Chapter 5 reported on the use of the mode I chevron specimen for interface 

toughness measurements of Cu-Cu bonds. The work of adhesion between Cu films 

bonded at 300 oC under an applied pressure of 2.12 MPa was about 2.7 J/m2, which was 

comparable to the ideal work of adhesion between pristine Cu surfaces. In addition, the 

mode I chevron test was also utilized to reveal that wafer bow and different Cu film 

deposition processes (e-beam evaporated vs. ECP Cu) had negligible effects on the 

interface adhesion. However, the pre-bonding clean process using acetic acid 

significantly improved the bond toughness (> 100%). 

Results from the mixed-mode analysis of the asymmetric chevron specimen were 

used to characterize the Cu-Cu bond under a range of phase angles, from 0o to 24o, as 

discussed in Chapter 6. The fracture toughness was found to significantly increase with 

increase in phase angle (3 J/m2 to 10 J/m2), consistent with previous observations of 

mixed-mode ductile failure. The plasticity contribution to mixed-mode toughness was 

identified both in the form of increasing plastic zone size with increasing phase angle, 

and by observations of ductile failure modes under high mode-mixity. 

Chapter 7 examined the effect of patterning on the toughness of Cu-Cu bonds. 

Measurements were performed on wafers patterned with Cu lines and pads. Cu lines 

were bonded to the chevron structures in two different orientations, such the crack 

propagation occurred parallel and orthogonal to the lines. In the parallel orientation, 

there was no line-width dependence of interface adhesion. Discontinuous bonded 

interfaces (orthogonal lines and pads) exhibited significant toughness dependence on 

the feature size. The orientation of the features with respect to crack propagation was 

identified as principal parameter that influences measured toughness in ductile 

interfaces. Heterogeneous bonded interfaces have multiple crack nucleation points in 

ductile bonded systems, which result in higher plastic energy dissipation during the 

debonding process. The crack propagation process also costs energy due to 

deformation of the Cu bonding stack. For similar feature widths, orthogonal lines 
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experience greater deformation than pads owing to greater available volume of the 

bonded stack.  

 The flexibility of the chevron test was employed to study pattern effects in SiO2 

fusion bonds in Chapter 8. Patterning reduces the toughness of brittle fusion bonds, 

possibly due to the discontinuous propagation of the contact wave during the room 

temperature contacting process. Patterning also induces greater amount of sub-critical 

flaws, since the bonded interface is brittle. Furthermore, patterned interfaces are more 

susceptible to debonding due to increased contact with ambient air. The toughness 

dependence of brittle fusion bonds on pattern size was in contrast to that of ductile 

thermocompression bonds, where smaller was better. The other major difference 

between the two bonding systems was that the Cu-Cu bond toughness was influenced 

by the orientation of the features during testing, whereas no such effects were found in 

SiO2 fusion bonds. 

A common limitation to all wafer-level Cu-Cu bonding studies was that clean Cu 

surfaces could not be maintained in the commercial bonding chamber, due to which the 

temperature of the bonding process had to be at least 300 oC. Chapter 9 reported on 

experiments designed to explore the ultimate limit of low-temperature bonding. Cu-Cu 

adhesion studies were performed under UHV conditions. Through force-distance 

measurements made using AFM cantilevers, the work of adhesion between freshly Cu-

coated AFM tips and the freshly deposited Cu films was measured at different 

temperatures, including room temperature. These measurements show that the room 

temperature Cu-Cu adhesion was dependent on the applied load, tending towards a 

saturation value of 3.2 J/m2, comparable to the ideal work of separation of two Cu 

surfaces, at loads where the contact undergoes complete plastic deformation.  

Deliberate pre-adhesion exposure of the Cu surfaces to 10-6 Torr O2 lead to a dramatic 

reduction in adhesion (to 0.1 J/m2), suggesting the formation of a Cu oxide that is 

detrimental to the Cu-Cu bonding process, even at this low pressure.  

 Finally, the heat dissipation problem in 3D ICs containing multiple device layers 

was examined in Chapter 10. Forced liquid cooling through Cu-sealed integrated 

microchannels in 3D circuits was analyzed. Integration of microchannels requires a 

reduction in the area available for interconnects and adhesion, causing a trade-off 

between the inter-layer bonded area and the number and size of the microchannels that 

can be included.  A thermal model was developed and used to analyze this trade-off.  

The optimum channel density is a function of the achievable local Cu-Cu bond strength.  
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A minimum required mode I Cu-Cu bond toughness of 1 J/m2 was used as the metric, 

based on die yield. Based on the thermal-performance vs. bond-strength tradeoff, an 

optimum design for a microchannel array was proposed. Water-cooled silicon 

microchannels of 50 mm width and 350 mm depth would satisfy both thermal and 

mechanical performance requirements at a power density of 400 W/cm2 and an input 

water temperature of 25 oC.  

 The copper wafer bonding literature has hitherto been focused on qualitative 

assessment of bond quality. Furthermore, quantitative characterization of bonded 

interfaces has heavily relied on the four-point bend test. While the test method is robust 

and reliable, the loading conditions induce substantial plastic energy dissipation. The 

development of the asymmetric chevron specimen in this work provides a crucial new 

technique for assessing bond toughness under a range of mode I dominated loading 

conditions. Pattern size and orientation effects provide an insight into the behavior of 

bonded interconnect structures. Several groups that design 3D ICs incorporate ‘dummy’ 

bond pads to increase the overall mechanical integrity of the bonded interface. Our 

studies on the pattern size dependence should provide valuable information for design of 

such bonded structures, including microchannels for cooling 3D ICs. The effect of 

patterning is also different for different bonded systems. Brittle fusion bonded structures 

suffer from toughness reduction due to patterning, and therefore, design of 3D ICs and 

MEMS components based on fusion bonds must take this pattern size/density 

dependence into account. The bond toughness dependence on patterning in ductile and 

brittle bonded systems is summarized in Table 11-1. 

Bond Toughness Dependence on Patterning 

  
Ductile Thermocompression 

Bonds 

Brittle Fusion 
Bonds 

Pattern Orientation Strongly dependent Independent 

Pattern Size ↓ ↑ ↓ 

Pattern Density ↑ ↑ ↓ 

Stack Thickness Strongly dependent 
No apparent 

dependence 

 Table 11-1. Summary of patterning effects on bond toughness in ductile and 
brittle bonded systems. 
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This work has also been used to quantify the effect of oxidation on Cu bond 

quality and to demonstrate strong bonds between clean Cu surfaces at room 

temperature. This work suggests the need for HV or UHV bonding tools, with in situ 

surface cleaning capabilities for fabrication of 3D ICs based on use of Cu-Cu bonding, 

an area that has not received much attention so far from the tool manufacturers.  

 

11.2 Conclusions 
This thesis has made substantial contributions in the development of quantitative  

characterization techniques for wafer bonding processes, with Cu-Cu bonding for 3D ICs 

being the system of interest for this study. The main conclusions of this work are: 

• Strong thermocompression Cu-Cu bonds were created at a 3D IC fabrication-

compatible bonding temperature of 300 oC using improved Cu surface 

preparation procedures. 

• The bonded chevron specimen was tuned for mixed-mode loading by introducing 

thickness asymmetry. FE modeling showed that the phase angle can be varied 

from 0 to 35o for a thickness ratio range of 1 to 0.2. 

• Patterning of the bonded interface has a significant influence on the bond 

toughness and is a strong function of the mechanical properties of the bonded 

stack. For ductile thermocompression bonds, the bond toughness increases with 

increasing pattern density and decreasing pattern size for features oriented 

perpendicular to the debond path, even under plane-strain conditions. On the 

contrary, patterning causes a reduction in the toughness of brittle fusion bonds, 

irrespective of the feature orientation.   

• The work of adhesion between clean Cu surfaces at room temperature under 

UHV conditions was comparable to the toughness of wafer-level bonds created 

at 300 oC (~ 3 J/m2). Surface oxidation significantly reduced the ability of two Cu 

surfaces to form strong bonds and is the principal cause for high thermal-budget 

requirements in the Cu-Cu bonding process.  

• Cu-sealed integrated microchannels serve as effective heat-sinks for 3D ICs. The 

achievable cooling is a function of the intrinsic strength of the Cu-Cu bond.  
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11.2 Recommendations for Future Work 
The work that was performed in this thesis has addressed several key issues in 

copper wafer bonding technology for 3D ICs. While this work led to significant advances, 

it has also highlighted several topics that require further work. These are itemized below: 

• Incorporation of more geometry parameters for chevron FE modeling. In this 

work, parametric studies of the minimum geometry function were performed by 

varying the thickness of the layers and initial chevron crack length. The length 

and width of the specimen, and the chevron notch angle were kept constant. By 

varying these parameters, a more holistic expression for the minimum geometry 

function can be obtained, providing greater flexibility in the design of chevron 

structures.   

• Investigation of pattern effects on the sub-micron length scale. At those length 

scales, the inherent stress state of the patterns is expected to change from 

triaxial to biaxial, thereby altering the deformability of the features. Another 

related area of future research is the study of pattern effects in constrained 

features. For instance, the mechanical properties of Cu lines that are laterally 

constrained by dielectric materials (damascene structures) are expected to be 

different compared to unconstrained lines. Furthermore, the mechanical behavior 

of Cu lines in constrained structures would depend on the properties of the 

surrounding dielectric material (soft polymer-based dielectrics vs. hard SiO2-

based dielectrics). Bonding and reliability of such technologically-relevant 

configurations is a niche area that requires further exploration. A final thought on 

the patterning effects is that the current work examined bonded area fractions of 

0.4 and above. The ability to bond more sparsely distributed patterns requires 

further quantitative evaluation. 

• Correlation of the contact resistance of the Cu-Cu bond to the interface adhesion. 

In particular, the UHV-AFM experiments show that the presence of small 

amounts of oxygen adversely affects the bond quality. Using conductive AFM 

tips, the tip-substrate interaction can be probed using both the contact resistance 

and the pull-off forces, thereby relating the presence of surface oxides to 

possible variations in the electrical properties of the contact. 

• Development of improved bond tools that enable in situ cleaning of Cu surfaces 

prior to bonding. As demonstrated in this work, strong and reliable bonds can be 

created between clean Cu surfaces at room temperature. Extension of this 
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concept to the wafer-level would eliminate thermal mismatch effects that hamper 

alignment between fine-pitched features. In addition to the surface cleaning 

ability of the bond tools, the tool mechanics must be understood better. Variability 

in the bond tool mechanics adversely affects the pressure distribution on the 

wafer stack. Therefore, superior tools must be designed that enable monitoring of 

the tool mechanics during day-to-day use. 

• Microchannel integration in a 3D device stack. Design recommendations and 

process guidelines for fabrication of integrated microchannels have been 

provided in this work. Practical demonstration of the cooling ability of fluid-filled 

microchannels would positively impact the design of multi-layer 3D ICs. 

Microchannel design should also be modified to take into account thermal 

hotspots in the device layers.  
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Appendix A 
Fabrication Process Flows 
 
A.1 MIT 3-D Process  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  
 

 

Fig. A-1. MIT 3-D process flow [Fan, 2006]
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A.2 Four-Point Bend Test Specimen Fabrication 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. A-2. Four-point bend test specimen fabrication process flow. 
   (continued on next page). 
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Fig. A-2. Four-point bend test specimen fabrication process flow. 
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A.3 Chevron Test Specimen Fabrication 
 
 
 
 

Fig. A-3. Chevron test specimen fabrication process flow. 
               (continued on next page) 
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Fig. A-3. Chevron test specimen fabrication process flow. 
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Appendix B 
Fabrication and
Microchannels 
 
 Based on the design

bonded microchannels for 3D 
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operating conditions. 
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ng bonding. Line structures were patterned on the wafers 

in Fig. 5-1b. Line widths range from 25 µm to 250 µm, and 
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ing (DRIE) tool. This process utilized an etch cycle flowing 

o a sidewall passivation cycle using only C4F8. During the 
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Figure B-1 shows a schematic illustration of the bonded 
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channel stack.  SEM micrographs of the bonded channels are shown in Fig. B-2. Aspect 

ratios (depth : width) of the channels ranged from 1:1 to 10:1 over the entire wafer. From 

Fig. B-2d, it be seen that the misalignment between the two wafers is ~5 µm, which is 

routinely observed in the bonding process [Fan, 2006].  
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Fig. B-2. Cross-section SEM pictures of bonded channels. 
(d) (b) 

Fig. B-1. Schematic cross-section of bonded microchannels.  
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B.2 Microchannel Pressurization 
 1cm x 1cm dies were obtained from the bonded channels for pressure testing. An 

inlet tube was glued on to one end of the die using epoxy glue. The other end of the die 

was left open. Therefore, during pressurization, a pressure gradient was created along 

the length of the channels, with the outlet end at 1 atm. This pressure gradient simulates 

operating conditions of fluid filled microchannels [Jian, 2002]. 

The dies were pressurized using compressed air, in increments of 5 psi. At each 

increment, the pressure was maintained for at least 5mins to check for leaks.  It was 

found that the bonded channels could withstand pressures of atleast 45 psi (~ 3 atm) 

before the epoxy glue failed. Since typical operating pressures of microchannels are ~ 2 

atm, the Cu-Cu bonds were found to be adequate as seals for fluid filled microchannels. 

Figure B-3 shows SEM cross-sections of bonded channels that were pressurized up to 3 

atm. It can be seen from the magnified image (Fig. B-3c) that the Cu-Cu bonds were 

unaffected by the pressurization process. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Fig. B-3. Cross-section SEM pictures of bonded channels after pressure testing. The Cu-Cu 
bonds were intact even after pressurization at 3 atm. 
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B.3 Microchannel Bond Toughness - Chevron Test 
 The global toughness of Cu-sealed microchannels was evaluated using the 

chevron test. As described in Chapter 10, the bonded channels are expected to 

experience predominantly mode I loading and therefore, symmetrical (equal thickness) 

chevron specimens were prepared for bond toughness characterization. Wafers with Cu 

coated trenches were bonded to wafers with patterned chevron structures using the 

procedure described in Chapter 5.  Figure B-4 shows SEM cross-section images of the 

chevron test structures containing bonded channels. 
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Fig. B-4. Cross-section SEM pictures of chevron test specimens containing bonded channels. 
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Results from chevron tests of bonded channels are tabulated in Table B-1. The bonded 

channel toughness is compared with toughness of bonded (lift-off patterned) lines of the 

same geometry. Table B-1 shows that 200 - 300 µm deep bonded channels show similar 

bond toughness as that of patterned lines. Therefore, the integrity of the bond structure 

is maintained even after the Si trench creation process. However, the die yield of the 

bonded channels is slightly lower compared to bonded lines. This non-uniformity could 

be a result of the DRIE process.   

 

 

 

 

 

 

 

 
 

Bond Configuration 
(300 oC, 2.12 MPa) G (J/m2) Dicing Yield 

Bonded Lines 2.91 ≤ 0.68 100 % 

Bonded Channels 2.85 ≤ 0.95 88 % 

Table B-1. Mode I toughness of bonded channels and lines. Bonded channels show similar 
bond toughness as bonded lines, with a slightly lower die yield. 

 
B.4 Summary 

 Fabrication, pressurization and toughness characterization of Cu-Cu bonds for 

microchannel sealing have been experimentally demonstrated. Using DRIE, deep 

channels with aspect ratios ranging from 1:1 to 10:1 were fabricated and bonded to each 

other with a wafer-to-wafer misalignment of ~5 µm. The bonded channels were 

pressurized using compressed air. The channels were found to withstand pressures > 3 

atm, which is almost twice the nominal operating pressure. In addition, the global 

toughness of the Cu-Cu bonds for sealing microchannels was evaluated using the mode 

I chevron test. Bonded channels showed similar toughness as that of bonded lines, 

thereby confirming that the trench creation process did not affect the bond integrity. 
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Appendix C 
Chevron Model Finite Element Code 
 
Chevron VCCT Calculation 

Below are the MATLABTM scripts that are used to generate and execute the 

three-dimensional finite element model of a chevron specimen. The model is used to 

calculate the reaction forces and displacements near the crack tip as well as the total 

strain energy as a function of the crack length. The VCCT allows the mode I and mode II 

components of the strain energy release rate to be calculated from the reaction forces at 

and ahead of the crack tip and the displacements immediately behind the crack tip.  

The mesh is generated in MATLABTM, exported to ABAQUSTM and solved. The 

data is retrieved from the ABAQUSTM results file and post-processed in MATLABTM. The 

mode I and mode II strain energy release rate can be determined for a given crack 

length from a single finite element simulation using the VCCT. Using calculated values of 

G, the minimum geometry function Ymin was calculated using Eqs. 4-1 and 4-2. Ymin was 

studied as a function of α0, η, and the total layer thickness, htotal (= h1+h2). Using the GI 

and GII values from VCCT analysis, the phase angle ψ for mixed-mode loading was 

calculated using Eq. 4-4. 
 
The model is comprised of three m-files: 

1. auto_vcct.m - Script that is executed to run the model. It calls chev_spec_final.m, 

which generates the mesh and runs the model, after which vcct_2layer_proc.m is 

invoked to post-process the data. 

2. chev_spec_final.m - Script used to generate mesh. The script writes a text file 

with the model that is read by ABAQUSTM. 

3. vcct_2layer_proc.m – Script used to post-process the data. The VCCT 

calculation scheme is contained in this script. 
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auto_vcct.m 
 

clear; 

 

n = 5; % number of crack length increments 

 

amin = 2.8e-3; % minimum crack length  

amax = 3.4e-3; % maximum crack length 

 

a = [amin : (amax-amin)/(n-1) : amax]; % crack length increment 

 

h = waitbar(0,'Please wait...'); 

for i=1:n 

    delete chev_final.inp 

    alpha = chev_spec_final(a(i,1))      % make inp file 

    delete chev_final.com 

    delete chev_final.mdl 

    delete chev_final.msg 

    delete chev_final.odb 

    delete chev_final.prt 

    delete chev_final.res 

    delete chev_final.sta 

    delete chev_final.stt 

    delete chev_final.dat 

    !/usr/local/ABAQUS/Commands/abaqus interactive job=chev_final % run model 

    [G1avg(i,1),G2avg(i,1),UTOT(i,1),F(i,1),G1(:,i),G2(:,i)] = vcct_2layer_proc('chev_final.dat') % post-

process data 

    waitbar(i/n,h) 

end 

close(h) 

     
 
 
 
 
 
 
 
 

 179



chev_spec_final.m 
 

function [alpha] = chev_spec_final(a) 

 

%clear; 

 

% Geometry 

%a = 3.0e-3; 

B = 10e-3; 

a0 = 1e-3; 

W = 10.0e-3; 

W0 = 4.0e-3; 

WA = 0.5e-3; 

h1 = 525e-6; 

h2 = 525e-6; 

 

alpha = atan((B/2)/(W-a0-W0)); 

 

% Material Properties 

C11 = 165.7e9;                      % stiffness, C11 

C12 = 63.9e9;                       % stiffness, C12 

C44 = 79.56e9;                      % stiffness, C44  

 

% Loading 

delta = 20.0e-6; 

 

% Mesh Parameters 

nx1 = 20; 

nx2 = 8;        % keep this number EVEN! 

nx3 = 20; 

ny1 = 20; 

ny2 = 20; 

 

yinc = 1000;      

zinc = 1000000; 

lainc = 100000000; 

 

nz1 = 2;        % number of elements through thickness of layer 1 

nz2 = 2;        % number of elements through thickness of layer 2 

 

% Area 1 

 180



x1 = (a-WA/2); 

y1 = B/2-(W-(a-WA/2)-W0)*tan(alpha); 

 

k=1; qqq=1; 

for i=1:2*ny1+1 

    for j=1:2*nx1+1 

        N1(k,1) = j + yinc*(i-1);  

        N1(k,2) = 0 + x1/(nx1*2)*(j-1); 

        N1(k,3) = 0 + y1/(ny1*2)*(i-1); 

        N1(k,4) = 0; 

        if j==1 

            LD1(qqq,:) = N1(k,:); 

            qqq=qqq+1; 

        end 

        k=k+1; 

    end 

end 

 

% Area 2 

x2 = WA; 

y2 = y1+WA*tan(alpha);   

 

k=1; q=1; qq=1; 

for i=1:2*ny1-1 

    for j=1:2*nx2 

        N2(k,1) = 2*(nx1)+1+j + yinc*(i-1);  

        N2(k,2) = x1 + x2/(nx2*2)*(j); 

        N2(k,3) = 0 + y1/(ny1*2)*(i-1); 

        N2(k,4) = 0; 

        Y3(i,1) = N2(k,3); 

        if j==nx2 

            NCTIP(q,1) = N2(k,1); 

            q=q+1; 

        end 

        if j >= nx2 

            NREM2(qq,:) = N2(k,:); 

            qq = qq+1; 

        end 

        k=k+1; 

    end 

end 
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for i=1:2 

    for j=1:2*nx2 

        N2(k,1) = 2*(nx1)+1+j + yinc*(i-1+2*ny1-1);  

        N2(k,2) = x1 + x2/(nx2*2)*(j); 

        N2(k,3) = y1*(2*ny1-2)/(ny1*2) + (y1+(N2(k,2)-x1)*tan(alpha)-y1*(2*ny1-2)/(ny1*2))/2*i; 

        N2(k,4) = 0; 

        Y3(i+2*ny1-1,1) = N2(k,3); 

        if i==2 

            X4(j,1) = N2(k,2); 

            Y4(j,1) = N2(k,3); 

        end 

        if j==nx2 

            NCTIP(q,1) = N2(k,1); 

            q=q+1; 

        end 

        if j >= nx2 

            NREM2(qq,:) = N2(k,:); 

            qq = qq+1; 

        end 

        k=k+1; 

    end 

end 

 

% Area 3 

x3 = W - (a+WA/2); 

k=1; 

for i=1:2*ny1+1 

    for j=1:2*nx3 

        N3(k,1) = 2*(nx1+nx2)+1+j + yinc*(i-1);  

        N3(k,2) = x1 + x2 + x3/(nx3*2)*(j); 

        N3(k,3) = 0 + Y3(i); 

        N3(k,4) = 0; 

        k=k+1; 

    end 

end 

 

% Area 4 

k=1; 

for i=1:2*nx2 

    for j=1:2*nx1 

        N4(k,1) = j + 2*(ny1+ny2+1)*yinc+i*yinc; 

        N4(k,2) = 0 + X4(i,1)/(2*nx1)*(j-1); 
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        N4(k,3) = 0 + Y4(i,1); 

        N4(k,4) = 0; 

        if j==1 

            LD1(qqq,:) = N4(k,:); 

            qqq=qqq+1; 

        end         

        k=k+1; 

    end 

end 

 

% Area 5 

k=1; q=1; 

for i=1:2*ny2 

    for j=1:2*nx1+1 

        N5(k,1) = j + (2*ny1+i)*yinc; 

        N5(k,2) = 0 + ((W-W0-X4(2*nx2,1))*i/(2*ny2)+X4(2*nx2,1))*(j-1)/(2*nx1); 

        N5(k,3) = y2 + (B/2-y2)*i/(2*ny2); 

        N5(k,4) = 0; 

        if j==2*nx1+1 

            N5(k,1) = j + (2*ny1+i)*yinc + 2*nx2; 

            X5(i,1) = N5(k,2); 

            Y5(i,1) = N5(k,3); 

            N5EDGE(q,:) = N5(k,:); 

            q=q+1; 

        end; 

        if j==1 

            LD1(qqq,:) = N5(k,:); 

            qqq=qqq+1; 

        end 

        k=k+1; 

    end 

end 

 

% Area 6 

k=1; 

for i=1:2*ny2 

    for j=1:2*nx3 

        N6(k,1) = 2*(nx1+nx2)+1+j + (2*ny1+i)*yinc; 

        N6(k,2) = X5(i,1) + (W-X5(i,1))*j/(2*nx3); 

        N6(k,3) = Y5(i,1); 

        N6(k,4) = 0; 

        k=k+1; 
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    end 

end 

 

k=1; kk=1; 

for i=1:(nx1+nx2+nx3)*2+1 

    for j=1:nz1*2+1 

        if j==1 

           if i < (nx1+nx2/2)*2+1 

               NYSYMM(k,1) = i + (j-1)*zinc; 

                k=k+1; 

           end 

        else 

            NYSYMM(k,1) = i + (j-1)*zinc; 

            k=k+1; 

        end 

    end 

    for j=1:nz2*2+1 

        NYSYMMB(kk,1) = i + (j-1)*zinc+lainc; 

        kk=kk+1; 

    end 

end 

 

k=1; 

for i=(nx1+nx2/2)*2+1:(nx1+nx2+nx3)*2+1 

    NSYMM_DUM(k,1) = i+7*lainc; 

    k=k+1; 

end 

 

LD1(:,1) = LD1(:,1)+(2*nz1)*zinc; 

 

LD2(:,1) = LD1(:,1)-(2*nz1)*zinc+lainc; 

 

LDDUM = LD1; 

LDDUM(:,4) = LDDUM(:,4)+h1*3; 

LDDUM(:,1) = LD1(:,1)-(2*nz1)*zinc+7*lainc; 

 

plot(N1(:,2),N1(:,3),'b.',N2(:,2),N2(:,3),'g.',N3(:,2),N3(:,3),'r.',N4(:,2),N4(:,3),'k.',N5(:,2),N5(:,3),'yo',N6(:,2),N6(:

,3),'b.') 

 

%--ELEMENTS-- 

%---Section 1--- 

k=1; q=1; 
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for i=1:ny1 

    for j=1:nx1         

        EL1(k,1)  = q; 

        EL1(k,2)  = N1(1,1) + yinc*(2*i-2) + (2*j-2);          % 1 

        EL1(k,3)  = N1(1,1) + yinc*(2*i-2) + (2*j);            % 2 

        EL1(k,4)  = N1(1,1) + yinc*(2*i) + (2*j);              % 3 

        EL1(k,5)  = N1(1,1) + yinc*(2*i) + (2*j-2);            % 4 

        EL1(k,6)  = EL1(k,2) + zinc*2;                         % 5 

        EL1(k,7)  = EL1(k,3) + zinc*2;                         % 6 

        EL1(k,8)  = EL1(k,4) + zinc*2;                         % 7 

        EL1(k,9)  = EL1(k,5) + zinc*2;                         % 8 

        EL1(k,10) = N1(1,1) + yinc*(2*i-2) + (2*j-1);          % 9 

        EL1(k,11) = N1(1,1) + yinc*(2*i-1) + (2*j);            % 10 

        EL1(k,12) = N1(1,1) + yinc*(2*i) + (2*j-1);            % 11 

        EL1(k,13) = N1(1,1) + yinc*(2*i-1) + (2*j-2);          % 12 

        EL1(k,14) = EL1(k,10) + zinc*2;                        % 13 

        EL1(k,15) = EL1(k,11) + zinc*2;                        % 14 

        EL1(k,16) = EL1(k,12) + zinc*2;                        % 15 

        EL1(k,17) = EL1(k,13) + zinc*2;                        % 16 

        EL1(k,18) = EL1(k,2) + zinc;                           % 17 

        EL1(k,19) = EL1(k,3) + zinc;                           % 18 

        EL1(k,20) = EL1(k,4) + zinc;                           % 19 

        EL1(k,21) = EL1(k,5) + zinc;                           % 20 

        k=k+1; q=q+1; 

    end 

end 

%---Section 2---      

k=1; 

for i=1:ny1 

    for j=1:nx2         

        EL2(k,1)  = q; 

        EL2(k,2)  = N2(1,1)-1 + yinc*(2*i-2) + (2*j-2);          % 1 

        EL2(k,3)  = N2(1,1)-1 + yinc*(2*i-2) + (2*j);            % 2 

        EL2(k,4)  = N2(1,1)-1 + yinc*(2*i) + (2*j);              % 3 

        EL2(k,5)  = N2(1,1)-1 + yinc*(2*i) + (2*j-2);            % 4 

        EL2(k,6)  = EL2(k,2) + zinc*2;                         % 5 

        EL2(k,7)  = EL2(k,3) + zinc*2;                         % 6 

        EL2(k,8)  = EL2(k,4) + zinc*2;                         % 7 

        EL2(k,9)  = EL2(k,5) + zinc*2;                         % 8 

        EL2(k,10) = N2(1,1)-1 + yinc*(2*i-2) + (2*j-1);          % 9 

        EL2(k,11) = N2(1,1)-1 + yinc*(2*i-1) + (2*j);            % 10 

        EL2(k,12) = N2(1,1)-1 + yinc*(2*i) + (2*j-1);            % 11 
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        EL2(k,13) = N2(1,1)-1 + yinc*(2*i-1) + (2*j-2);          % 12 

        EL2(k,14) = EL2(k,10) + zinc*2;                        % 13 

        EL2(k,15) = EL2(k,11) + zinc*2;                        % 14 

        EL2(k,16) = EL2(k,12) + zinc*2;                        % 15 

        EL2(k,17) = EL2(k,13) + zinc*2;                        % 16 

        EL2(k,18) = EL2(k,2) + zinc;                           % 17 

        EL2(k,19) = EL2(k,3) + zinc;                           % 18 

        EL2(k,20) = EL2(k,4) + zinc;                           % 19 

        EL2(k,21) = EL2(k,5) + zinc;                           % 20 

        k=k+1; q=q+1; 

    end 

end 

%---Section 3--- 

k=1; 

for i=1:ny1 

    for j=1:nx3         

        EL3(k,1)  = q; 

        EL3(k,2)  = N3(1,1)-1 + yinc*(2*i-2) + (2*j-2);          % 1 

        EL3(k,3)  = N3(1,1)-1 + yinc*(2*i-2) + (2*j);            % 2 

        EL3(k,4)  = N3(1,1)-1 + yinc*(2*i) + (2*j);              % 3 

        EL3(k,5)  = N3(1,1)-1 + yinc*(2*i) + (2*j-2);            % 4 

        EL3(k,6)  = EL3(k,2) + zinc*2;                         % 5 

        EL3(k,7)  = EL3(k,3) + zinc*2;                         % 6 

        EL3(k,8)  = EL3(k,4) + zinc*2;                         % 7 

        EL3(k,9)  = EL3(k,5) + zinc*2;                         % 8 

        EL3(k,10) = N3(1,1)-1 + yinc*(2*i-2) + (2*j-1);          % 9 

        EL3(k,11) = N3(1,1)-1 + yinc*(2*i-1) + (2*j);            % 10 

        EL3(k,12) = N3(1,1)-1 + yinc*(2*i) + (2*j-1);            % 11 

        EL3(k,13) = N3(1,1)-1 + yinc*(2*i-1) + (2*j-2);          % 12 

        EL3(k,14) = EL3(k,10) + zinc*2;                        % 13 

        EL3(k,15) = EL3(k,11) + zinc*2;                        % 14 

        EL3(k,16) = EL3(k,12) + zinc*2;                        % 15 

        EL3(k,17) = EL3(k,13) + zinc*2;                        % 16 

        EL3(k,18) = EL3(k,2) + zinc;                           % 17 

        EL3(k,19) = EL3(k,3) + zinc;                           % 18 

        EL3(k,20) = EL3(k,4) + zinc;                           % 19 

        EL3(k,21) = EL3(k,5) + zinc;                           % 20 

        k=k+1; q=q+1; 

    end 

end 

 

%---Section 4--- 
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k=1; 

for i=1:nx2 

    for j=1:nx1 

        EL4(k,1)  = q; 

        EL4(k,2)  = N4(1,1)-yinc + yinc*(2*i-2) + (2*j-2);          % 1 

        EL4(k,3)  = N4(1,1)-yinc + yinc*(2*i-2) + (2*j);            % 2 

        EL4(k,4)  = N4(1,1)-yinc + yinc*(2*i) + (2*j);              % 3 

        EL4(k,5)  = N4(1,1)-yinc + yinc*(2*i) + (2*j-2);            % 4 

        EL4(k,6)  = EL4(k,2) + zinc*2;                         % 5 

        EL4(k,7)  = EL4(k,3) + zinc*2;                         % 6 

        EL4(k,8)  = EL4(k,4) + zinc*2;                         % 7 

        EL4(k,9)  = EL4(k,5) + zinc*2;                         % 8 

        EL4(k,10) = N4(1,1)-yinc + yinc*(2*i-2) + (2*j-1);          % 9 

        EL4(k,11) = N4(1,1)-yinc + yinc*(2*i-1) + (2*j);            % 10 

        EL4(k,12) = N4(1,1)-yinc + yinc*(2*i) + (2*j-1);            % 11 

        EL4(k,13) = N4(1,1)-yinc + yinc*(2*i-1) + (2*j-2);          % 12 

        EL4(k,14) = EL4(k,10) + zinc*2;                        % 13 

        EL4(k,15) = EL4(k,11) + zinc*2;                        % 14 

        EL4(k,16) = EL4(k,12) + zinc*2;                        % 15 

        EL4(k,17) = EL4(k,13) + zinc*2;                        % 16 

        EL4(k,18) = EL4(k,2) + zinc;                           % 17 

        EL4(k,19) = EL4(k,3) + zinc;                           % 18 

        EL4(k,20) = EL4(k,4) + zinc;                           % 19 

        EL4(k,21) = EL4(k,5) + zinc;                           % 20 

        if i==1 

            EL4(k,2)  = N1(1,1)+yinc*2*ny1 + 2*(j-1); 

            EL4(k,3)  = EL4(k,2) + 2;                          

            EL4(k,6)  = EL4(k,2) + zinc*2;                          

            EL4(k,7)  = EL4(k,3) + zinc*2;                          

            EL4(k,10) = EL4(k,2) + 1;                          

            EL4(k,14) = EL4(k,10) + zinc*2;                          

            EL4(k,18) = EL4(k,2) + zinc;                            

            EL4(k,19) = EL4(k,3) + zinc; 

        end    

       

        if j==nx1 

            EL4(k,3)  = N2((2*nx2)*(2*ny1+1)-2*nx2+1,1) + (2*i-2) - 1;     % 2 

            EL4(k,4)  = EL4(k,3) + 2;                                  % 3 

            EL4(k,7)  = EL4(k,3) + zinc*2;                         % 6 

            EL4(k,8)  = EL4(k,4) + zinc*2;                         % 7 

            EL4(k,11) = EL4(k,3) + 1;           % 10 

            EL4(k,15) = EL4(k,11) + zinc*2;                        % 14 
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            EL4(k,19) = EL4(k,3) + zinc;                           % 18 

            EL4(k,20) = EL4(k,4) + zinc;                           % 19 

        end 

        k=k+1; q=q+1; 

    end 

end 

 

%---Section 5--- 

k=1; 

for i=1:ny2 

    for j=1:nx1 

        EL5(k,1)  = q; 

        EL5(k,2)  = N5(1,1)-yinc + yinc*(2*i-2) + (2*j-2);          % 1 

        EL5(k,3)  = N5(1,1)-yinc + yinc*(2*i-2) + (2*j);            % 2 

        EL5(k,4)  = N5(1,1)-yinc + yinc*(2*i) + (2*j);              % 3 

        EL5(k,5)  = N5(1,1)-yinc + yinc*(2*i) + (2*j-2);            % 4 

        EL5(k,6)  = EL5(k,2) + zinc*2;                         % 5 

        EL5(k,7)  = EL5(k,3) + zinc*2;                         % 6 

        EL5(k,8)  = EL5(k,4) + zinc*2;                         % 7 

        EL5(k,9)  = EL5(k,5) + zinc*2;                         % 8 

        EL5(k,10) = N5(1,1)-yinc + yinc*(2*i-2) + (2*j-1);          % 9 

        EL5(k,11) = N5(1,1)-yinc + yinc*(2*i-1) + (2*j);            % 10 

        EL5(k,12) = N5(1,1)-yinc + yinc*(2*i) + (2*j-1);            % 11 

        EL5(k,13) = N5(1,1)-yinc + yinc*(2*i-1) + (2*j-2);          % 12 

        EL5(k,14) = EL5(k,10) + zinc*2;                        % 13 

        EL5(k,15) = EL5(k,11) + zinc*2;                        % 14 

        EL5(k,16) = EL5(k,12) + zinc*2;                        % 15 

        EL5(k,17) = EL5(k,13) + zinc*2;                        % 16 

        EL5(k,18) = EL5(k,2) + zinc;                           % 17 

        EL5(k,19) = EL5(k,3) + zinc;                           % 18 

        EL5(k,20) = EL5(k,4) + zinc;                           % 19 

        EL5(k,21) = EL5(k,5) + zinc;                           % 20 

        if i==1 

            EL5(k,2)  = N4(2*nx1*(2*nx2-1)+1) + (2*j-2);        % 1 

            EL5(k,3)  = EL5(k,2) + (2);                       % 2 

            EL5(k,6)  = EL5(k,2) + zinc*2;                      % 5 

            EL5(k,7)  = EL5(k,3) + zinc*2;                      % 6 

            EL5(k,10) = EL5(k,2) + (1);              % 9 

            EL5(k,14) = EL5(k,10) + zinc*2;                        % 13 

            EL5(k,18) = EL5(k,2) + zinc;                           % 17 

            EL5(k,19) = EL5(k,3) + zinc;                           % 18 

        end 
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        if j==nx1 

            EL5(k,3)  = N5(2*nx1+1,1)-yinc + yinc*(2*i-2);            % 2 

            EL5(k,4)  = N5(2*nx1+1,1)-yinc + yinc*(2*i);              % 3 

            EL5(k,7)  = EL5(k,3) + zinc*2;                         % 6 

            EL5(k,8)  = EL5(k,4) + zinc*2;                         % 7 

            EL5(k,11) = N5(2*nx1+1,1)-yinc + yinc*(2*i-1);           % 10 

            EL5(k,15) = EL5(k,11) + zinc*2;                        % 14 

            EL5(k,19) = EL5(k,3) + zinc;                           % 18 

            EL5(k,20) = EL5(k,4) + zinc;                           % 19 

        end 

        k=k+1; q=q+1; 

    end 

end 

 

%---Section 6--- 

k=1; 

for i=1:ny2 

    for j=1:nx3         

        EL6(k,1)  = q; 

        EL6(k,2)  = N6(1,1)-1-yinc + yinc*(2*i-2) + (2*j-2);          % 1 

        EL6(k,3)  = N6(1,1)-1-yinc + yinc*(2*i-2) + (2*j);            % 2 

        EL6(k,4)  = N6(1,1)-1-yinc + yinc*(2*i) + (2*j);              % 3 

        EL6(k,5)  = N6(1,1)-1-yinc + yinc*(2*i) + (2*j-2);            % 4 

        EL6(k,6)  = EL6(k,2) + zinc*2;                         % 5 

        EL6(k,7)  = EL6(k,3) + zinc*2;                         % 6 

        EL6(k,8)  = EL6(k,4) + zinc*2;                         % 7 

        EL6(k,9)  = EL6(k,5) + zinc*2;                         % 8 

        EL6(k,10) = N6(1,1)-1-yinc + yinc*(2*i-2) + (2*j-1);          % 9 

        EL6(k,11) = N6(1,1)-1-yinc + yinc*(2*i-1) + (2*j);            % 10 

        EL6(k,12) = N6(1,1)-1-yinc + yinc*(2*i) + (2*j-1);            % 11 

        EL6(k,13) = N6(1,1)-1-yinc + yinc*(2*i-1) + (2*j-2);          % 12 

        EL6(k,14) = EL6(k,10) + zinc*2;                        % 13 

        EL6(k,15) = EL6(k,11) + zinc*2;                        % 14 

        EL6(k,16) = EL6(k,12) + zinc*2;                        % 15 

        EL6(k,17) = EL6(k,13) + zinc*2;                        % 16 

        EL6(k,18) = EL6(k,2) + zinc;                           % 17 

        EL6(k,19) = EL6(k,3) + zinc;                           % 18 

        EL6(k,20) = EL6(k,4) + zinc;                           % 19 

        EL6(k,21) = EL6(k,5) + zinc;                           % 20 

        k=k+1; q=q+1; 

    end 
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end 

 

 

file = 'chev_final.inp'; 

 

% Write output to data file 

fid = fopen(file,'w'); 

 

fprintf(fid,'*HEADING\n'); 

fprintf(fid,'**\n'); 

fprintf(fid,'** Model Definition\n'); 

fprintf(fid,'**\n'); 

 

fprintf(fid,'*PREPRINT,HISTORY=NO,MODEL=NO\n'); 

fprintf(fid,'**\n'); 

 

%***NODES*** 

 

%---Nodes--- 

fprintf(fid,'*NODE, NSET=N1\n'); 

fprintf(fid,'%8.0f,%20.12E,%20.12E,%20.12E\n',N1'); 

fprintf(fid,'*NODE, NSET=N2\n'); 

fprintf(fid,'%8.0f,%20.12E,%20.12E,%20.12E\n',N2');  

fprintf(fid,'*NODE, NSET=N3\n'); 

fprintf(fid,'%8.0f,%20.12E,%20.12E,%20.12E\n',N3');  

fprintf(fid,'*NODE, NSET=N4\n'); 

fprintf(fid,'%8.0f,%20.12E,%20.12E,%20.12E\n',N4');  

fprintf(fid,'*NODE, NSET=N5\n'); 

fprintf(fid,'%8.0f,%20.12E,%20.12E,%20.12E\n',N5');  

fprintf(fid,'*NODE, NSET=N6\n'); 

fprintf(fid,'%8.0f,%20.12E,%20.12E,%20.12E\n',N6');  

 

%---Node Sets--- 

fprintf(fid,'*NSET, NSET=N5EDGE\n'); 

fprintf(fid,'%8.0f\n',N5EDGE(:,1)'); 

 

fprintf(fid,'*NSET, NSET=NREM2\n'); 

fprintf(fid,'%8.0f\n',NREM2(:,1)'); 

 

NBONDED1 = [N3; N6; N5EDGE; NREM2]; 

NBONDED2 = [N3; N6; N5EDGE; NREM2]; 

NDUMMY  = [N3; N6; N5EDGE; NREM2]; 
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NBONDED2(:,1) = NBONDED2(:,1)+lainc+nz2*2*zinc; 

NDUMMY(:,1) = NDUMMY(:,1)+7*lainc; 

NDUMMY(:,4) = NDUMMY(:,4)+h1*3; 

 

fprintf(fid,'*NSET, NSET=NBONDED1\n'); 

fprintf(fid,'%8.0f\n',NBONDED1(:,1)'); 

 

fprintf(fid,'*NSET, NSET=NBONDED2\n'); 

fprintf(fid,'%8.0f\n',NBONDED2(:,1)'); 

 

fprintf(fid,'*NODE, NSET=NDUMMY\n'); 

fprintf(fid,'%8.0f,%20.12E,%20.12E,%20.12E\n',NDUMMY');  

 

fprintf(fid,'*NSET, NSET=NYSYMM\n');     

fprintf(fid,'%8.0f\n',NYSYMM'); 

 

fprintf(fid,'*NSET, NSET=NYSYMMB\n');     

fprintf(fid,'%8.0f\n',NYSYMMB'); 

 

fprintf(fid,'*NSET, NSET=NLOADA\n');     

fprintf(fid,'%8.0f\n',LD1(:,1)'); 

 

fprintf(fid,'*NSET, NSET=NLOADB\n');     

fprintf(fid,'%8.0f\n',LD2(:,1)'); 

 

fprintf(fid,'*NSET, NSET=MASTER\n N1, N2, N3, N4, N5, N6\n'); 

 

%------LAYER 1-------- 

for i=1:nz1*2 

    fprintf(fid,'*NCOPY, CHANGE NUMBER=%6.0f, OLD SET=MASTER, SHIFT\n',zinc*i); 

    fprintf(fid,'0.00, 0.00, %20.12E\n', (h1/(nz1*2))*i); 

    fprintf(fid,'0.00, 0.00, 0.00, 0.00, 0.00, 0.00, 0.00\n'); 

end 

 

%------LAYER 2-------- 

for i=1:nz2*2+1 

    fprintf(fid,'*NCOPY, CHANGE NUMBER=%6.0f, OLD SET=MASTER, SHIFT\n',lainc+zinc*(i-1)); 

    fprintf(fid,'0.00, 0.00, %20.12E\n', -h2+(h2/(nz2*2))*(i-1)); 

    fprintf(fid,'0.00, 0.00, 0.00, 0.00, 0.00, 0.00, 0.00\n'); 

end 

 

 191



fprintf(fid,'*NSET, NSET=NCTIP\n');     % nodes to get reaction force at crack tip  

fprintf(fid,'%8.0f\n',NCTIP'+7*lainc); 

 

fprintf(fid,'*NSET, NSET=NCTIP3\n');    % nodes to get reaction force 1 node ahead of crack tip 

fprintf(fid,'%8.0f\n',NCTIP'+1+7*lainc); 

 

fprintf(fid,'*NSET, NSET=NCTIP4\n');    % nodes to get reaction force 2 nodes ahead of crack tip 

fprintf(fid,'%8.0f\n',NCTIP'+2+7*lainc); 

 

fprintf(fid,'*NSET, NSET=NCTIP1A\n');   % nodes to get displacement 2 nodes behind crack tip on top layer 

fprintf(fid,'%8.0f\n',NCTIP'-2); 

 

fprintf(fid,'*NSET, NSET=NCTIP2A\n');   % nodes to get displacement 1 node behind crack tip on top layer 

fprintf(fid,'%8.0f\n',NCTIP'-1); 

 

fprintf(fid,'*NSET, NSET=NCTIP1B\n');   % nodes to get displacement 2 nodes behind crack tip on bottom 

layer 

fprintf(fid,'%8.0f\n',NCTIP'-2+lainc+nz2*2*zinc); 

 

fprintf(fid,'*NSET, NSET=NCTIP2B\n');   % nodes to get displacement 1 node behind crack tip on bottom 

layer 

fprintf(fid,'%8.0f\n',NCTIP'-1+lainc+nz2*2*zinc); 

 

fprintf(fid,'*NSET, NSET=NSDUM\n');     % dummy symmetry nodes  

fprintf(fid,'%8.0f\n',NSYMM_DUM'); 

 

 

%***ELEMENTS*** 

fprintf(fid,'**\n'); 

fprintf(fid,'** Elements\n'); 

fprintf(fid,'**\n'); 

 

fprintf(fid,'*ELEMENT, TYPE=C3D20, ELSET=SEC1\n'); 

fprintf(fid,'%8.0f,%8.0f,%8.0f,%8.0f,%8.0f,%8.0f,%8.0f,%8.0f,\n%8.0f,%8.0f,%8.0f,%8.0f,%8.0f,%8.0f,%8.0f,

%8.0f,\n%8.0f,%8.0f,%8.0f,%8.0f,%8.0f\n',EL1'); 

 

fprintf(fid,'*ELEMENT, TYPE=C3D20, ELSET=SEC2\n'); 

fprintf(fid,'%8.0f,%8.0f,%8.0f,%8.0f,%8.0f,%8.0f,%8.0f,%8.0f,\n%8.0f,%8.0f,%8.0f,%8.0f,%8.0f,%8.0f,%8.0f,

%8.0f,\n%8.0f,%8.0f,%8.0f,%8.0f,%8.0f\n',EL2'); 

 

fprintf(fid,'*ELEMENT, TYPE=C3D20, ELSET=SEC3\n'); 
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fprintf(fid,'%8.0f,%8.0f,%8.0f,%8.0f,%8.0f,%8.0f,%8.0f,%8.0f,\n%8.0f,%8.0f,%8.0f,%8.0f,%8.0f,%8.0f,%8.0f,

%8.0f,\n%8.0f,%8.0f,%8.0f,%8.0f,%8.0f\n',EL3'); 

 

fprintf(fid,'*ELEMENT, TYPE=C3D20, ELSET=SEC4\n'); 

fprintf(fid,'%8.0f,%8.0f,%8.0f,%8.0f,%8.0f,%8.0f,%8.0f,%8.0f,\n%8.0f,%8.0f,%8.0f,%8.0f,%8.0f,%8.0f,%8.0f,

%8.0f,\n%8.0f,%8.0f,%8.0f,%8.0f,%8.0f\n',EL4'); 

 

fprintf(fid,'*ELEMENT, TYPE=C3D20, ELSET=SEC5\n'); 

fprintf(fid,'%8.0f,%8.0f,%8.0f,%8.0f,%8.0f,%8.0f,%8.0f,%8.0f,\n%8.0f,%8.0f,%8.0f,%8.0f,%8.0f,%8.0f,%8.0f,

%8.0f,\n%8.0f,%8.0f,%8.0f,%8.0f,%8.0f\n',EL5'); 

 

fprintf(fid,'*ELEMENT, TYPE=C3D20, ELSET=SEC6\n'); 

fprintf(fid,'%8.0f,%8.0f,%8.0f,%8.0f,%8.0f,%8.0f,%8.0f,%8.0f,\n%8.0f,%8.0f,%8.0f,%8.0f,%8.0f,%8.0f,%8.0f,

%8.0f,\n%8.0f,%8.0f,%8.0f,%8.0f,%8.0f\n',EL6'); 

 

fprintf(fid,'*ELSET, ELSET=LAYER1\n SEC1, SEC2, SEC3, SEC4, SEC5, SEC6\n'); 

 

for i=1:(nz1-1) 

    fprintf(fid,'*ELCOPY, ELEMENT SHIFT=%6.0f, OLD SET=LAYER1, SHIFT NODES=%6.0f, NEW 

SET=CLAYERS\n',zinc*i,zinc*i*2); 

end 

 

for i=1:(nz2) 

    fprintf(fid,'*ELCOPY, ELEMENT SHIFT=%6.0f, OLD SET=LAYER1, SHIFT NODES=%6.0f, NEW 

SET=CLAYERS2\n',lainc+zinc*(i-1),lainc+zinc*(i-1)*2); 

end 

 

fprintf(fid,'*ELSET, ELSET=ALL\n LAYER1, CLAYERS, CLAYERS2\n'); 

 

%-----Equation Constraint----- 

 

fprintf(fid,'*EQUATION\n %8.0f\n',3); 

fprintf(fid,'NBONDED1, 3, 1, NBONDED2, 3, -1, NDUMMY, 3, 1\n'); 

 

fprintf(fid,'*EQUATION\n %8.0f\n',3); 

fprintf(fid,'NBONDED1, 2, 1, NBONDED2, 2, -1, NDUMMY, 2, 1\n'); 

 

fprintf(fid,'*EQUATION\n %8.0f\n',3); 

fprintf(fid,'NBONDED1, 1, 1, NBONDED2, 1, -1, NDUMMY, 1, 1\n'); 

 

fprintf(fid,'*EQUATION\n %8.0f\n',3); 

fprintf(fid,'NBONDED1, 4, 1, NBONDED2, 4, -1, NDUMMY, 4, 1\n'); 
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fprintf(fid,'*EQUATION\n %8.0f\n',3); 

fprintf(fid,'NBONDED1, 5, 1, NBONDED2, 5, -1, NDUMMY, 5, 1\n'); 

 

fprintf(fid,'*EQUATION\n %8.0f\n',3); 

fprintf(fid,'NBONDED1, 6, 1, NBONDED2, 6, -1, NDUMMY, 6, 1\n'); 

 

%***MATERTIAL PROPS*** 

 

fprintf(fid,'**\n'); 

fprintf(fid,'** Material Properties\n'); 

fprintf(fid,'**\n'); 

 

fprintf(fid,'*ORIENTATION, NAME=CS1, SYSTEM=RECTANGULAR, DEFINITION=COORDINATES\n'); 

fprintf(fid,'1.0, 1.0, 0.0, -1.0, 1.0, 0.0\n 3, 0.0\n'); 

 

fprintf(fid,'*SOLID SECTION, ELSET=ALL, MATERIAL=M1, ORIENTATION=CS1\n %10.6E, 5\n',h1); 

 

fprintf(fid,'*MATERIAL, NAME=M1\n'); 

fprintf(fid,'*ELASTIC, TYPE=ORTHOTROPIC\n'); 

fprintf(fid,'%10.4E, %10.4E, %10.4E, %10.4E, %10.4E, %10.4E,%10.4E, 

%10.4E\n',C11,C12,C11,C12,C12,C11,C44,C44); 

fprintf(fid,'%10.4E,\n',C44); 

 

 

%***HISTORY DEFINITION*** 

fprintf(fid,'**\n'); 

fprintf(fid,'** History Definition\n'); 

fprintf(fid,'**\n'); 

 

fprintf(fid,'*STEP, PERTURBATION\n'); 

fprintf(fid,'*STATIC\n'); 

 

%---BOUNDARY CONDITIONS--- 

fprintf(fid,'**\n'); 

fprintf(fid,'** Boundary Conditions\n'); 

fprintf(fid,'**\n'); 

 

%-----BC at edge------ 

fprintf(fid,'*BOUNDARY\n NDUMMY, ENCASTRE\n'); 

 

fprintf(fid,'*BOUNDARY\n NYSYMM, YSYMM\n'); 
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fprintf(fid,'*BOUNDARY\n NYSYMMB, YSYMM\n'); 

fprintf(fid,'*BOUNDARY\n NSDUM, YSYMM\n'); 

fprintf(fid,'*BOUNDARY\n NLOADB, 3\n'); 

fprintf(fid,'*BOUNDARY\n 1, 1\n'); 

 

%---LOADING--- 

fprintf(fid,'**\n'); 

fprintf(fid,'** Loads\n'); 

fprintf(fid,'**\n'); 

 

fprintf(fid,'*BOUNDARY, TYPE=DISPLACEMENT\n'); 

fprintf(fid,'NLOADA, %10.0f, ,%20.12E\n',3,delta); 

 

%---Solver--- 

fprintf(fid,'*RESTART, WRITE\n'); 

 

fprintf(fid,'*EL PRINT, ELSET=ALL\n');          % all energy magnitudes in element 

fprintf(fid,'ELEN\n');                       

 

fprintf(fid,'*NODE PRINT, NSET=NLOADA\n');      % reaction forcese at load 

fprintf(fid,'RF\n'); 

 

fprintf(fid,'*NODE PRINT, NSET=NCTIP1A\n');     % this prints the displacement at 2 nodes behind crack tip 

on top layer  

fprintf(fid,'U\n'); 

 

fprintf(fid,'*NODE PRINT, NSET=NCTIP2A\n');     % this prints the displacement at 1 nodes behind crack tip 

on top layer  

fprintf(fid,'U\n'); 

 

fprintf(fid,'*NODE PRINT, NSET=NCTIP1B\n');     % this prints the displacement at 2 nodes behind crack tip 

on bottom layer  

fprintf(fid,'U\n'); 

 

fprintf(fid,'*NODE PRINT, NSET=NCTIP2B\n');     % this prints the displacement at 1 nodes behind crack tip 

on bottom layer   

fprintf(fid,'U\n'); 

 

fprintf(fid,'*NODE PRINT, NSET=NCTIP\n');       % this prints the reaction force at the nodes at the crack tip  

fprintf(fid,'RF\n'); 
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fprintf(fid,'*NODE PRINT, NSET=NCTIP3\n');      % this prints the reaction force at 1 nodes ahead of the 

crack tip  

fprintf(fid,'RF\n'); 

 

fprintf(fid,'*NODE PRINT, NSET=NCTIP4\n');      % this prints the reaction force at 2 nodes ahead of the 

crack tip  

fprintf(fid,'RF\n'); 

 

fprintf(fid,'*NODE PRINT, NSET=NCTIP1A\n');     % this prints geometry info near the crack tip 

fprintf(fid,'COORD\n'); 

 

fprintf(fid,'*NODE PRINT, NSET=NCTIP2A\n');     % this prints geometry info near the crack tip   

fprintf(fid,'COORD\n'); 

 

fprintf(fid,'*NODE PRINT, NSET=NCTIP\n');       % this prints geometry info near the crack tip 

fprintf(fid,'COORD\n'); 

 

fprintf(fid,'*ENERGY PRINT\n');                 % this prints a summary of the energy 

 

fprintf(fid,'*END STEP'); 

fclose(fid); 
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vcct_2layer_proc.m 
 

function [G1avg,G2avg,UTOT,F,G1,G2] = vcct_2layer_proc(file)  

 

%clear; 

%file = 'chev_final.dat'; 

 

i=1; 

%***Read FEM data*** 

 

    es = 358;               % first line of energy data 

    ef = es+7679;          % last line of energy data 

    [UE(:,1)] = textread(file,'%*u%*f%f%*f %*f %*f %*f %*f %*f %*f',((ef-es)+1),'expchars','E','headerlines',(es-

1)); 

 

    es0 = 8096;            % first line of reaction force data at the beam edge - NLOADA 

    ef0 = es0+96;          % first line of reaction force data at the beam edge 

    [RFZ(:,1)] = textread(file,'%*u %*f %*f %f  %*f %*f %*f',((ef0-es0)+1),'expchars','E','headerlines',(es0-1)); 

 

    es4 = ef0+15;           % first line of displacement data (top wafer-two nodes behind tip) - NCTIP1A 

    ef4 = es4+40;           % last line of displacement data (top wafer-two nodes behind tip) 

    [U2(:,1)] = textread(file,'%*u %*f %*f %f %*f %*f %*f',((ef4-es4)+1),'expchars','E','headerlines',(es4-1));     

    [UX2(:,1)] = textread(file,'%*u %f %*f %*f %*f %*f %*f',((ef4-es4)+1),'expchars','E','headerlines',(es4-1));     

     

    es3 = ef4+15;           % first line of displacement data (top wafer-one node behind tip) - NCTIP2A 

    ef3 = es3+20;           % last line of displacement data (top wafer-one node behind tip) 

    [U1(:,1)] = textread(file,'%*u %*f %*f %f %*f %*f %*f',((ef3-es3)+1),'expchars','E','headerlines',(es3-1));     

    [UX1(:,1)] = textread(file,'%*u %f %*f %*f %*f %*f %*f',((ef3-es3)+1),'expchars','E','headerlines',(es3-1));     

     

    es6 = ef3+15;           % first line of displacement data (bottom wafer-two nodes behind tip) - NCTIP1B 

    ef6 = es6+40;           % last line of displacement data (bottom wafer-two nodes behind tip) 

    [V2(:,1)] = textread(file,'%*u %*f %*f %f %*f %*f %*f',((ef6-es6)+1),'expchars','E','headerlines',(es6-1)); 

    [VX2(:,1)] = textread(file,'%*u %f %*f %*f %*f %*f %*f',((ef6-es6)+1),'expchars','E','headerlines',(es6-1)); 

     

    es5 = ef6+15;           % first line of displacement data (bottom wafer-one node behind tip) - NCTIP2B 

    ef5 = es5+20;           % last line of displacement data (bottom wafer-one node behind tip) 

    [V1(:,1)] = textread(file,'%*u %*f %*f %f %*f %*f %*f',((ef5-es5)+1),'expchars','E','headerlines',(es5-1)); 

    [VX1(:,1)] = textread(file,'%*u %f %*f %*f %*f %*f %*f',((ef5-es5)+1),'expchars','E','headerlines',(es5-1)); 

     

    es1 = ef5+15;           % first line of reaction force data (at the crack tip)- NCTIP 

    ef1 = es1+40;           % last line of reaction force data (at the crack tip) 
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    [RFZ0(:,1)] = textread(file,'%*u %*f %*f %f  %*f %*f %*f',((ef1-es1)+1),'expchars','E','headerlines',(es1-1)); 

    [RFX0(:,1)] = textread(file,'%*u %f  %*f %*f %*f %*f %*f',((ef1-es1)+1),'expchars','E','headerlines',(es1-1)); 

     

    es2 = ef1+15;           % first line of reaction force data (ahead of crack tip)- NCTIP3 

    ef2 = es2+40;           % last line of reaction force data (ahead of crack tip) 

    [RFZ3(:,1)] = textread(file,'%*u %*f %*f %f  %*f %*f %*f',((ef2-es2)+1),'expchars','E','headerlines',(es2-1)); 

    [RFX3(:,1)] = textread(file,'%*u %f  %*f %*f %*f %*f %*f',((ef2-es2)+1),'expchars','E','headerlines',(es2-1)); 

     

    %--remove extra zeroes-- 

    ctr=1; ctr1=1; 

    for p=1:length(RFZ3) 

        if RFZ3(p,1)~=0 

            RFZ3new(ctr,1)=RFZ3(p,1); 

            ctr=ctr+1; 

        end 

        if RFX3(p,1)~=0 

            RFX3new(ctr,1)=RFX3(p,1); 

            ctr1=ctr1+1; 

        end         

    end  

 

    es7 = ef2+70;          % first line of coordinate data (top wafer-two nodes behind tip)- NCTIP1A 

    ef7 = es7+40;          % last line of coordinate data (top wafer-two nodes behind tip) 

    [X1(:,1),Y1(:,1)] = textread(file,'%*u %f %f %*f',((ef7-es7)+1),'expchars','E','headerlines',(es7-1));   

     

    es8 = ef7+50;           % first line of coordinate data (at crack tip) - NCTIPA 

    ef8 = es8+40;           % last line of coordinate data (at crack tip) 

    [X2(:,1),Y2(:,1)] = textread(file,'%*u %f %f %*f',((ef8-es8)+1),'expchars','E','headerlines',(es8-1));   

 

    aX1=X1; 

    aX2=X2; 

    aY1=Y1; 

    aY2=Y2; 

     

    %***Calculate UTOT*** 

    UTOT = sum(UE); 

     

    %***Calculate F*** 

    F = sum(RFZ); 

     

    %***Calculate G1*** 

    % at corner nodes 
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    k=1; 

    for j=1:(length(RFZ0)+1)/2 

        if k==1 

            dA(k,1) = (Y2(k+1,i)-Y2(k,i))*(X2(k,i)-X1(k,i)); 

            G1(k,1) = 1*(1/2/dA(k,i))*(RFZ0(k,i)*(U2(k,i)-V2(k,i))+RFZ3new((k+1)/2,i)*(U1((k+1)/2,i)-V1((k+1)/2,i)) 

                            + 0.5*RFZ0(k+1,i)*(U2(k+1,i)-V2(k+1,i))); 

        elseif k==length(RFZ0) 

            dA(k,1) = ((Y2(k,i)-Y2(k-1,i))+(Y1(k,i)-Y1(k-1,i)))/2*(X2(k,i)-X1(k,i)); 

            G1(k,1) = 1*(1/2/dA(k,i))*(RFZ0(k,i)*(U2(k,i)-V2(k,i))+RFZ3new((k+1)/2,i)*(U1((k+1)/2,i)-V1((k+1)/2,i)) 

                            + 0.5*RFZ0(k-1,i)*(U2(k-1,i)-V2(k-1,i))); 

        else 

            dA(k,1) = ((Y2(k+1,i)-Y2(k-1,i))+(Y1(k+1,i)-Y1(k-1,i)))/2*(X2(k,i)-X1(k,i)); 

            G1(k,1) = 1*(1/2/dA(k,i))*(0.5*RFZ0(k-1,i)*(U2(k-1,i)-V2(k-1,i))+RFZ0(k,i)*(U2(k,i)-V2(k,i))+ 

                            RFZ3new((k+1)/2,i)*(U1((k+1)/2,i)-V1((k+1)/2,i)) + 0.5*RFZ0(k+1,i)*(U2(k+1,i)-V2(k+1,i))); 

        end 

        k=k+2; 

    end 

    % at midside nodes 

    k=2; 

    for j=1:(length(RFZ0)-1)/2 

        if k==2 

            dA(k,1) = ((Y2(k+1,i)-Y2(k-1,i))+(Y1(k+1,i)-Y1(k-1,i)))/2*(X2(k,i)-X1(k,i)); 

            G1(k,1) = 1*(1/2/dA(k,i))*(RFZ0(k-1,i)*(U2(k-1,i)-V2(k-1,i)) + RFZ3new(k/2,i)*(U1(k/2,i)-V1(k/2,i)) + 

                            RFZ0(k,i)*(U2(k,i)-V2(k,i))+0.5*RFZ0(k+1,i)*(U2(k+1,i)-V2(k+1,i))+ 

                            0.5*RFZ3new(k/2+1,i)*(U1(k/2+1,i)-V1(k/2+1,i)));             

         else 

            dA(k,1) = ((Y2(k+1,i)-Y2(k-1,i))+(Y1(k+1,i)-Y1(k-1,i)))/2*(X2(k,i)-X1(k,i)); 

            G1(k,1) = 1*(1/2/dA(k,i))*(0.5*RFZ0(k-1,i)*(U2(k-1,i)-V2(k-1,i)) + 0.5*RFZ3new(k/2,i)*(U1(k/2,i) 

                            V1(k/2,i))+RFZ0(k,i)*(U2(k,i)-V2(k,i))+0.5*RFZ0(k+1,i)*(U2(k+1,i)-V2(k+1,i))+ 

                            0.5*RFZ3new(k/2+1,i)*(U1(k/2+1,i)-V1(k/2+1,i))); 

        end 

        k=k+2; 

    end 

    G1avg = sum(G1.*dA)/sum(dA); 

     

    %***Calculate G2*** 

    % at corner nodes 

    k=1; 

    for j=1:(length(RFX0)+1)/2 

        if k==1 

            dA(k,1) = (aY2(k+1,i)-aY2(k,i))*(aX2(k,i)-aX1(k,i)); 

            G2(k,1) = 1*(1/2/dA(k,i))*(RFX0(k,i)*(UX2(k,i)-VX2(k,i))+RFX3new((k+1)/2,i)*(UX1((k+1)/2,i) 
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                          -VX1((k+1)/2,i)) + 0.5*RFX0(k+1,i)*(UX2(k+1,i)-VX2(k+1,i))); 

        elseif k==length(RFX0) 

            dA(k,1) = ((aY2(k,i)-aY2(k-1,i))+(aY1(k,i)-aY1(k-1,i)))/2*(aX2(k,i)-aX1(k,i)); 

            G2(k,1) = 1*(1/2/dA(k,i))*(RFX0(k,i)*(UX2(k,i)-VX2(k,i))+RFX3new((k+1)/2,i)*(UX1((k+1)/2,i) 

                             -VX1((k+1)/2,i)) + 0.5*RFX0(k-1,i)*(UX2(k-1,i)-VX2(k-1,i))); 

        else 

            dA(k,1) = ((aY2(k+1,i)-aY2(k-1,i))+(aY1(k+1,i)-aY1(k-1,i)))/2*(aX2(k,i)-aX1(k,i)) ; 

            G2(k,1) = 1*(1/2/dA(k,i))*(0.5*RFX0(k-1,i)*(UX2(k-1,i)-VX2(k-1,i))+RFX0(k,i)*(UX2(k,i)-VX2(k,i))+ 

                             RFX3new((k+1)/2,i)*(UX1((k+1)/2,i)-VX1((k+1)/2,i))+0.5*RFX0(k+1,i)*(UX2(k+1,i) 

                             -VX2(k+1,i))); 

        end 

        k=k+2; 

    end 

    % at midside nodes 

    k=2; 

    for j=1:(length(RFX0)-1)/2 

        if k==2 

            dA(k,1) = ((aY2(k+1,i)-aY2(k-1,i))+(aY1(k+1,i)-aY1(k-1,i)))/2*(aX2(k,i)-aX1(k,i)); 

            G2(k,1) = 1*(1/2/dA(k,i))*(RFX0(k-1,i)*(UX2(k-1,i)-VX2(k-1,i)) + RFX3new(k/2,i)*(UX1(k/2,i) 

                            +VX1(k/2,i)) + RFX0(k,i)*(UX2(k,i)-VX2(k,i)) + 0.5*RFX0(k+1,i)*(UX2(k+1,i)-VX2(k+1,i)) 

                            +0.5*RFX3new(k/2+1,i)*(UX1(k/2+1,i)-VX1(k/2+1,i)));             

         else 

            dA(k,1) = ((aY2(k+1,i)-aY2(k-1,i))+(aY1(k+1,i)-aY1(k-1,i)))/2*(aX2(k,i)-aX1(k,i)); 

            G2(k,1) = 1*(1/2/dA(k,i))*(0.5*RFX0(k-1,i)*(UX2(k-1,i)-VX2(k-1,i)) + 0.5*RFX3new(k/2,i)*(UX1(k/2,i) 

                             -VX1(k/2,i)) + RFX0(k,i)*(UX2(k,i)-VX2(k,i)) + 0.5*RFX0(k+1,i)*(UX2(k+1,i)-VX2(k+1,i)) 

                             +0.5*RFX3new(k/2+1,i)*(UX1(k/2+1,i)-VX1(k/2+1,i))); 

        end 

        k=k+2; 

    end 

    G2avg = sum(G2.*dA)/sum(dA); 
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