ON-CHIP DIELECTRIC COHESIVE FRACTURE
CHARACTERIZATION AND MITIGATION INVESTIGATION

THROUGH OFF-CHIP CARBON NANOTUBE INTERCONNECTS

A Dissertation
Presented to
The Academic Faculty

by

Nicholas J. Ginga

In Partial Fulfillment
of the Requirements for the Degree
Doctor of Philosophy in the
School of George W. Woodruff School of Mechanicagilbeering

Georgia Institute of Technology
August 2014

COPYRIGHT 2014 BY NICHOLAS J. GINGA



ON-CHIP DIELECTRIC COHESIVE FRACTURE
CHARACTERIZATION AND MITIGATION INVESTIGATION

THROUGH OFF-CHIP CARBON NANOTUBE INTERCONNECTS

Approved by:

Dr. Suresh K. Sitaraman, Advisor Dr. W. Jud Ready

School of Mechanical Engineering Georgia Tech Research Institudad

Georgia Institute of Technology School of Material Science and
Engineering

Georgia Institute of Technology

Dr. Kyriaki Kalaitzidou Dr. Zhong Lin (ZL) Wang
School of Mechanical Engineering School of Material Science and
Georgia Institute of Technology Engineering

Georgia Institute of Technology

Dr. Richard W. Neu
School of Mechanical Engineering
Georgia Institute of Technology

Date Approved: May 07, 2014



To my wife, parents, and sisters.



ACKNOWLEDGEMENTS

My education at Georgia Tech truly has been ongreat development that
extends beyond the lab and classroom and has edwdlve relationships and help of
many people. Here, | try to acknowledge a fewhefse individuals, but there are many
more that have helped and have been a part ofdhrsey and its various tracks and
paths to its culmination.

| would like to convey my sincerest gratitude to advisor Dr. Suresh Sitaraman
for his endless support, for always providing oyoities to allow me to continue my
research, and demonstration of exemplary profeaBgmn. | will continually look to his
mentorship and guidance in future endeavors.

| would like to thank Dr. Richard Neu, Dr. Kyrialalaitzidou, Dr. W. Jud
Ready, and Dr. ZL Wang serving on my thesis conaaitind for providing valuable
input and guidance. This research would not haenlpossible without the funding
support from the National Science Foundation thhowgntracts CMS-0510211 and
CMMI-0800037 and the Defense Advanced Research r@mgAgency (DARPA)
Microsystems Technology Office (MTO) through cootrdl66001-09-C-2012.

| would like to express my appreciation to all of @omputer-Aided Simulation
of Packaging Reliability (CASPaR) Lab mates, pastl gresent, for sharing their
expertise and for their valuable discussions. ubldike to thank Jiantao Zheng for
introducing me to the cleanroom and our lab’s filim-fracture methods; Jamie Ahmad
for being a wellspring of ideas to assist my pussui the cleanroom; Justin Chow as a
great lab neighbor and for being extremely helpfulaiding with machine shop

fabrications, SEM imaging, and PRC assembly labedigqe; Sathya Raghavan for his



help dicing wafers; Xi Liu for assisting with my m@ndentation measurements; Kevin
Klein for answering countless questions concernirgguse of ANSYS and discussions
regarding carbon nanotubes; the entire cleanro@th f&ir the their expertise and for
creating and maintaining such a world-class fagibind in particular, Walter Henderson
for his time and knowledge of the nanoindenter; #rel graduate students of Dr. C.P.
Wong for their insights on carbon nanotubes andth@ use of their iron e-beam
evaporation source.

| would also like to thank my lab mate Greg Ostikviand fellow graduate
student Mike Hirsch for their intellect, wisdom,camaluable friendship that were pivotal
to my graduate experience.

| would like to deeply thank my parents and myesist my father for answering
my endless questions as a child on how things vaoik showing me that nothing is a
black box, my mother for her sacrifices and for esming the differences in her children
and being their constant advocate; and for my wiéekie, for her unwavering support,

positive attitude, and for always making me happja end of the day.



TABLE OF CONTENTS

ACKNOWLEDGEMENTS
LIST OF TABLES
LIST OF FIGURES

SUMMARY

CHAPTER
1 INTRODUCTION AND LITERATURE REVIEW
1.1 Introduction
1.2 Literature Review
1.2.1 Thin Film Cohesive Fracture Testing
Thin Nanoindentation Measurement Techniques
Microtensile Testing Measurement Techniques
Gaps in Existing Thin Film Fracture Test Method
1.2.2 General Fracture Mechanics
1.2.3 CNT Based Off-Chip Interconnect Implemeotati
Effective Mechanical Property Characterizattbi€NTs
CNT Forest Off-Chip Interconnects
Gaps in Existing CNT Research
2 OVERVIEW AND OBJECTIVES
2.1 General Problem Statement
2.2 Thin Film Cohesive Fracture Test

2.2.1 Development and Demonstration of New ThimFEohesive
Fracture Test

Vi

Page

Xii

XV

XXVi

14

15

27

27

28

11

19
25

28



2.2.2 Finite-Element Analysis of Cohesive Fracfliest

2.3 CNT Based Off-Chip Interconnects

29

30

2.3.1 Mechanical Characterization of CNTs for Gffp Interconnects 31

2.3.2 Finite-Element Analysis of Electronic Packagvith CNT
Interconnects

31

2.3.3 Fabrication, Assembly, and Thermomechartedihability Testing

of CNT Interconnects

2.4 Summary of Objectives

32

32

3 METHOD TO MEASURE TENSILE STRENGTH OF LOW MODULUBHIN

FILMS USING STRESSED SUPERLAYER
3.1 Introduction
3.2 Test Concept
3.3 Test Fabrication
3.4 Test Finite-Element Analysis of Experimentasff8pecimens
3.5 Results and Discussion
3.6 Conclusion

4 COHESIVE FRACTURE TEST FABRICATION AND EXPERIMENAL
RESULTS

4.1 Introduction

4.2 Engineered Thin Film Stress: Superlayer Concept

34
34
35
38
39
40
42

44
44

a7

4.3 Superlayer Test Method to Measure Thin Filnckna Resistance 50

4.4 Cohesive Fracture Test Concept
4.5 Test Sample Fabrication Process
4.6 Photolithography Mask Design and Test Samplent&dry

4.7 Cohesive Test Fabrication Results

51

55
59

66

4.8 Finite-Element Analysis of Experimental Restdt€alculate Fracture

Resistance

vii

73



4.9 Conclusion 78

5 FINITE-ELEMENT MODELING OF SUPERLAYER BASED COHB®%E

FRACTURE TEST TECHNIQUE 80

5.1 Introduction 80

5.2 Development of Finite-Element Model of Cohedivacture Test
Technique 82
5.2.1 General Finite-Element Model Information 82
5.2.2 Global-Local Modeling Technique 83
5.2.3 Finite-Element Model — Boundary Conditions 58
5.2.4 Finite-Element Model — Geometry 87
5.2.5 Finite-Element Model — Crack Geometry 88
5.2.6 Finite-Element Model — Material Properties 9 8

5.2.7 Finite-Element Model — Modeling Superlaysrihsic Stress 90

5.2.8 Finite-Element Model — Fracture Mechanics 92

5.3 Finite-Element Analysis Results 96
5.3.1 Test Material Thickness 96
5.3.2 Superlayer Thickness 100
5.3.3 Superlayer Stress Value 101
5.3.4 Test Material Modulus 102
5.3.5 Width of Free-hanging Section of Test Maieri 104

5.4 Conclusion 106

6 MECHANICAL CHARACTERIZATION OF CARBON NANOTUBES PR
OFF-CHIP INTERCONNECTS 109

6.1 Introduction 109

6.2 Nanoindenter Based Measurement Technique 110
6.2.1 CNT Test Sample Fabrication 111

viii



6.2.2 Parallel-Plate CNT Sandwich Specimen withdadentation
112

6.2.3 Nanoindentation Based Measurement Methassuls and
Discussion 113

Compliance Curves During Compressive Loadintd)@nloading113

Stress/Strain and Effective Modulus Data Extracfrom Load vs.

Displacement Curves 117
Stress/Strain Loading Modulus vs. Unloading Mad 119
Effect of CNT End Constraint on Modulus 121

6.3 Nanoindenter Based Technique with PreloadetSmscimens 121

6.4 Semi-insitu SEM Based Technique 124
6.4.1 Effective Compressive Modulus by SEM with@foessive
Fixture: Results and Discussion 126
6.5 Tensile Tester Based Measurement 129
6.6 Conclusion/Summary 130

7 FINITE-ELEMENT MODELING OF ELECTRONIC PACKAGE WIH CNT

OFF-CHIP INTERCONNECTS 133
7.1 Introduction 133
7.2 3D Finite-Element Model 134
7.2.1 3D Model Geometry 134
7.2.2 3D Model Material Properties 136
7.2.3 3D Finite-Element Model Analysis 139
7.2.4 Finite-Element Analysis Results — CNT Intengect vs. Solder
Ball 140
7.2.5 Finite-Element Analysis Results — CNT Modulu 145
7.2.6 Finite-Element Analysis Results — CNT Height 147

7.2.7 Finite-Element Analysis Results — Transugrisstropic Material
Model 149



7.3 Summary — Finite-Element Modeling of CNT Offiglnterconnect

8 CNT OFF-CHIP INTERCONNECT FABRICATION, ASSEMBLWND
MECHANICAL RELIABILITY TESTING

8.1 Introduction

8.2 Overview/General Package Fabrication
8.3 Chip-Side Daisy Chain Fabrication

8.4 Patterning CNT Growth Materials

8.5 Growing CNTs on Copper Daisy Chain

8.6 Stenciling Electrically Conductive Adhesive

8.7 Assembly of Silicon Chip with Off-Chip Intercoects to FR4
Substrate

8.8 Electrical Resistance Measurement of CNT lioienects

155

158
158
159
160
163
168
172

176

181

8.9 Thermomechanical Testing of Assembled PackagbsCNT Off-

Chip Interconnects
8.10 Conclusion
9 RESEARCH CONTRIBUTIONS, SUMMARY, AND FUTURE WORK
9.1 Research Contributions
9.2 Research Findings and Summary

9.3 Future Work

APPENDIX A:  APPENDIX

A.1 Clean Room Processes
A.1.1 Shiple§ 1827 Photoresist Recipe
A.1.2 FuturreX NR9-1500PY Photoresist Recipe
A.1.3 Plasma Therm RIE Descum Process Parameters
A.1.4 Stencil Squeegee Parameters

A.2 Supplementary Cohesive Fracture Images

185
189
191
191
192
194
196
196
196
197
98 1
199

199



A.3 Nanoindentation of Silicon Dioxide and Chromitgims 204
A.3.1 Introduction: Young’s Modulus Measurement 042
A.3.2 Nanoindentation Sample Preparation 205

A.3.3 Nanoindentation Results: Silicon Dioxidela®hromium 205

A.4 Engineering Drawings 210
A.4.1 SEM Compression Fixture 210
A.4.2 CNT Assembly Fixture 213
A.5 Orthotropic and Transversely Isotropic MateNadels 217
A.6 Electrically Conductive Adhesive Spec. Sheet 022
REFERENCES 221

Xi



LIST OF TABLES

Page

Table 1: Measurements of the modulus of CNT farpstformed with various methods.
17

Table 2: Dimensions and characteristics of theidated experimental test samples and
dimensions used for the different FEA. 38

Table 3: FEA and experimental results. 41

Table 4: List of ranges for the values of the disiens in Figure 30 that were included
in the photolithography mask design. 62

Table 5: List of material thicknesses and superayresses for the five different
experimental test samples fabricated. 67

Table 6: List of measured crack lengths (equiviateaick length based on a superlayer
double forked triangle with triangle length of 10061 and width of 100 pum
for the width of the base of a single trianglela# forked double superlayer
geometry) and widths of the superlayer at the ctigctor the five different
test samples fabricated. Also the deviation ofsiingerlayer width and
crack length are listed. 72

Table 7: List of calculated fracture parameteiagithe measured experimental crack
lengths and FEA. Also the deviation of these va@sulting from the
range of experimentally measured lengths has bestundied. 74

Table 8: List of values for the labeled dimensidhsstrated in Figure 46 and used in the
finite-element model. 87

Table 9: Comparison of measured CNT forest modugiiges in literature using various
methods 119

Table 10: List of CNT forest effective modulus reeee in this study for different CNT
heights, with/without adhesive on the top substratel calculated from the
loading or unloading section of the stress/stranve. 120

Table 11: Dimensions used for finite-element madadlectronic package in Section

7.2.1 136
Table 12: Temperature dependent orthotropic mechigproperties for FR4 substrate

used in finite-element model [139] 137
Table 13: Temperature independent isotropic ptaseof silicon die [139] 138

Xii



Table 14:
Table 15:
Table 16:
Table 17:

Table 18:

Table 19:

Table 20:

Table 21:

Table 22:

Table 23:

Table 24:

Table 25:

Table 26:

Table 27:

Table 28:

Table 29:

Table 30:

Table 31:

Table 32:

Temperature independent isotropic ptaseof copper [140] 138
Temperature dependent isotropic progeedf underfill [136] 138

Temperature dependent isotropic pragsedf SAC305 solder [136] 138

Anand model constants for SAC305 [136] 391
Isotropic properties for CNTs used mté-element simulations of electronic
package 139

Comparing finite-element analysis ofstresses for solder ball vs. CNT
interconnect scenarios 141
Silicon die warpage for two interconrngpe scenarios 145

Comparing finite-element analysis ofstiesses for CNT interconnect
scenarios of various modulus 146

Comparing finite-element analysis oérmbnnect stresses for CNT
interconnect scenarios of various moduli 147

Comparing finite-element analysis ofstiesses for CNT interconnect
scenarios of various heights 148

Transversely isotropic properties forTGMf-chip interconnect for two cases
of material models 152

Die stresses calculated using two diffecases of transversely isotropic
material models for CNT interconnects and two casesmilar fully
isotropic material models 152

Summary of initial electrical resistanvedues for the flip chips fabricated with
CNT interconnects for thermomechanical reliabitagting. 183

Reliability results of thermal shocktiteg of electronic packages with CNT
off-chip interconnects. 186

Thermomechanical reliability test resultists percentage of working
interconnects out of all the interconnects of Sa®pl and B at various

stages of testing. 188
Plasma Therm RIE Descum Process Pareamete 198
Stencil Squeegee Parameters 199
Unaxi® PECVD Parameters 205
Nanoindenter data for SiO2 samples 209

Xiii



Table 33: Nanoindenter data for Cr samples 210

Xiv



Figure 1:

Figure 2:

Figure 3:

Figure 4:

Figure 5:

Figure 6:

Figure 7:

Figure 8:

Figure 9:

LIST OF FIGURES

Page

(top) Schematic of flip chip ball griday package, illustrating the various
levels of interconnects to attach the silicon di¢ghie board substrate [1].
(bottom) SEM cross-section image of various metadion layers and
surround dielectric material in the vicinity of arbp interconnect [2]. 1

Examples of cohesive and interfaciattiree of dielectric layers in electronic
packaging [6]. 2

Three different types of cracking crdaising nanoindentation to measure
fracture toughness of thin films. a.) radial crtk], b.) circumferential
crack [16], c.) channel crack [17]. 6

Examples of microtensile tests: a.) mamé&/beam deflection[22], b.)
Nanoscale actuation [24], c.) bulge test [25], telsion by residual stress

[26]. 8
Schematic of infinite plate with throutickness crack with uniform tensile
load applied [30]. 12
Schematic of stress fields near crgzk30]. 13

SEM images of different CNTs. a) CNDisge with poor alignment, b)
vertically aligned CNTs with low density and heigtt high magnification
SEM image of vertically aligned CNT forest, d) CN&at with poor
alignment and poor size distribution, e) verticalligned CNT forest with
consistent diameter, f) zoomed-in image of e) shgwgood vertical
alignment. 16

a) Cross-sectional view of assemblgddhip with solder balls [56]. b) SEM
image of unassembled solder balls [57]. 19

a) SEM image of Cu pillar with soldep@nd a cross-sectional view of it
assembled [58]. b) Cross-sectional optical imageeweral assembled Cu
pillars [59]. ¢) SEM image of several unassemli@edpillars with solder
caps [60]. 20

Figure 10: Optical image (a) and SEM image (bINIT forests grown on Cu daisy

chains with electrically conductive adhesive paigeron the top surface. 22

Figure 11: (left) lllustration of CNT transfer m®ss to create CNT interconnects [71].

(right) lllustration of process to assemble CNlemsbnnects by making
CNT-CNT contact [72]. 24

XV



Figure 12:

Figure 13:

Figure 14:

Figure 15:

Figure 16:

Figure 17:

Figure 18:

Figure 19:

Figure 20:

Figure 21:

Figure 22:

Figure 23:

(left) Mechanically coupled chip to strate with solder balls inducing high
stress levels and cracking of dielectric layerght. 27

Flow chart of objectives and componentis thesis. 28

(left) Fabrication of cohesive fracttest. (right) Finite-element analysis of
fracture test. 29

Components of the investigation of CN$®ff-chip interconnects. 31

Side view of test samples during thei€ation process. Step c) shows the
possible outcomes of No Failure with no crackinghef material occurring,
or failure occurring which is signified by crackinfithe materials. 37

Side view of 2-dimensional finite-elarhenodel of entire test strip. Bottom
edge of SiQ has all degrees of freedom fixed as a boundargiton. 39

Zoomed-in contours of von Mises stiaggrylene-C from a finite-element
model for test sample #1 (Unit for stress is MPa). 41

Zoomed-in contours of von Mises stiaggrylene-C from a finite-element
model for test sample #3 (Unit for stress is MPa). 41

Left optical image is a top-view of ckiang observed in sample #1 and right
image is a top view of sample #3 with no crackingspnt. 42

Left SEM image shows cross sectionafkBEnd Of Line (BEOL) dielectric
layers with metallization lines [6]. Image shovahesive and interfacial
cracking occurring in the dielectric layers caubganechanical or thermal
CTE mismatch loading on the flip chip connected substrate by rigid

solder ball interconnects (right image). 45

lllustrates general relationship betwason gas pressure and intrinsic stress
in thin films for regions two and three. Regioreas not shown, which

would include a continuation from region two dowratcompressive stress
region. Additionally, actual data for argon spufieessure vs. measured
intrinsic stress of chromium using magnetron DCitgping has been

overlaid on the general relationship 49

lllustration depicts the two main comeots of the superlayer fracture
toughness test. First, the fabrication of the &est then second, the
measuring of fractured samples and the FEA ofdkalts to determine the
test materials fracture toughness. 50

XVi



Figure 24:

Figure 25:

Figure 26:

Figure 28:

Figure 29:

Figure 30:

Figure 31:

Figure 32:

Figure 33:

Figure 34:

lllustration of main test concept otaEasing energy for fracture as the crack
propagates. The decreasing energy is due toitmgtdar shape of the
superlayer. Also, shows the general geometryeteébt samples with a
section of the test material that is free-hangirity Whe triangular superlayer
on top. 51

Fabricated test specimens after theg baen released and allowed to
cohesively crack. a-b.) 1200 nm of $jQ00 nm of Cr with an intrinsic
stress of 1.2 GPa. c-d.) 315 nm of SiC20nm with an intrinsic stress of
1.2 GPa. 53

Fabrication process for the cohesiaetére test technique. 54

Mechanical drawings of each of thedhnelividual photolithography masks
(each 4x4 inch) and one image of all three masks|ad 60

Optical images of the results of eaaskrduring fabrication. Mask

defines the rectangular shape of the release raatstaskB defines the
superlayer triangles, and Ma€kpatterns the test material blanket layers
into the shape of the test specimen and createtowmto give access to the
release material below it. 61

lllustration of the top-down view osimgle test specimen showing the key
dimensions of the superlayer triangle, test md{aeéease material, and
crack initiation notch. Also for clarity, a crossctional view is given. 62

lllustration of the composition of twal length of the triangular superlayer
to investigate effect of amount of curling. 63

Top-down optical images of test stuyith different superlayer shapes.
Image a. shows a double forked triangular superlagd b. shows a single
triangle superlayer. Image c. shows a top-down StEW of several
improperly failed samples with single triangle suiggers. 64

a.) Shows optical image of top-dowrwaed a single improperly failed large
planar area superlayer test strip with a superlayeth of 800um. Image
b.) shows one row of large planar area test swvigls superlayer widths of
600um and another row with superlayers with widths @ 8m. All of the
strips in these rows prematurely failed during ikeddron. 65

SEM images of top down view of finishest strips of Sample #1. Image
shows three separate test strips, giving a totaixalest samples, where each
strip consists of two test samples with cracks pgaping in opposite
directions. 68

XVii



Figure 35: SEM images of various magnificationa single test sample of Sample #1
Left image shows entire crack length of the tesifga and left image

shows the un-cracked portion including the curl@geslayer and test
material.

68

Figure 36: SEM images of various magnificationaaingle test sample of Sample #1.
Left image shows entire crack length of the testfga and left image

shows the un-cracked portion including the curl@geslayer and test
material.

69
Figure 37: Optical images of two different tesngdes of Sample #1. The bare Si

substrate is seen where the free-hanging test ialates cracked and
curled. 69

Figure 38: SEM Images of two different test saragieSample #4. Top two images

show the entire lengths of the test samples weicthcked and un-cracked
portions. Bottom images show increased magnibcatiews of the

respective test samples of the curled test material 69

Figure 39: SEM images of top down view of finishedt strips of Sample #4. Top
image shows two separate test strips, giving & obtaur test samples,
where each strip consists of two test samples evdbks propagating in

opposite directions. Images of increased magtifias of the test samples
labeled i.) and ii.) in the top image are showhiree bottom images. 70

Figure 40: Graphs of the crack length vs. eneetgase rate calculated using FEA for
Samples #1, and #2 that were fabricated. Additipeach graph includes a

polynomial fitted to the FEA results to calculate energy release rate for
any potential crack length. 76

Figure 41: Graphs of the crack length vs. eneedgase rate calculated using FEA for
Samples #3, #4 and #5 that were fabricated. Aafthtly each graph

includes a polynomial fitted to the FEA resultctdculate the energy
release rate for any potential crack length. 77

Figure 42: Schematic illustrating the two main paments of the cohesive fracture test

technique. Step 1 is the fabrication of test sasphd Step 2 includes the

use of FEA to calculate the fracture resistanceftioe experimental crack
lengths. 81

Figure 43: lllustrations of full geometry of cohesfracture specimens with respect to
the coordinate system used in discussion. Lefgama un-deformed before
cracking, right image shows out-of-plane defornratafter cracking. 83

XViii



Figure 44:

Figure 45:

Figure 46:

Figure 47:

Figure 48:

Figure 49:

Figure 50:

Figure 51:

Figure 52:

Figure 53:

Figure 54:

Top-down view of the global-local madglapproach applied to full
geometry (no symmetry used) of the cohesive f€gato separate
simulations are solved. First the global modslalved, and the
displacements of the nodes located on the cut plareeapplied to the
labeled boundaries of the local model, of just dipo of the global model.

This local model is then solved separately. 85

lllustration the half symmetry used tioe finite-element model of the

cohesive fracture test and the boundary conditises!. 86

lllustration of top-view of finite-eleant model of cohesive fracture test with
half symmetry labeling the main dimensions for tiadel. 87

Images of lines of finite-element losaddel of cohesive fracture test. Left
image shows zoomed-in image of entire width ofltleal model strip
including the cracked region. Right image shoves joe region near the
crack tip and the line defining it the crack tipatgh the material thickness.
89

lllustrates the calculation of the gyerelease rate using VCCT within a
finite-element analysis. The elements represeatadithe faces of the
cohesive crack and show the crack tip node usdétermine the forces and
the node in front of the crack tip to determine ¢hack displacements [108].
95

lllustration of calculation of the dagral to calculate the energy release rate
for a 2D case. The figure shows the crack angh#itle of the area

integration used in a 2D calculation [109]. 96

Plots of energy release rate vs. ciexegth for different test material
thicknesses. Top plot is for cracks of 100-90® and bottom plot is

zoomed in on 700-900m. 98
Plots of energy release rate vs. ciexegth for different superlayer
thicknesses. Top plot is for cracks of 100-90® and bottom plot is
zoomed in on 700-90@m. 99

Plot of energy release rate vs. crangth for different superlayer stress
values for crack lengths of 100-9016h. 102

Plot of energy release rate vs. crangth for different Young’s modulus
values for the test material for crack lengths@9-800um. 104

Plot of energy release rate vs. cranfgth for different test material width
(free-hanging section) values for crack length&@d-900um. 106

XiX



Figure 55:

Figure 56:

Figure 57:

Figure 58:

Figure 59:

Figure 60:

Figure 61:

Figure 62:

Figure 63:

Figure 64:

Figure 65:

SEM image of VACNTS grown on silicorbstrate. Image shows side of
VACNT forest/turf and free tips. Inset shows higheagnification image of
the “waviness” of VACNTS. 110

SI/CNT/Si sandwich sample constructiead during testing. Schematic is
not to scale. 111

Compliance curves of CNTs of 61 um @88 um with no adhesive

connecting second Si substrate to CNT tips. 115

Compliance curves of CNTs of 61 um, @iy and 683 pm with adhesive

connecting second Si substrate to CNT tips. 115
Stress vs. strain curves of CNTs ofrogind 683 pm with no adhesive
connecting second Si substrate to CNTSs. 116

Stress vs. strain curves of CNTs ofr6, 1815 um, and 683 um with adhesive
connecting second Si substrate to CNTs. The madmivf stress and strain
are shown, as both stress and strain are compeessiv 116

lllustration of three successive nademtation measurements using
preloaded samples. Test 1 subjects the CNT ftodstces 0-1 N, Test 2
subjects CNTs to 1-2 N, and Test 3 subjects CNTs3ad\. 122

Compliance curves for three succedanentation measurements on CNT
forests using 1.) forces of 0-1 N, 2.) forces & I}, and 3.) forces of 2-3 N.
123

Drawing of the compression fixture usedpply compressive force to
SI/CNT/Si sample to measure the effective compvessiodulus. The
fixture allowed a force to be applied to the sampleich would compress
it, and then an SEM was used to measure the negutiange in height of
the CNT forest. 125

Stress vs. strain data of CNT sampthk imitial height of ~133um obtained
using SI/CNT/Si sandwich in compression fixturehA dEM. The effective
compressive modulus for this height of CNTs wassuezd to be 0.11 MPa
using this measurement method. 126

(A.-E.) SEM image of entire height dfiCforest while being compressed
with Si substrate at the top and Si growth substathe bottom. Folding
of the CNT structure is observed near the bottooatr substrate. Image
(B.) shows initial folding occurring near growthbstirate. Higher
magnification SEM image of CNT folding shown inéh®f (C.).

Unrecovered strain of CNT turf is shown in (F.)wibad removed. 129

XX



Figure 66:

Figure 67:

Figure 68:

Figure 69:

Figure 70:

Figure 72:

Figure 73:

Figure 74:

Figure 75:

Figure 76:

Figure 77:

Figure 78:

lllustration of configuration of Si/CM8i sandwich test sample used in
tensile test and also stress vs. strain data efi¢etest for a sample with a
CNT height of 695 um 130

lllustration of finite-element modelftp chip on FR4 substrate connected
with interconnects. Only a quarter of the modedhiswn, due to quarter
symmetry of the model. The illustration is frone thnsy$ model and

includes labels of the various materials. 135

Zoomed in side view of Figure 67 shaytine copper pads on the FR4 board
side and thinner die-side copper pads. The lefitdation depicts the
traditional solder ball case and the right illustma depicts the CNT case.
Additionally, important geometric parameters ateelad. 135

Contour plot afy stress (MPa) in only silicon die of two scena@gsSolder
ball and underfill case from angled top view. Internal view of stress
contour at cross section of silicon die markedibg -2 in a) of this figure.
c.) CNT interconnect case from angled bottom view. 142

Contour plot of y-displacement of emfinite-element models of two
scenarios a.) Solder ball and underfill case (uiitieot shown) b.) CNT
interconnect case. 144

Interconnect stress valuesQfoyy, andoy; as a function of CNT height.148

Diagram of orientation of CNT forest &df-chip interconnects for the
transversely isotropic material model implementefinite-element

analysis. CNT growth direction is in the Y-direxti 150

Overall/general presentation of thesteecessary to first fabricate the Si
chip with CNT interconnects, creating FR4 substvéth stencil patterned
conductive adhesive, assembly and attachmenedbitichip to the FR4

substrate, and finally thermomechanical testing. 915
Dimensions of the fabricated Si chigw@u daisy chain and growth
materials for CNT interconnects. 161

lllustration of photolithography falateon process to create peripheral Cu
daisy chain pattern on Si chip. 162

(left) Optical images of example of daisy chains located at the corner of a
peripheral pattern on a Si chip. (right) Magrifigptical image of single
Cu daisy chain. 163

Photolithography lift-off process stépslefine the catalyst and support

material for CNT growth on the already patternedpay daisy chain on a
silicon die. 166

XXi



Figure 79:

Figure 80:

Figure 81:

Figure 82:

Figure 83:

Figure 84:

Figure 85:

Figure 86:

Figure 87:

Figure 88:

(left) Optical image of a corner of fhexipheral patterned copper daisy
chains with the catalyst and support material @efin(right) Zoomed in
optical image of a single daisy chain with catabsstl support material
patterned on circular the circular copper pads. 167

(left) Aixtron® Black Magic CVD systengright) Close up of CVD chamber
showing the sample plate and Quartz shower hedldeochamber lid. 168

A.) Optical image of entire Si chip hvi€u daisy chains with CNT bundles.
B-C.) Zoomed in optical images of Cu daisy chaiith CNTs grown on
them showing even height between interconnectsE.pPSEM images of
various magnifications showing CNTs on Cu daisyithavith good
evenness and alignment F.) SEM image showing|@wiith CNT roots
bonded to it and having a slightly wavy CNT geometr 170

(left) Framed metal foil stencil thaaswised in the SPM machine (right) to
pattern the electrically conductive adhesive on BRistrates. 173

Optical images of custom fabricated ERdstrates of various
magnifications. Shows corner of peripheral cogfssy chain pattern
covered by green soldermask. Circular soldermaskiogs to be filled

with electrically conductive adhesive. 173

lllustration of process used to pattémelectrically conductive adhesive on
the circular copper pads of the FR4 substrate usstgncil and stenciling
machine. 174

A.) Angled optical image of entire péeral daisy chain pattern for a single
Si chip on the FR4 substrate with patterned eledtyi conductive adhesive.
B.)-C.) Show higher magnification optical imagdéshe patterned adhesive
filling the solder mask openings and covering tbpper daisy chain pads.
176

A.) View of monitor showing superimpdsgew of Si chip on FR4 substrate
and the aligner/bonder tool on the right. B.) @ea in image of
aligner/bonding tool showing the custom fixturetba XY stage, with th&-
axis pico-motor, FR4 substrate resting on it, digalv microscope above it,
and the Si chip on the vacuum chuck above that. 177

Custom fixture for alignment tool whitack pico-motor used to bring the

FR4 substrate into contact with CNT interconne&tso shows aluminum
beam where FR4 substrate rests and force loaébcetionitoring bonding
force. 178

Assembly process with custom fixturattach silicon die with CNT
interconnects to FR4 substrate with electricallgdiective adhesive. 178

XXii



Figure 89:

Figure 90:

Figure 91:

Figure 92:

Figure 93:

Figure 94

Figure 95:

Figure 96:

Figure 97:

Figure 98:

(left) Optical image of angled viewarttire Si chip assembled to FR4
substrate. (right) Magnified optical image of exdgeindividual CNT
interconnects attached to FR4 substrate with éadlyy conductive
adhesive. 179

A.) Angled optical image of CNT intencects grown on Cu daisy chains
with CNT bundle tips coated with electrically cormtive adhesive. B.)-E.)
SEM images of various magnifications of similar Cierconnects with
adhesive coated tips. E.) Zoomed SEM image otr&dally conductive
adhesive, showing the Ag flakes and wicking of aileeinto the CNT
forest. 180

X-ray images of Si chip with Cu dai$yam and CNT interconnects
aligned/assembled on FR4 with daisy chain pattechaalhesive. Dark Cu
traces are substrate side, and light traces apesade. 180

(left) lllustration demonstrating tth@sy chain circuitry of the CNT
interconnects that allow the interconnect integigtype monitored during
thermal shock testing. (right) Cyclic thermal skesting that the test
vehicle is subjected. 185

SEM images of Sample #2. Top two insagye of the same test sample at
different magnifications. Bottom image is of aféient test sample. 199

Optical images of two different tesngdes from Sample #2. 200

SEM images of various magnificationshef same test sample of Sample #2.
Images a.) and b.) show the full test sample vhiéhdracked and un-cracked
sections. Where the cracked section shows thesdaren, and the un-
cracked section shows the remaining free-hangimgpsidioxide test
material. Images c.) and d.) show increased miagtidn views of the

curled test material and un-cracked sections ofélsematerial. 200

SEM images of a single test sampleaohie #3 of various magnifications.
201

SEM images of three different test damfrom Sample #3. Images c.) and
d.) are of the same test sample at different megwidns. 201

Optical microscope images of two défdrtest samples from Sample #3.

Images show the full test sample including the keedgortions and un-
cracked portions of the test material. 202

XXiii



Figure 99: SEM images of top down view of finishesdt strips of Sample #4. Image

Figure 100:

Figure 101:

Figure 102:

Figure 103:

Figure 104:

Figure 105:

Figure 106:

Figure 107:
Figure 108:
Figure 109:
Figure 110:
Figure 111:

Figure 112:

shows three separate test strips, giving a totaixalest samples, where each
strip consists of two test samples with cracks pgaping in opposite
directions. Dark rectangular areas are the baoesisubstrate that was
covered with free-hanging silicon dioxide test miatebefore crack

initiation and curling. 202

Optical microscope images of a sitgbe sample of Sample #5. The left
image shows the un-cracked portion, the test nztand superlayer curl,
and some of the cracked portion. The right imdgens the entire cracked
portion and the test material and superlayer curl. 203

The top two images show SEM imagewofdifferent test samples of
Sample #5. The two lower images are higher magatitin images of the

respective test samples. 203
Hysitron nano indentation system owaued maintained at Georgia Tech
IEN. 204

Force vs. Displacement data for 1008n@ showing nine different indents
each with increasing maximum peak loads and maximpeak indent
depths. 207

Calculated hardness and reduced medam the force vs. displacement
data for 100 nm thick SiD Graph shows the reduced modulus calculated
from each of the nine different indents, each witjreater peak indent
depth than the previous. 208

Force vs. Displacement data for 1000mshowing nine different indents
each with increasing maximum peak loads and maximeak indent
depths. 208

Calculated hardness and reduced medam the force vs. displacement
data for 100 nm thick Cr. Graph shows the redumedulus calculated
from each of the nine different indents, each witjreater peak indent

depth than the previous. 209
SEM Compression Fixture: Assembled 021
SEM Compression Fixture: Top Beam 211
SEM Compression Fixture: Bottom Beam 211
SEM Compression Fixture: Bottom Bd4ote 212
SEM Compression Fixture: Bottom BédéonHole 212
CNT Assembly Fixture: Assembly 213

XXV



Figure 113:
Figure 114:
Figure 115:
Figure 116:
Figure 117:
Figure 118:
Figure 119:

Figure 120:

CNT Assembly Fixture:
CNT Assembly Fixture:
CNT Assembly Fixture:
CNT Assembly Fixture:
CNT Assembly Fixture:
CNT Assembly Fixture:

CNT Assembly Fixture:

Angle Piece
Back Verticédhte
Bottom Plate
Vertical Sidate
Plate

Loadcell Bracke

Crossbeam

Electrically Conductive Adhesive Sgkeet

XXV

213
214
421
215
215
216
216

220



SUMMARY

The cohesive fracture of thin films is a concerntfe reliability of many devices
in microelectronics, MEMS, photovoltaics, and otla@plications. In microelectronic
packaging the cohesive fracture toughness has leansoncern with new low-k
dielectric materials currently being used. To obthe low-k values needed to meet
electrical performance goals, the mechanical streafjthe material has decreased. This
has resulted in cohesive cracks occurring in thekBand of Line (BEoL) dielectric
layers of the microelectronic packages. Thesekerbead to electronic failures and occur
after thermal loading (due to CTE mismatch of matgey and mechanical loading. To
prevent these cohesive cracks, it is necessaryetisune the cohesive fracture resistance
of these thin films to implement during the desard analysis process. Many of the
current tests to measure the cohesive fracturestagsie of thin films are based on
methods developed for larger scale specimens. eTimethods can be difficult to apply
to thin films due to their size and require mechahfixturing, physical contact near the
crack tip, and complicated stress fields. Thersfa fixtureless cohesive fracture
resistance measurement technique has been develbaeditilizes photolithography
fabrication processes. This technique uses a layeerthin film with a high intrinsic
stress deposited on top of the desired test mhtergrive cohesive fracture through the
thickness of test material. In addition to deveigpa technique to measure the fracture
resistance of dielectric thin films, the use oflbmar nanotube (CNT) forests as off-chip
interconnects is investigated as a potential mettwoanitigate the fracture of these

materials. The compressive and tensile modul@NF forests is characterized, and it is
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seen that the modulus is several orders of magnikeiss than that of a single straight
CNT. The low-modulus CNT forest will help mechaallg decouple the chip from the
board and reduce stress occurring in the dieletayers as compared to the current
technology of solder ball interconnects and therefmprove reliability. The mechanical
performance of these CNT interconnects is investjdy creating a finite-element
model of a flip chip electronic package utilizindNT interconnects and comparing the
chip stresses to a traditional solder ball intensanh scenario. Additionally, flip chips are
fabricated with CNT forest interconnects, assemibtedn FR4 substrate, and subjected

to accelerated thermomechanical testing to expeitialg investigate their performance.
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

11 Introduction
In recent years, copper interconnects and low-lediecs have emerged as a key
enabling technology for device performance to overe RC delay in microelectronic
packaging. After the adoption of copper as thenpry conductor in devices, significant
amount of research has been conducted on reducirgy eapacitance by utilizing

dielectrics with lower dielectric constants thaaditional oxides (Figure 1).

Silicon Die

1st Level Interconnect’

Package

Mother Board

2 Level Interconnect?
http://www.intel.com/technology/itj/2008/v12i2/7-flip/2-intro.htm

Metal 9

Via9

Cu Bump

http://www.intel.com/technology/itj/2008/v12i2/7-flip/3-interconnect.htm

Figure 1: (top) Schematic of flip chip ball grid aray package, illustrating the various levels of
interconnects to attach the silicon die to the boar substrate [1]. (bottom) SEM cross-section image
of various metallization layers and surround dieletric material in the vicinity of a bump
interconnect [2].



To achieve these low dielectric constants, theerrads have become more porous
and also incorporation of air gaps into the laysrseing investigated in order to reduce
the overall effective dielectric constant of thetemml. Unfortunately, the pace of
implementing these low-k material technologies baen slowing down as stated by
earlier ITRS projections because of difficultiedabrication, cost, and reliability. These
difficulties are mainly due to the fact that thectites used to reduce the dielectric
constant, such as increasing porosity, also redineesiechanical strength of the material
[3-5]. These poor mechanical properties coupleth véi general decrease in layer
thickness, make the material more susceptible hesive and interfacial cracking during

chemical mechanical polishing (CMP) at early stagédabrication and also during

assembly, packaging, and later during reliabikgsting (Figure 2) [6].

Figure 2: Examples of cohesive and interfacial freture of dielectric layers in electronic packaging

[6].

Such manufacturing and reliability issues will dooe to be a concern with
future technologies of increasingly smaller intencect lines, spaces, and mechanically
weaker low-k interlayer dielectrics. This is whyetITRS roadmap has labeled the
manufacturing, implementation, reliability, and aerization of low-k dielectrics as
one of the grand challenges to overcome for theréubf microelectronics [7]. Also,
thin films are of importance in other industriessibles microelectronics such as micro-
electrical-mechanical systems (MEMS), photovoltaiaad coatings where cohesive

fracture can also be a concern. Therefore itxisemely important to pursue further



research to understand the mechanical propertieshiaf film materials to better
implement them. In addition to measuring the maadad properties of such thin films, it
is also important to explore methods to prevenesofe failure in dielectric layers.

One such possible solution to aide in preventirtiesove failure of these thin film
layers is through the use of compliant electrinéliconnects to connect the silicon die to
the printed circuit board. Compliant interconneatlow for the silicon die and the
printed circuit board or chip carrier to be elentoally connected, but mechanically
decoupled. This allows the die and the board tohaeically deform independently from
any external mechanical loads or from thermal lotdd cause these materials with
different coefficients of thermal expansion (CTB)deform independently. Therefore
compliant interconnects reduce the stresses inhiihefilms and help prevent cohesive
fracture compared to traditional rigid solder led#ctrical interconnects. In recent years,
carbon nanotubes have garnered great interest my mesearch fields due to their
excellent mechanical, electrical, and thermal prioge Additionally, it has been shown
that while individual CNTs have a high elastic miduy8] and strength [9], CNT forests
have a very low effective modulus [10]. If bundlek CNT are used as electrical
interconnects, the low effective modulus will ceea compliant interconnect and still
have high mechanical strength and desirable etattresistance. Therefore electronic
interconnects consisting of CNT forest bundles roffiee potential to mitigate the

cohesive fracture of thin films used in microeleaic packaging.

1.2 Literature Review
In this section, a review of literature relevanttkin film cohesive fracture is

presented along with the application of CNTs as-chffp interconnects and the



mechanical characterization of carbon nanotube&urthermore after each of these
sections a discussion of the fundamental gaps rni@ivated this research will be

presented.

1.2.1 Thin Film Cohesive Fracture Testing

Measuring the fracture toughness of a material igesv very important
information for the design, analysis, and impleragah of materials. For bulk materials
this measurement has become a common practiceyhich standard procedures have
been developed and are readily accessible (i.epaocirspecimen, single edge notched
tension panel, edge cracked plate subjected to pargling tests) [11]. With the
increased use of thin films and coatings in recgsdrs, there is a need for similar
cohesive fracture toughness data for thin filmsnatterials. The properties of the bulk
material may not be applicable to their respectinme films due to: 1) surface interface
effects that are more pronounced at small sca)eénzed number of grains in a given
volume, 3) the materials may only be availablehim film form and not in bulk 4) and
the effect of manufacturing processes used [12jes& manufacturing process include
the method and parameters used during the depogitimcess and procedures used to
remove material or pattern it. For a given matetizere may be several deposition
processes that can be used to create the filmasusputtering, evaporation, or chemical
vapor deposition. Each of these processes carit iesdifferent microstructure and
grains, and therefore affect the mechanical prageedf the thin film. Additionally, for
each of these processes there are a wide set o$itlep parameters such as deposition
rate, chamber pressure, and temperature that candmailar effects. Also during the

material removal and patterning, either dry etchangvet etching may be used which



lead to differences in surface roughness of tme.filt is for these reasons why new test
methods are being developed to measure the fraiughness of thin films. Many new
tests have been developed over the years to metimummhesive fracture toughness of
thin films. These tests can be grouped into twoega categories:

1. Nanoindentation (radial cracks, circumferentiakmhel cracking)

2. Microtensile testing (membrane deflection, inchwoattuation, tension by

residual stress, bulge testing)

Nanoindentation Based Measurement Techniques

The key component of nanoindentation based measmtsnechniques is that
they use a nanoindentation system. This systesiais@cron scale tip of standard shape
(ex. Berkovich, Vickers, cube-corner, flat-punciphere, etc.), that then comes into
contact with the test material surface and theroref is applied by a capacitive
transducer and the resulting displacement is recbrtb create a force versus
displacement curve. The system allows for nanesteasurement of both the force and
displacement. Three general approaches have bseth 10 measure the fracture
toughness of thin films using a nanoindenter systdmncth are defined by the type of

crack created.

Radial crackingoccurs when a sharp edged tip such as a Berkovivlckers tip is used

as shown in Figure 3. The fracture toughnessas theasured using the length of the
resulting radial cracks, the peak load, and gegmetmstants [13]. One specific
difficulty of this technique is producing a crack the desired shape, such as a half
penny, that can only be allowed to penetrate ahdeptless than 10% of the film

thickness [14].
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Figure 3: Three different types of cracking creatd using nanoindentation to measure fracture
toughness of thin films. a.) radial crack [15], B.circumferential crack [16], c.) channel crack [1T.

Circumferential Cracking and spallatioaccurs during nanoindentation when there is

both cohesive cracking and delamination of the filim. This indentation process is
separated into three stages where Stage 1 is ddfineircumferential through thickness
cracks forming under the nanoindenter tip. Stagec@urs when delamination and
buckling of the thin film occur around the contacta due to lateral pressure and Stage 3
is defined by a second circumferential throughkhéss crack forming. During Stage 3
there is a sudden increase in the displacemenbuiita large increase in load, which
results in a step in the load versus displacemeamnviec[13]. The fracture toughness can
then be calculated with the fracture energy experdiging the sudden displacement
increase and from the radius of the second circtental crack. A point of controversy
is determining the value of this fracture energyifaeversible work, which is convoluted
due to effect of the substrate and plastic vstielasergy dissipation [18].

Channel crackingfracture testing is defined by cracks occurringotigh the total

thickness of a thin film. These types of testirechniques can be done with
nanoindentation [19] or with other approaches sagmulti-strain flexure tests [20] that
utilize four point bend configurations. The an#@yapproach used for channel cracking

measurements is similar to circumferential crackamgl radial cracking, but with a



different crack geometry and substrate constraiefifiects [13]. The main difficulties of
this approach are locating the first through theds channel crack that occurs in the
specimen and having a large enough differenceridness between the substrate and the

film [21].

Microtensile Testing Measurement Techniques

There has been significant development in differenicrotensile testing
measurement techniques resulting in many diffeapproaches. The following sections
summarize the methods of membrane deflection, mah®sctuation, tension by residual

stress, and bulge testing (Figure 4).

Membrane/beam deflectiqh2, 22] — This method is executed by using maboication
techniques and photolithography to define eitheegtanding membranes or beams on a
substrate. Then a load is applied to the centdreofree standing membrane/beam with a
nanoindenter until fracture. The load is measweth the nanoindenter and the
displacement can either be measured with the ndaoiar as well, or some other system
such as an interferometer can be used. This tggbrattempts to improve on the other
nanoindenter based techniques by eliminating thenptexity introduced by the
underlying substrate, but still requires major egueént such as the nanoindenter.

Nanoscale actuatiorj23, 24] — Similar to membrane/beam deflectiors thest uses

micro-fabrication techniques and photolithograpbydefine freestanding micro-scale

beams on a substrate. One end of the beam istiixdee substrate, and the other end is
free to allow for a nanoscale actuator to be a#dchAfter the actuator is attached to the
free end, the actuator is used to apply a loadmedsure the resulting displacement.

Challenges arise when attaching the actuator tdrédeeend of the test sample, which



requires great care not to damage the sample. tidddily this technique requires use of

customized and specialty equipment.
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Figure 4. Examples of microtensile tests: a.) mentane/beam deflection[22], b.) Nanoscale
actuation [24], c.) bulge test [25], d.) tensionybresidual stress [26].

Bulge testing[25, 27, 28] — In this test technique after then thim of interest is
deposited on a silicon substrate, the back of lieois wafer is patterned and etched to
create a freestanding membrane of the thin filnmerTin the center of the freestanding
membrane, a focused ion beam is used to creat@lamacrack through the film. Either
water or air is then used on the backside of tleestanding membrane to apply a
pressure on the film, causing it to bulge. The memé and precrack is monitored while
the pressure is increased to determine the criiessure.

Tension by residual stre$26, 29] - In this method the residual stresshia film is used

to drive crack propagation in freestanding thimftteams fixed at both ends. The origin
of the residual stresses in these reports is dubketonal stresses that developed during

the high temperature deposition of the thin filniBefore the beams are released from the



substrate, a micro indenter is used to indent tibstsate near the center of the beam to
create a pre-crack. Then after the pre-crackaated, and the beam released from the
substrate, depending on the amount of residuadsspeesent, the crack will grow. This

test method requires several fabrication runs ikeoto create beams with different

residual stress levels to measure the fracturehtoegs. While the use of the residual
stress to drive fracture has its advantages, teihoad requires the test material to have
the ability to deposit it with a high and wide rangf stresses. This therefore limits the

number of thin films available to use with thisttes

Gaps in Existing Thin Film Fracture Test Methods

As presented in the previous sections of this draphe most common general

types of thin film fracture test methods are thdkat are based on the use of a
nanoindenter system and other methods that elimitfa use of a nanoindenter by
utilizing micro-fabrication processes. The mairvaatage of the nanoindenter based
approaches is that these are fairly standard coniahasystems, and therefore potentially
available to researchers. But if not, these systean be extremely expensive, and
therefore cost prohibitive. Another referencedadage of this method is simple test
sample preparation, consisting of just a thin fdfthe target test material deposited on a
rigid substrate. With these advantages, theralaceseveral disadvantages including:

» The nanoindenter tip creates complex stress figltsn contacting the test
material and therefore makes the analytical satstifor the fracture
toughness difficult.

« The measurement of the mechanical properties ofthhre film can be

affected by the hardness and modulus of the substrés deposited on,



therefore creating possible limits of materials legble to the method
[13, 21].

» Creating the desired crack type for the respeataeoindenter test sub
categories is not straightforward (i.e. circumfeia@nvs. radial cracking),
and then subsequently locating and measuring thatirey cracks can also
be difficult and add uncertainty [13].

These disadvantages of the nanoindenter based reg@nt methods have lead to the
development of the second major category of thim firacture test. This second
category are the microtensile test methods thamgit to overcome some of the
disadvantages of the nanoindenter based methaatedeio the unwanted effects of the
substrate on the target test film’s mechanical prigpmeasurement by using freestanding
beams or membranes. Additionally, in order to oedgost, these microtensile test
methods do not require the use of nanoindenteesst But in the process of creating
these different approaches to measure the frattwighness of thin films, customized
and complicated mechanism are devised to appljotice that drives fracture in the test
material or to measure its displacement or theltiagcrack lengths. Additionally, these
mechanisms may require fixturing and attachinghtftagile micro/nano scale material
specimens which can result in unwanted stress otrat®ns and premature failure.
Therefore, this thesis presents a new test metbothdasure the cohesive fracture
resistance of thin films that improves on someheke disadvantages of the nanoindenter
based and microtensile tester methods by:

* Eliminating the possible undesirable effects of théstrate by using

freestanding films
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* Not requiring fixturing, clamping, or attachmentr fthe application
external forces or to measure resulting displaceésnen

» Use fabrication processes that create represeatdtin films of the target
application for the material

« Does not require expensive, complicated, or custoreasurement

equipment

1.2.2 General Fracture Mechanics

There are two broad approaches in mechanical eagigeto guide the design of
a structural component against failure. The fygbroach utilizes the traditional strength
of materials concepts and focuses on calculating slress that the component
experiences during loading and then compares thmilated stress to a mechanical
property of the material such as vyield strengthdeiermine the adequacy of the
component’'s design. A second approach is thetuiracmechanics approach, and
involves three parameters, as compared to twoeotfength of materials approach. The
fracture mechanics approach is similarly concerméth the applied stress to the
component, but also adds the size of a potental/f@rack and uses the mechanical
property of fracture toughness. The study of frectmechanics seeks to quantify the
combination of these three parameters to guidedsegn of structural components.

This field of research on modern fracture mechariegan to be formally
developed early in the twentieth century. Withiacture mechanics there are generally
two different analysis approaches, 1) the stressngity factor approach and 2) the
energy criterion approach. In a plate composed gierfect linear elastic material

without cracks with an applied in-plane stressspthe resulting stress throughout the
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plate is a constant value @flso. But if a crack is introduced to the plaastress field is
created around the crack tip. In the stress iitiefector approach the stress field created
by a crack within a material due to an appliedssirss proportional td;, the stress
concentration factor. For the case of a througtktiess crack with a width &a in an
infinite plate with a thicknesB and an applied in-plane uniform stresg @fs depicted in

Figure 5 the stress intensity factor is given by:

K; = ovma (1)

Figure 5: Schematic of infinite plate with throughthickness crack with uniform tensile load applied
[30].

From observing Equation 1, the value Kfis a function ofs and crack size, with
fracture occurring when a critical valuekfis reached. This critical value is referred to
as Kic and is a measure of the fracture resistance ofnthterial and is a material
property. Additionally the stress intensity factdlows for the stress field around the
crack tip to be calculated. The components ofstiness for the situation illustrated in

Figure 6 are given by the following equations usangplar coordinate system:

Oxx = \/;(IW cos <§> [1 — sin (g) sin (?)] (2)
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Oyy = \/% cos (g) [1 + sin <§) sin <%)] 3)

= @) ) (3) 4
Ty = 27Wcos: 5 )sin{5 ) cos| (4)

Y

Figure 6: Schematic of stress fields near crackgi[30].

There exist many different variations of Equatiorddpending on the loading, crack
geometry, and crack location.

The energy approach of fracture mechanics alloavsesof the analysis issues
concerning the stress fields near the crack tithefstress concentration approach to be
avoided and offers a more convenient form to sawugineering problems [30]. A
common model utilized by the energy approach isstren energy release rat@)( This
is the energy dissipated during fracture per uhiteav crack surfaces created, or simply a

measure of the energy available for an incrementaxftk extension, and is given by:

dll
dA

Where, 1 is the potential energy supplied by internal stranergy and external forces,

G = )

and A is the crack face area. Specifically, the potdérgnergy of the elastic body is
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composed of the strain energy stored in the bajyand the work done by external

forces,F, given by:

N=U-F (6)

Another common name used for the energy releasasdéihe crack driving force. Using
this relationship, the energy release rate canhberétically calculated for any crack
length in a material. For the situation in Figdref the through crack in an infinitely

large plate with a uniform tensile stress, the gneelease rate is given by:

G = (")
For all materials, there exists a specific valueepnérgy release rate at which fracture
occurs called the critical energy release ra®).( Similar to the critical stress
concentration value, the critical energy release fa a material property and is a
measure of the material’s fracture resistance [30]here the relationship between the
critical energy release rate and the critical stresensity factor for the case of plane

stress is given by:

K?
G=— (8)
E
This relationship for the critical values of theeegy release rate and the stress intensity
factor is also valid for none critical cases. Aubghal discussion is given in Section 4.4
and 5.2.8 on the use of the energy release rat¢héofracture measurement method

developed in this thesis and specifically its agadlon in finite-element analysis.

1.2.3 CNT Based Off-Chip Interconnect Implementatn
Single wall carbon nanotubes consist of single tshekecarbon atoms bonded in

hexagonal arrangements rolled into a tubular forrt. is also possible to create
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multiwalled carbon nanotubes consisting of morentbae sheet rolled together. The
possible dimensions of carbon nanotubes are exiraol, with diameters of less than 5
nm [31] and lengths in the range of centimeters] [82ving been demonstrated in
literature. Carbon nanotubes are created in ateigiperature growth processes utilizing
a carbon containing precursor gas that decompasggigsolves into a metal catalyst
film present. Growth occurs when the solubilitsnili of the carbon in the catalyst is
reached and the carbon atoms are precipitated fhmmcatalyst. Several synthesis
methods have been used to grow CNTs in literatuck ss arc discharge, laser ablation,
thermal CVD, and PECVD [33]. Further detail on @ET growth process is given later

in Section 8.4 and discussed in context to theiegbn of this thesis.

Effective Mechanical Property Characterization &f1

Since the discovery of carbon nanotubes (CNTs)ethave been many proposals
for their potential use due to their extraordinamgchanical, electrical, and thermal
properties. Some of these applications call fer efsindividual carbon nanotubes, while
others utilize forests or turfs of carbon nanotubés the latter case, the forests consist of
many vertically aligned carbon nanotubes (VACNTs)wn together, resembling an
entangled forest of vertically aligned carbon nabes. In addition to vertically aligned
CNTs though, the growth process to create CNTs remult in various levels of

alignment, size distribution, and density as illattd in Figure 7.
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Figure 7: SEM images of different CNTs. a) CNT spnge with poor alignment, b) vertically aligned
CNTs with low density and height, c) high magnificdion SEM image of vertically aligned CNT
forest, d) CNT mat with poor alignment and poor siz distribution, e) vertically aligned CNT forest
with consistent diameter, f) zoomed-in image of ehowing good vertical alignment.

Some of the proposed applications for such CNT stsrenclude nano/micro
springs [34, 35], electrical interconnects [36-3Bgrmal interface materials [39, 40] to
cool devices, or structural applications such asehproposed for a space elevator cable
[41, 42]. To explore new potential applicationgldn create better and more reliable
designs that utilize such CNTSs, it is necessargharacterize the mechanical properties
of CNT forests. Current research shows that whiévidual CNTs have reported values
of tensile modulus in the ~100 GPa [43}.15 TPa [8] range, the effective compressive
modulus can be orders of magnitude lower, in the-100 MPa range. These
measurements illustrate that CNTs are extremelyptiant structures that could be used
in other new applications where this characteristidesired, such as compliant electrical

off-chip interconnects for electronic packages.
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Table 1: Measurements of the modulus of CNT forestperformed with various methods.

Reported Modulus Values

Experimental Details

Nonlinear response: 1 M
modulus for strains of 0.0:57, an
20.8 MPa for strains >0.57 [44]

Uniform compression test using an Instron®
5843 of 1000 um tall CNT block between
parallel plates. (Strain range ~0.0-0.65)

Reduced modulus of 120 MP3

Nanoindenter with CSM and a 100 pm
diameter flat punch tip on free ends of

[45] vertically aligned CNTs. CNT heights ranged

from 35-1200 um. (Strain range ~0.0-0.7)

Nonlinear response: 0.3 MPa
strains 0.03.05, 1.6 MPa for stra
0.050.20, and 0.25 MPa for strai
>0.20 [46]

Uniform compression test using MTS Nano
Bionix® of 280 pum tall CNT block.

Nanoindenter with a 5 pm radius tip on free
ends of vertically aligned CNTs with a height
of 1200 um transferred to a substrate.

Reduced modulus of 12.7 M
(strain range ~0.0-0.002) [47]

Nanoindenter with a Berkovich tip on vertically
aligned CNT forests with bundle diameter of
200 pm and heights of 20-100 pum. Indent
depths were <1 pum.

Reduced modulus between 60
MPa with nonlinear behavior [48]

Given that CNTs are a relatively new material, ¢hare no standard techniques to
measure their mechanical properties. Previous igatldns that report on their
mechanical properties have used a range of tecbsicggome modifying and extending
more traditional methods to perform the measuresientSeveral studies utilize
nanoindentation to measure the mechanical propesfi€NT forests/turfs [10, 45, 49],
others use universal testing machines in compnedgié, 46], while some have used
unique/nontraditional techniques based on micrdilexers/resonators [50]. With these
different measurement techniques and with the walege of variables affecting the

fabrication of the CNTSs, there is also a wide ranfeeported CNT effective modulus

values as shown in Table 1.
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Currently the most common approach to measure thehamical properties of
CNT forests utilizes a nanoindenter system. Whis tapproach several different
nanoindenter tips such as Berkovich, flat punchspirerical geometries may be used to
contact and compress the CNT forests. From theseimdenter tests, force vs.
displacement is measured during loading and sulesequnloading. This data is then
used to calculate the stress vs. strain respongbeoCNT forest during loading and
unloading.  The stress calculation while using amagkentation of the CNT forests
possesses challenges and issues related to tilgedipetry and the nature of the CNT
forest structure. The CNT forests contain intemerd CNTs that act as a “foam block”
and deform in unison with each other. When a rademter system is used to measure
the force vs. displacement of such CNT forestsndneindenter tip makes direct contact
with the tips of the CNTSs, which creates three geissues that need consideration. 1)
As the nanoindenter tip, such as a Berkovich tipkes contact with the CNT tips, the
contact area will increase with the depth of ind&gah, which has an effect on the
contact area function [48, 51, 52]. 2) During coegsion, CNTs directly beneath the
nanoindenter tip will de-tangle and detach from sherounding CNTs. 3) Also during
compression of the CNTSs, they will be constraingcsbrrounding CNTSs, and therefore
affect potential buckling and/or outward bulgingtbé CNTs. Such outward bulging of
CNTs during compression was observed by Qui ed8]. [ Of these considerations, the
first makes the calculation of the stress vs. stdiificult, while the second and third can
potentially yield stiffer mechanical response valdier the CNTs. Alternatively, a flat
punch nanoindenter tip can be used to addressrétéssue by allowing the contact area

between the nanoindenter tip and the CNTs to reroaistant, but the issues of the
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effects of the surrounding CNTs still remain. Tdfere there is a need for new tests to
measure the effective compressive modulus of CNrests/turfs to address these

concerns.

CNT Forest Off-Chip Interconnects

The field of electronic packaging deals with cortmggintegrated circuits (IC’s)
with other components into a complex system toteresectronic products. Electronic
packaging plays a critical role in creating elaettiand physical interconnections,
cooling, and protecting the electronic componemsd &as a large impact on their
performance, cost, reliability, size, and efficigrif3]. While advances in the continued
reduction in the size of IC’s to keep up with Mderéaw garners much attention,
advances in electronic packaging is becoming thgomgechnological hurdle to
overcome [54, 55]. Therefore, great amounts ofaesh and finances are being focused

on packaging related challenges.

Figure 8: a) Cross-sectional view of assembledglchip with solder balls [56]. b) SEM image of
unassembled solder balls [57].

One of the major technology areas in electronikaging requiring advancement
are interconnects, which consists of on-chip anficloib interconnects. On-chip
interconnects are included in creating the traomssstof IC’s and also electrically

connecting the various layers on the device. Wisreff-chip interconnects are
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comparably larger in size and are used to conrieps ¢o other chips that may be stacked
vertically (i.e. vias) or to connect chips to sults such as printed circuit boards or chip
carriers (i.e. flip chips) (Figure 8 and Figure 9)The technical responsibilities of
interconnects include providing electrical connaatimechanical connection, and heat
dissipation, all of which become more important ahdllenging as device integration is
increased, size decreased, and materials withegrdasimilarities are employed. It is
reported that interconnects are the location of 9%all electrical and mechanical
failures in electronic products [54] and therefare a technology in constant pursuit of

advancement.

Die

Cu pillar

Solder

Substrate

Sn/Ag Cap

Cu Pillar

Figure 9: a) SEM image of Cu pillar with solder c@ and a cross-sectional view of it assembled [58].
b) Cross-sectional optical image of several asserabl Cu pillars [59]. ¢) SEM image of several
unassembled Cu pillars with solder caps [60].

Two common materials used in the different type®fbichip interconnects are
copper and solder (Figure 8 and Figure 9). Culyesblder interconnects are being
successfully implemented at 150 um, but there eXsfe process, electrical
performance, and reliability limitations for subQLQm pitches that are expected for the
next generation of electronic packages [61]. PFcaangple, a reliability and process

concern for solder interconnects is that at thdee pitches, the majority of the
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interconnect is composed of intermetallic alloy® do bonding the solder to metal pads
of the chip. The presence of the intermetallic entile interconnects more susceptible to
fracture and fatigue cracks. Therefore new seistefconnect technologies are needed
to overcome these challenges and successfully \&chiime pitches. The general

requirements needed in new off-chip interconnewthide [61]:

1. Electrical properties - high current density capaés, low
electromigration, resistance, inductance, and ctgpae
2. Mechanical properties - high strength, with goothpbance, and fatigue
resistance
3. Process compatibility with existing fabrication amdterials
Due to the extraordinary mechanical, electricatj #mermal properties reported
for CNTs in recent years, they are a good candidatpotential off-chip interconnects to
meet these requirements (Figure 10) [62, 63]. &snmodeling, it has been shown by
Chiariello et al. that interconnects consisting MYWCNT bundles can have lower
electrical resistance than those made up of CUSMENTSs even with low site densities
for the MWCNTSs [64]. Additionally at fine pitcheke interconnects need to be able to
withstand large current densities to prevent ebactgration. The maximum current
densities for Cu and solder are ~106 A7and ~104 Alcrhrespectively, while CNTs
are 1000 times that [65, 66]. To verify thish@s been shown experimentally that single
CNTs don'’t fail in a continuous accelerating mantiet is typical of electromigration
failures [67]. The high thermal conductivity of CNorests [39, 68] has also been
investigated for use as a thermal interface matésialissipate heat generated within

chips. CNT interconnects therefore could also monte to lowering the overall device
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temperature and improve device performance whilpraving the thermomechanical
reliability due to smaller changes in temperatuwgegienced. Another concern related to
temperature is that the typical temperature usegpidey CNTs is ~700-80C. This is not
compatible with back-end fabrication processes tegtiire temperatures less than 400-
500°C [69]. Two approaches are being developed tocowee this obstacle. The first
approach is to determine a method to grow high iyuddNT forests at lower
temperatures. The second approach is to grovCMEs on a separate substrate, and

then transfer them either onto the chip or casigstrate.

5.0kV 16.0mm x180 SE(U) 9/1/18 18:07

Figure 10: Optical image (a) and SEM image (b) dENT forests grown on Cu daisy chains with
electrically conductive adhesive patterned on theop surface.

The high strength of individual CNTs is well knowmith reported values ranging
from 11-150 GPa [9, 70] which would create an icw@nect that is resistant to
mechanical failure. In addition to this high stggn CNT forests have been measured to
have a low effective modulus allowing the forestde deformed greatly. This type of
property will create a compliant interconnect amdphreduce stresses that occur in the
dielectric layers on the chip which originate fraime CTE mismatch between the
substrate and chip. New low-k dielectric layers aery weak and prone to cohesive and
interfacial failure and therefore require new tembgies to mitigate the stresses. This
benefit has been mentioned in studies demonstr@higs as off-chip interconnects, but

has not been the focus of any investigation onteehanical benefit quantified.
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There have been several reports that demonstrafe f@fdsts used as electrical
off-chip interconnects with differences in the fahtion and assembly process and
dimensions used [36, 63, 66, 69, 71, 72]. Onehef darlier demonstrations of CNT
forests as off-chip interconnects was presente®hya et al. (Figure 11) where they
grew a blanket layer of CNTs with a height of 108 using thermal chemical vapor
deposition (CVD) and hot filament CVD at a temperatof 600-808C [71]. Then a
chip was created with a conducting material pagéno form a grid array of connected
daisy chains, and conductive adhesive was patterndlde ends of the daisy chains with
a pad size of 170m and a pitch of ~30m. This chip was then pressed into the CNT
blanket layer and the adhesive was allowed to atie80C. After curing, the chip was
removed from the CNT blanket, allowing the CNTsb® transferred to the chip only
where the adhesive was present. The chip with CMaSassembled to a substrate with
a complimentary daisy chain pattern with similandoctive adhesive. In some cases
CNTs tips were coated with a conductive metal efssembly to the second substrate
in order to improve resistance, which was meastoeoe as low as 2.2 for a single
interconnect. An alternative transfer processdiss been demonstrated by Kumar et al.
where low temperature solder alloys were used aoster the CNTs instead of a
conductive adhesive [69]. This study showed that@NT forests can have good wetting

with solder and create electrical contacts.
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Figure 11: (left) lllustration of CNT transfer pro cess to create CNT interconnects [71]. (right)
lllustration of process to assemble CNT interconnds by making CNT-CNT contact [72].

A different approach to create CNT off-chip intemoects is one that does not use
solder or adhesives and has been demonstrated hiplengroups. In this general
approach (Figure 11) CNT forests are grown on l¢hchip and the substrate, then the
chip is flipped onto the substrate, aligned, arahtpressed together so that the two CNT
forests penetrate each other [36, 63, 72]. Thagrh has been investigated in an
attempt to utilize reports that CNT to CNT conteesistance is an order of magnitude
less than that of CNT tip to metal [73]. Also, $kereports are not concerned with
process compatibility and avoiding the high CNT wgito temperatures. The reports
using this alternative method have only obtainddessimilar to those using CNTs with
conducting adhesives, but they have shown thainteeconnects are very reworkable
due to the ability to attach, detach, and reatthefCNTs [36].

The resistance values presented in most of theestwsing different techniques
for the CNT off-chip interconnects are high complat@ current technologies [36, 63, 66,

69, 71, 72], while one report did demonstrate bettdues than a conductive adhesive
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[36]. To consistently meet the electrical perfonte requirements it is possible to
increase the CNT density, improve the CNT quahty] improve the contact/attachment
of CNTs to electrodes all of which are being widelyestigated [74]. For example, it
has been shown that capillary densification of Cféfest bundles can reduce the
measured electrical resistance (including contesistance) by 400 times, or 2300 times
if the change in cross sectional area is includethé calculation [75]. CNT forests still
have great potential as a future off-chip interamtnand therefore the mechanical
performance and methods on how to incorporate tim finite-element models of

electronic packages need to be pursued.

Gaps in Existing CNT Research

While there has been a focus on demonstratingdhsilple assembly processes of
CNT off-chip interconnects and improving the el@etk performance, almost no research
has been performed on the mechanical performahceiost CNT off-chip interconnect
studies, it is commonly stated that CNTs couldease thermomechanical reliability, but
there is no quantitative study presenting this.r &mample, it has been qualitatively
shown that chips assembled to substrates using iGfdfconnects can be compressed,;
causing the CNTs to undergo compressive deformatitim most of the initial height
being recovered after the load is removed [71]a thfferent study, 5x5 mm silicon chips
and substrates were connected with CNT intercosneith a height of 1.0-5.5 um and a
diameter of 25 um [76]. These samples were thenral cycled and showed very little
change in resistance after 2000 cycles. It shdddnoted that there was no CTE
mismatch between the chip and substrate in thdysamd does not offer much insight

into the thermomechanical reliability of CNT offiphinterconnects. Therefore there are
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gaps in existing research concerning their mechamerformance which should be
investigated in order to implement CNT forests fxbip interconnects.

In addition to these gaps regarding CNT implemémahere are also gaps in the
measurement of the effective mechanical propeotfi€3NT forests. The issues in current
CNT forest effective property measurements wereudised in this Introduction chapter.
The measurement of these mechanical propertieaesgéed in order to create accurate
finite-element models of the CNT off-chip interceats that are important for studying
and designing next generation electronic packagidseese models will demonstrate the
mechanical performance and any benefits that CN@raonnects may have on overall
mechanical reliability of electronic packages angmement the other research on the
electrical performance of CNT interconnects. Thaeethe gaps in existing research to
measure the effective properties of CNT forests an@lement them as off-chip
interconnects include:

» Development of a method to measure the effectivdulus of CNT forests that
eliminates the consideration of nanoindenter tipongetry and effect of
surrounding CNTs while allowing for easy data estiicn.

» Investigation of mechanical benefits of CNT fore#tchip interconnects and the

incorporation of CNT effective properties in a fhip on board analysis.
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CHAPTER 2

OVERVIEW AND OBJECTIVES

2.1  General Problem Statement

In the field of microelectronics and electronic kaging the cohesive cracking of
thin films, such as low-k dielectrics, is a majefiability concern for current and future
devices (Figure 12). This thesis aims to addreississue of cohesive cracking that can
occur in dielectric thin films by 1) developing am test method to measure the cohesive
fracture resistance of these thin films to help amsthnd the problem and 2) by
investigating the use of CNTSs for off-chip interoeats to then mitigate the issue (Figure
13). A fixtureless cohesive fracture measuremeanhriique that uses a material with
high intrinsic stress, called the “superlayer”,diive cohesive fracture will be designed
and implemented for silicon dioxide dielectric thfims. CNT forests will be
investigated as electrical off-chip interconnectghich will include experimental
characterization of their effective mechanical mvies to implement in finite-element
models of chip-to-board microelectronic packagdlewwed by experimental assembly of
such packages and accelerated thermomechanicabiligfi testing to demonstrate the

mechanical performance of the CNT interconnects.

The Problem

e B
Ry

Figure 12: (left) Mechanically coupled chip to subtrate with solder balls inducing high stress leval
and cracking of dielectric layers (right).
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Problem: Cohesive fracture of dielectric thin films in electronic packages

l Solution l e New thin film fracture test method
) _ utilizing cleanroom processes and
1. Understand and investigate superlayer
the problem of thin film - _
. « FEAto calculate fracture resistance and
cohesive fracture

further analyze test method

l * Measure effective mechanical
2. Investigate possible solution: properties of CNTs
CNT based off-chip
interconnects to mitigate
fracture » Fabrication, assembly, and reliability
testing of flip chips w/ CNT
interconnects

e FEAof flip chips w/ CNT interconnects

Figure 13: Flow chart of objectives and componentsf this thesis.

2.2 Thin Film Cohesive Fracture Test

221 Development and Demonstration of New Thin n Cohesive Fracture
Test
The first objective of this thesis addresses ingatihg and understanding the
fracture of the dielectric films, and will be accpished by developing a new test
method to measure the cohesive fracture resistainsech thin films (Figure 14). This
new cohesive fracture test method possesses tloaviiod) advantages for testing thin
films as compared to more traditional approaches:
» Eliminates the possible undesirable effects of slstrate by using
freestanding films.
* Does not require fixturing, clamping, or attachmémt the application
external forces or to measure resulting displaceésnen
* Uses fabrication processes that create repressentdtin films of the

target application for the material.
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« Does not require expensive, complicated, or custoreasurement
equipment.

The majority of these advantages of this new testhod is due to the test’s utilization of
cleanroom fabrication processes and a highly-stessuperlayer material to drive
fracture in the free-hanging test material and @dsdihe need for fixturing and the
application of external loads. Therefore, the yeadctions of this thesis focus on the
design of this new cohesive fracture test methatl véspect to the geometric design of
the test structures and creating the overall cteanrfabrication process. Then the test
will be demonstrated by measuring the cohesivetdracresistance of several silicon
dioxide films with thicknesses ranging from ~100~00 nm. The measured cohesive
fracture resistance value will then be comparedalaes for silicon dioxide obtained in

literature.

Energy Release Rate

Crack Length

Figure 14: (left) Fabrication of cohesive fracturetest. (right) Finite-element analysis of fracturetest.

2.2.2 Finite-Element Analysis of Cohesive Fracturéest

Another main component of this cohesive fractuse meethod is the use of finite-
element analysis of the experimental results of té®t specimens. Finite-element
analysis will be used to demonstrate the basiduraanechanics concept of the new test
method and how the shape and stress of the supenagvide a measurement of the

cohesive fracture resistance. Additionally anestigation will be done using finite-
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element analysis to understand the effects of soirthe main parameters on the test,
such as film thickness, superlayer thickness, sayer stress, and test sample geometry.
Lastly, the material properties of the test matenahe model will be varied in order to

investigate the possibility of utilizing this nevest method to measure the fracture
resistance of materials other than silicon dioxidat are used in a wide range of

applications.

2.3 CNT Based Off-Chip Interconnects

After the cohesive fracture test method has beermldped to investigate the
fracture resistance of thin films, the second dijecof this thesis is to investigate the
use of CNT off-chip interconnects to mitigate tiisue of cohesive fracture of dielectric
layers in electronic packages (Figure 15). Inteteuc packages, one of the main causes
of cohesive cracking of the dielectric layers isrthomechanical stresses that arise from
the mismatch between the values of the CTE’s ofstheon chip and the substrate that
they are attached to by off-chip interconnectsaditronal off-chip interconnects, such as
solder balls, rigidly connect the silicon chip teetsubstrate and mechanically couple
them. This creates the high level of thermomed®rstresses in the chip that cause
cracking of the dielectric layers. CNTs haverbpeposed in literature as possible off-
chip interconnects due to their electrical condutgti high strength, and low effective
modulus. Interconnects with a low effective modwhould allow the silicon chip to be
mechanically decoupled from the substrate, alloviinegn to deform independently when
subjected to external temperatures or loads, amtefitre reduce the stresses in the

dielectric layers and mitigate cohesive fracture.
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Investigation of CNT Interconnects
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Mechanical =
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Figure 15: Components of the investigation of CNTas off-chip interconnects.

2.3.1 Mechanical Characterization of CNTs for Off€hip Interconnects

The goal of the second component of the thesie iauvestigate the mechanical
performance of CNT off-chip interconnects. Suctuantitative investigation is absent
in current literature as discussed in Section 1(@&8ps in Existing CNT Research). To
accomplish this goal it is first necessary to chmaze the mechanical properties of CNT
forests to demonstrate their low effective modudampared to the high reported values
for a single CNT in tension.  This characteriaatvill be executed by utilizing three
different test methods including nanoindentational scale tensile testing, and an SEM
with load-cell compression fixture. These testhods will provide effective modulus
measurement values in compression, tension, aod &lr semi-insitu observation of the

nature of deformation of the CNTSs.

2.3.2 Finite-Element Analysis of Electronic Packags with CNT
Interconnects

The effective modulus measurements for the CNTstsrwill then form the basis
for the mechanical material property model for @NT interconnects in a finite-element

analysis of a silicon chip assembled to a FR4 satast The results of this finite-element
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analysis will then be compared to the same electioackage utilizing traditional solder
balls. This will demonstrate the mechanical detiagpof the silicon chip from the FR4
substrate for the case of CNT interconnects, aackfore a reduction of chip stress and
mitigation of dielectric cracking. Additionally, eshanical performance investigations
will be conducted with these finite-element modsleh as CNT height and material
model aspects (i.e. isotropic vs. transverselyagit) provide insight for potential future

use of CNT based off-chip interconnects.

2.3.3 Fabrication, Assembly, and Thermomechanic&eliability Testing of
CNT Interconnects

The final aspect of the investigation of the meatarperformance of CNT based
off-chip interconnects is experimentally testingeiththermomechanical reliability.
Therefore, CNT interconnects with a diameter ofG-&h and a height of ~100m will
be grown on copper daisy chains, and then asserahtédttached to FR4 substrates with
electrically conductive adhesive. The assembleckguges will then be subjected to
cyclic thermal shock testing to obtain a measurémahn their thermomechanical
performance by monitoring the electrical resistamufe the daisy chained CNT
interconnects. This will then be compared to amilip chip packages utilizing solder
balls without underfill and other new nontraditibniaterconnects and provide a

guantitative basis of the mechanical performanc&NT off-chip interconnects.

2.4  Summary of Objectives
Below is a list of the objectives that will be adgsed in the following chapters of

this thesis.
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To develop a new fixtureless experimental testrigpke for measurement of thin
film cohesive fracture resistance using a stresagubrlayer and generation of
cohesive fracture data for Si@in film.

To develop finite-element models for calculationcohesive fracture resistance
of thin films and understanding the effect of kegttparameters.

To develop two test techniques to measure effectivdulus of CNT forests and
generate data for values of CNT forest effectiveluhos.

To develop a methodology to mechanically model G¥$ed electrical off-chip
interconnects in finite-element analysis of flipigchelectronic package and to
demonstrate the mechanical benefits CNT intercasnec

To fabricate, assemble, and thermo-mechanicallyflipschips that utilize CNT
based off-chip interconnects to quantitatively daestmte their mechanical

performance.
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CHAPTER 3
METHOD TO MEASURE TENSILE STRENGTH OF LOW

MODULUS THIN FILMS USING STRESSED SUPERLAYER

3.1 Introduction
This chapter presents and discusses early reseanctucted for this thesis that
led to the development of the new cohesive fractese presented in Chapter 4. While
the cohesive fracture test discussed later in @napis one of the two main topics of this
thesis, this chapter focuses on a new method tesuneahe tensile strength of low
modulus thin films. This chapter serves to presamd demonstrate this new tensile
strength measurement technique, while also progidasight and appreciation for the
genesis of the thin film cohesive fracture tesCbfpter 4. This test method to measure
the tensile strength of thin films is similar teetbohesive fracture test since they both 1)
use a highly-stressed film to drive deformationtloé test material and 2) both use
photolithography and clean room processes to fatariand perform the tests. These two
characteristics of the two different test methditsrathem to possess similar advantages
when applied to the mechanical testing of thin $ilm
One of the advantages for this tensile strength soreanent technique is
associated with fixturing of the test material amith the material test samples
themselves. To conduct most standard mechanistihgetechniques, first a material
specimen is created, such as a dog-bone samplaitrial tensile testing to measure the
tensile strength or a compact specimen for fractorgghness measurement. This
specimen is then held in place with mechanicalsgapother fixturing devices allowing

external loads to be applied to the specimen tsedeformation and subsequent failure.
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The geometric dimensions of thin films and thew Istrength make the measurement of
their mechanical properties inherently difficuling traditional methods such as this. In
general, thin films of any type of material (metafsolymers, oxides, etc.) with
thicknesses in the micro and nanometer range drenealy fragile, difficult to handle,
difficult to hold in place and fixture, and the dipption of externally applied loads can
cause unwanted local stress effects [77]. Itesefore desired to utilize a test method for
thin films that does not require such fixturingexternally applied loads when measuring
their mechanical properties. The tensile strengsh technique presented in this chapter
is applicable for measuring the tensile strength @fide range of nano and micro-scale,
thin, low strength materials that cannot otherwis® measured accurately through
conventional fixture-based load application techeg] A material that possesses such
characteristics is parylene-C, and was thereforesem to demonstrate the proposed
tensile strength test technique. This polymer dagade range of thin film applications
such as a moisture barrier coating, electricallatsan in microelectronic devices, and as
structural components in MEMS devices [78-80]. tlrese applications, design for
reliability is an issue due to the exposure to mkloads that can result in material
failure. It is therefore desired to measure medahmproperties such as the tensile

strength for thin film parylene-C, but little resela has been conducted on measuring it.

3.2  Test Concept
The proposed test method to measure the tensgiegsh of thin films avoids the
previously mentioned issues by using basic lithplgyaprocesses to mechanically test
materials without traditional fixturing or the apgation of external loads. The main

concept behind this method is to cause failurehefthin film by depositing a material
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with high intrinsic tensile stress on top of it. shmilar concept has also been used to
measure the interfacial fracture strength of copgpar flms on glass by Bagchi et al.
[81] and is also used in the cohesive fracture nesthod that is a major component of
this thesis and discussed in Chapter 4. In tlasish the highly-stressed material is called
the “superlayer”. Before discussing the concepthef proposed tensile test technique it
is important to understand the concept of the daper and how it can be used to cause
cracking in parylene films without external fixtng or loads.

In general, all thin films have some sort of stresaste. The total stress is
composed of an extrinsic component from externadlilng after material deposition and
a thermal component which arises from differencesthie coefficient of thermal
expansion between the film and substrate, and &msit component. The test
techniques presented in this thesis utilize only thtrinsic stress component. This
intrinsic stress is caused by the grain structhi tlevelops in the thin film as it is
deposited. Using a magnetron sputtering of chramtioin films it is possible to control
the grain structure by altering the argon gas piresthat is present to sustain the plasma
used to sputter the chromium. In this investigatia Unifilm® magnetron sputter
machine was used with argon pressures ranging &#@mTorr, which produced film
stress values from +1.5 GPa to +1.0 GPa. A detaigcussion and explanation on thin
film intrinsic stress is given in Section 4.2 artbgld be used as a reference for this
investigation.

The stress that this superlayer possesses is theckmponent to this test
technique to measure the tensile strength of ilirsf This high stress in the superlayer

induces elevated magnitudes of stress in the tagtrial that has been deposited below
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the superlayer. Stress in the test material theg¢exls its tensile strength causes failure
and is visually signified by cracking of the ma#gri Different magnitudes of stress in the
test material can be induced by different magngudg stress in the superlayer and
different superlayer thicknesses. During the fsicess to determine the upper and
lower boundaries of the tensile strength, firstupeslayer with specific stress and
thickness is used. Then, if cracking does not oedth this superlayer, the test is
repeated with a superlayer of greater thicknesstress magnitude (illustrated in Figure
16). Then if cracking occurs, the test can be atggbwith a lower stress magnitude or
thickness. With this iterative process the maleri@nsile strength can be determined,

and in this study it is demonstrated with paryl€he-

[ Chromium JJj SiO,
Parylene [] Glass Slide

d.)
T e

—
AN

No Failure Failure

Figure 16: Side view of test samples during the lfsication process. Step c) shows the possible
outcomes of No Failure with no cracking of the mateéal occurring, or failure occurring which is
signified by cracking of the materials.
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3.3  Test Fabrication

The fabrication of this process is outlined inudfg 16 and begins on a glass slide
with 100 nm of Si@ deposited on it with a UniaXiPECVD. A Lapcoatér2PDS 2010
was then used to depositydn or 3.46um of parylene-C. Next a blanket layer of
chromium was deposited on top of the parylene wittnifilm® PVD Sputterer. The
chamber pressure was adjusted to induce high ledfetensile intrinsic stress in the
chromium. Stress magnitudes ranging from 1-1.4 @Ewe utilized in this study. The
chromium was then patterned into strips approxitp&@0 um x 2000um with Shipley’
1813 photoresist. This chromium pattern was theeduas the masking layer to pattern
the parylene. A Plasma-ThefnRIE with O, plasma was used to etch the parylene.
Once the strips were defined, they were observedtrfacking to signify if the stress
created by the chromium superlayer in the parylgag above the tensile strength. This
process was then continued with four different afiton thicknesses and/or intrinsic
stresses to determine the tensile strength of @aeyC. The characteristics and

dimensions of the samples that were fabricated@mmarized in Table 2.

Table 2: Dimensions and characteristics of the falrated experimental test
samples and dimensions used for the different FEA.

Sample # Parylene Chromium Nominal Chromium
Thickness (nm) [ Thickness (nm) Stress (MPa)
1 1000 250 1300
2 1000 25 1300
3 3460 25 1000
4 1000 50 1000
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3.4  Test Finite-Element Analysis of Experimental T&t Specimens

In this study, finite-element analysis (FEA) waed to determine the stress in the
parylene-C film caused by the stressed superlagdr extract the tensile strength of
parylene-C from the experimental data. A 2-dimenai ABAQUS’ model for each of
the test samples was created using CPE4R plane steanents. The models consisted
of layers of SiQ, parylene-C, and chromium as shown in Figure X6Figure 17. The
linear elastic material properties used for eacthefmaterials included: Sj@Poisson’s
ratio, v=0.25, Modulus of Elasticity, E=64 GPa [82]), pamne-C ¢=0.4, E=4.75 GPa
[83]), and chromium superlayer=0.31, E=260 GPa [84]). To constrain the modwd, t
bottom of the Si@ layer was fixed in all degrees of freedom (Figti® because the
actual test specimens are fabricated on a glasdratdof much greater thickness (~1000
um) than the films included in this FEA model. HRoading conditions, the chromium
layer was modeled with the nominal tensile intensiress that is given in Table 2 for
each test sample. Additionally an intrinsic streE25 MPa [85, 86] was included in the

parylene-C layer due to stresses developed dunmgeposition process.

2000 um
|« >l [C] Chromium: 25-250nm,
1000-1300 MPa
Parylene: 1000-3460nm,
25 MPa
~ |

Fixed boundary condition bottom edge of SiO, . SiO;: 100nm

Figure 17: Side view of 2-dimensional finite-elenm® model of entire test strip. Bottom edge of Si©
has all degrees of freedom fixed as a boundary coitidn.
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3.5 Results and Discussion

In each of these models, the highest stress vdlms Mises, principal, and
Tresca) were found to be in the region near the efdhe test strips as in Figure 18 and
Figure 19. Experimentally, such stress levels @aaluse propagation of cracking in the
entire sample if this high stress is above theileersgrength, and therefore result in
cracking of the entire strip. This mode of failwkcracking along the entire strip was
expected and observed during experimentation ayrdfigd failure. The maximum von
Mises, principal, and Tresca stress was determihezligh finite-element analysis for
each of the samples and is given in Table 3. tregd these results demonstrate that the
stress in the parylene is increased by either asing the intrinsic stress or thickness of
the superlayer.

The experimental results showed that the tensikngth is exceeded when the
test sample shows cracking. During the testinggking was observed with samples 1, 2,
and 4 and no cracking with sample 3. Figure 2f)) (daows the cracked sample 1, where
the cracking of parylene-C also results in the ldrag of the superlayer, and Figure 20
(right) shows sample 3 with no cracking presenthe Tstress that the parylene is
experiencing is determined from the FEA resultsulsed in Section 3.4 and above in
Section 3.5. Using both the FEA and the experialemrgsults of samples 2 and 3 it is
seen that the tensile strength of parylene-C theérrange of 57 MPa considering the von
Mises stress. This result is similar to measurdl balues of 55 MPa and measured thin
film values of 59 MPa [83]. The FEA results aldww that parylene failure occurs at
higher stress values if principal stress (maximdéh5 MPa) or maximum Tresca stress

(maximum: 62.3 MPa) is used as the failure criteria
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S, Mises
(Avg: 75%)

+1.361e+02
+1.262e+02
+1.162¢+02
+1.063e+02

+8.648e+01
+7.656e+01
+6.664e+01
+5.672e+01
+4.680e+01
+3.68%e+01

+2.697a+01
+1.705¢+01

B chromium
Parylene
B sio,

[] Glass slide

Figure 18: Zoomed-in contours of von Mises strese parylene-C from a finite-element model for
test sample #1 (Unit for stress is MPa).

S, Mises

(Avg: 759%)
+5.651e+01
+5.263e+01
+4.875e+01
+4,487e+01
+4,100e+01
+3.712e+01
+3.324e+01
+2,936e+01
+2.548e+01
+2.160e+01
+1.773e+01
+1.385e+01
+9.969e+00

Figure 19: Zoomed-in contours of von Mises stresa parylene-C from a finite-element model for
test sample #3 (Unit for stress is MPa).

Table 3: FEA and experimental results.

Maximum Total Maximum Total Maximum Total

Sample # von Mises Stress in Principal Stressin  Tresca Stress in Experimental

Parylene (MPa) Parylene (MPa) Parylene (MPa) Result
1 136.1 177.5 153.2 Crack
2 57.0 72.5 62.3 Crack
3 56.5 70.7 61.9 No Crack
4 60.6 77.1 66.5 Crack
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Figure 20: Left optical image is a top-view of craking observed in sample #1 and right image is a
top view of sample #3 with no cracking present.

3.6  Conclusion

In this chapter, a new testing technique to deteznthe tensile strength of low
strength thin films was demonstrated by measurmggténsile strength of the polymer
parylene-C. The technique presented avoids thessassociated with testing thin films
by utilizing simple photolithography based sampleparation, not requiring fixturing of
thin films, and is driven by the high intrinsicests of the superlayer film. Additionally,
this technique uses finite-element analysis to aextithe tensile strength from the
experimental data. It was found that von Misessstifailure criteria produced values for
tensile strength close to reported bulk and thim fvalues, while principal stress and
Tresca stress failure criterion values were greafeine results presented in this study
show that this test method is viable for deterngnihe tensile strength of similar thin
film materials with low tensile strength. Lasttiis chapter demonstrates a second new
test technique contained within this thesis thagsua highly-stressed superlayer to
measure the mechanical properties of thin filmshisTmethod to measure the tensile

strength of low strength thin films by utilizingsaiperlayer serves as a precursor for the
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superlayer based method to measure the cohesotarigaesistance of thin films that is a

major topic of this thesis and presented subsetuienChapter 4.
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CHAPTER 4
COHESIVE FRACTURE TEST FABRICATION AND

EXPERIMENTAL RESULTS

4.1 Introduction

Thin films of materials are currently being usediiwide range of applications in
fields such as microelectronics, NEMS/MEMS, solawpred devices, and medical
devices. In these applications, the thin films ¢@nused as a coating on a thicker
material or several layers of different thin filmman be used to create a specific device.
In both of these general types of applicationssitémmon for mechanical failures to
occur due to thermal or mechanical loads that theicés experience during their
fabrication or lifetime (Figure 21). These meclahifailures can either be interfacial
fracture, which is cracking occurring at the inded of the thin films, or cohesive
cracking, which is cracking that extends through thickness of the thin film. In
microelectronic devices that are composed of maggrk of thin films, interfacial and
cohesive cracking is a major reliability issue. e§fically, the microelectronic industry
has been encountering a major technological hundie such cracking occurring in
dielectric thin films and has devoted a great amooi energy and resources to
understand the interfacial and cohesive fracturengths of thin films. This is due to
there being no standard techniques to measure dhesive or interfacial fracture
toughness of thin films (as discussed in Secti@xl). While there are many standard
tests to measure the cohesive fracture toughnebsllofmaterials, these measurements
may not be applicable to their respective thin $ildue to: 1) surface interface effects

that are more pronounced at small scales, 2) ldhmtanber of grains in a given volume,
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3) the materials may only be available in thin filonm and not in bulk and 4) the effect

of manufacturing processes used.

Figure 21: Left SEM image shows cross section ofaBk End Of Line (BEOL) dielectric layers with
metallization lines [6]. Image shows cohesive arnterfacial cracking occurring in the dielectric
layers caused by mechanical or thermal CTE mismatctoading on the flip chip connected to a
substrate by rigid solder ball interconnects (rightimage).

It is for these reasons, and those discussed i metail in Section 1.2.1, that
new tests have been developed to specifically mmedke cohesive fracture toughness of
thin films. Recent thin film test methods incluttese that are based on the use of a
nanoindenter system and other microtensile teshadstthat employ micro-fabrication
techniques to eliminate the use of a nanoindenidre nanoindenter based techniques
have the advantages of using a commercial system,they are very expensive.
Additionally while the sample preparation of thésehniques can be very simple, and
consist of just the thin film deposited on a sudistrthere are still several disadvantages

including:

1. The stiffness and hardness of the substrate caotaffe measurements with the
nanoindenter [13, 21].

2. Complex stress fields occur at the indenter tip aradke the analytical solutions
used to determine the toughness difficult and oger[87, 88].

3. Determining and creating the desired crack geometng then locating and
measuring the crack can be difficult and add uagetst to the results [13].

4. This method requires access to nanoindenter, whiah expensive system.

45



It is because of these challenges and disadvantdgesh nanoindenter based methods,
that other microtensile test methods have beenlales@. These methods typically try to
eliminate the effect that the substrate has ontlthe film’'s properties by using free-
hanging/standing beams or membranes. It is alsoedeto eliminate the need for the
nanoindenter system to reduce cost, which somé&efticrotensile methods achieve.
But in the process of designing a test methoddbas not utilize a nanoindenter system,
complicated and customized mechanisms are creategher apply the force to drive
fracture or measure displacements/crack lengthdditidnally some of these methods
require fragile fixturing and attaching of the tepecimens, which is a difficult task when
dealing with micro/nano thick films. Thereforejstithapter presents a new test method
to measure thin film cohesive fracture toughnesat:thl.) does not require
complicated/expensive equipment, 2.) does not regxternal fixturing or application of
forces or clamps, 3.) uses freestanding films imiehte the effect of the substrate
material, 4.) and uses standard fabrication presesbat create representative film
compositions occurring in the target application.

In addition to these desired test characteristiestraned, the presented cohesive
fracture test method has additional advantagese @rhese advantages is that during
the fabrication of this test technique, the phdtiolgraphy fabrication process allows for
many test samples to be fabricated and testeceagaime time due to the parallel nature
of photolithography fabrication. Therefore, eachfay results in many critical energy
release rate data points of the target test materia

Also, the next generation of low-k dielectric nré&iks is achieving their low

dielectric constants from increased levels of piyd8-6]. Testing such films using
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more traditional thin film fracture test methodsclsuas nanoindentation becomes
difficult, especially while the thickness of thefdes is also decreasing. Generally when
using nanoindentation, it is desirable to keepitientation depth to be less than 1110
of the thin film thickness so that the substratepprties do not influence the test results
[89-92]. With increasingly thin materials used nmcroelectronic applications, it is
difficult to extract fracture properties by keepitiee 1/18' indentation depth guideline.
Also, the increased porosity of new low-k dielectthin films creates an issue in
determining the “actual” area of contact of thequs material with the nanoindenter tip.
Such an “actual” area of contact is important to tfte nanoindentation analysis [91].
Therefore there is a need to for new thin film fuae tests to be applicable to advances in
future semiconductor and thin film technologies.

The main concept behind this new test method matse cohesive failure of the
thin film by depositing a material with high intdic tensile stress on top of it. This thin
film with a high tensile intrinsic stress is al$m@taspect of the test method responsible for
many of the test’s unique characteristics and adgs. In this study the highly-stressed
material is called the “superlayer’. Before disinog the concept of the proposed
cohesive fracture test technique it is importaniriderstand the concept of the superlayer
and how it can be used to initiate and propagatekang in thin films without external

fixturing or loads.

4.2 Engineered Thin Film Stress: Superlayer Concep
All thin films have some sort of stress state. Tdial stress is composed of an
extrinsic component from external loading after @@pon and a thermal component

which arises from differences in the coefficienttioérmal expansion between the film
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and substrate, and an intrinsic component. Thetéetinique presented in this thesis
utilizes only the intrinsic stress component. Teammon models to explain intrinsic
stress in deposited metal films are the Grain BamndRelaxation model and the Shot
Peening model [93-96]. These models can be usextain the general relationship
between the intrinsic stress and the sputter depogparameter of argon gas pressure
that is shown in Figure 22 [96]. During the sputleposition process, the argon gas is
used to create the plasma in the deposition cha@hmring material to be sputtered
from the source material target onto the substrdt@en the argon pressure in the sputter
chamber is low, the target metal atoms will colligss with the argon ions in the
chamber. Less scattering of the target atomsoeitur and therefore result in a dense
pattern of target material on the substrate. Tieratomic distance of such a deposited
film is less than the equilibrium spacing, whicleates a compressive intrinsic stress in
the deposited film as shown in region 1 of Figu?e ¥ the argon pressure in the sputter
chamber is increased, the target atoms will colhdare with the argon ions present,
resulting in a coarser and less dense deposited fiThe interatomic distance will be
larger than equilibrium spacing in this case anehtz a tensile intrinsic stress in the
deposited film (region 2 in Figure 22). If the angpressure is increased further, the
tensile stress will reach a maximum value and tecrease as the argon pressure is
increased (region 3 in Figure 22). This is dueinoreased voids in the film
microstructure and thus decreased density thatotasusstain continued increases of
stress. Therefore, in region 3, the stress deeseasth increased sputter chamber
pressure [93]. This phenomenon allows for a watee of stress levels by using various

argon pressures and sputtering material. For ebeamp this study chromium
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superlayers were deposited using a UniffmPVD Sputterer with sputter chamber

pressures ranging from 2-6 mTorr. The stressedugex ranged from +1.51 GPa to

+1.02 GPa and are shown in Figure 22. The rangegun pressures used in this study
for chromium was only in the tensile stress regamd is consistent with the pattern

described in region 3 of Figure 22. Others have aietated similar results using

various materials over a wider range of pressig4s97].
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Figure 22: lllustrates general relationship betwer argon gas pressure and intrinsic stress in thin
films for regions two and three. Region one is nahown, which would include a continuation from
region two down to a compressive stress region. Adionally, actual data for argon sputter pressure
vs. measured intrinsic stress of chromium using maggtron DC sputtering has been overlaid on the

general relationship.
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() Eabrication (2)Measurement and FEA
for Fracture Toughness
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Figure 23: lllustration depicts the two main compments of the superlayer fracture toughness test.
First, the fabrication of the test and then secondhe measuring of fractured samples and the FEA of
the results to determine the test materials fractue toughness.

4.3  Superlayer Test Method to Measure Thin Film Frature Resistance

To measure the cohesive fracture toughness offithis a new test method has
been developed and is presented in this sectiancrdate a test method that overcomes
the issues mentioned in Section 1.2.1 (Gaps IntiBgisThin Film Fracture Test
Methods), photolithography methods are used toepatand create rectangular free-
hanging thin film specimens that are attached at dpposite edges to a rigid silicon
substrate, and then a highly-stressed superlaytarialas deposited and patterned into a
triangular shape on top of the free-hanging testeriedl. Once this super layer is
patterned, and the test material is released, tteessfrom the superlayer initiates and
drives crack propagation through the test materigis crack length is then measured
and the experimental specimen is modeled in FEA wlie same geometries, crack
length, and stress states to calculate the fradtuwrghness of the test material. The

following subsections (as illustrated in Figure 28)l go into detail on: 1.) The
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fabrication process to create the test samples thghsuperlayer 2.) The experimental
results of several test runs and the FEA of thegeramental results to calculate the

fracture toughness of the test material.

O G>a,

Energy Release Rate

Crack Length

3
S
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/

a.

\ Legend

b. ! ! : b. a. - Superlayer

c. \ b. - Test material section attached to substrate
d c. - Silicon substrate

Cross-sectional view d. - Free hanging section of test material

Figure 24: lllustration of main test concept of dereasing energy for fracture as the crack
propagates. The decreasing energy is due to theéangular shape of the superlayer. Also, shows the
general geometry of the test samples with a sectiafithe test material that is free-hanging with the

triangular superlayer on top.

4.4  Cohesive Fracture Test Concept
This outlined test method measures the cohesivtuiie toughness of the target
test material (i.e. silicon dioxide) by using thghly-stressed superlayer deposited on top
of the test material. The energy of the highlessed superlayer is used to generate
fracture and drive crack propagation through thiektiess of the free-hanging test

material. The amount of energy supplied by theedager is dependent on the intrinsic
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stress, thickness, and width of the superlayer mahte Therefore the geometry of the
superlayer can be used to help determine the aritiacture energy of the test material.
For example, Figure 24 and Figure 27 (STEP IV andsNows a triangular shaped
superlayer of constant thickness deposited on fop freestanding test material film
fixed at the edges to a substrate beneath ithéttack initiation locations at the base of
the superlayer triangle, if the energy suppliedh®/superlayer is greater than the critical
fracture energy of the test material, cohesivelangcwill occur and propagate. As the
crack propagates, the width of the superlayer @se® due to its triangular shape, and
therefore the energy supplied by the superlayer ddéxreases. The cohesive crack will
then continue to propagate as long as the enengplied by the superlayer at the crack
tip is greater than the critical fracture energyha test material. Crack propagation will
cease when the energy supplied by the superlaysgual to the critical fracture energy
of the test material, and therefore provide a messeant of the fracture toughness of the
test material. This is further illustrated in Figl24 and some example test specimens
that have cracked are shown in Figure 25. Theggnapproach to fracture mechanics
states that fracture occurs when the energy aveiffn crack growth is sufficient to
overcome the resistance of the material [30]. Thigrion for cohesive fracture to occur

and propagate is:

G>G, ©9)
WhereG is the available energy release rate (ERR) @nts the critical energy release

rate, which is a measure of the fracture toughoétise material. The energy release rate

can also be defined as:

du
G=—2 10
dA (10)
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WheredU is the change in strain energy for a change iokcface areaA, as the crack

is grown. In this proposed test method, the stesiargy decreases as the crack grows
due to the decreasing width of the superlayer. r8fbee thedU value decreases as the
crack grows until it reaches a value that cauSe$s. and provides a value for the

fracture toughness of the film (Figure 24).

SE 31-May-10 WD32.6mm 10.0kV x25

SE 31-May-10 n - WD30.5mm 10.0kV x80 500

Figure 25: Fabricated test specimens after they v been released and allowed to cohesively crack.
a-b.) 1200 nm of SiQ, 200 nm of Cr with an intrinsic stress of 1.2 GPac-d.) 315 nm of SiQ, 120nm
with an intrinsic stress of 1.2 GPa.
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Figure 26: Fabrication process for the cohesive #&cture test technique.
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45  Test Sample Fabrication Process

The fabrication process of this test method utdiz#andard lithography and
material deposition processes to create the tesirspns. This ensures that the materials
being tested are representative of those of irtememdustry and also compatible with
their standard processes. Silicon dioxide wasem@s the test material to demonstrate
this method since it has been commonly used aselectlic material in electronic
packaging, but currently it is being replaced byvngropriety materials with lower
dielectric constants. These new lower dielectanstant materials have better electrical
characteristics, but at the cost of weaker mechamiomperties (as discussed in Section
1.1 as one of the driving reason for new cohegiaetdire tests). But, compared to these
newer dielectric materials, silicon dioxide candasily deposited and the values for its
fracture toughness are readily available in litemato allow for validation of the results
of this new cohesive fracture test method. Theeefoere is a need for new tests such as
the one presented here, to characterize and beterstand the cohesive fracture
resistance of new thin film dielectric materialBhe fabrication procedure is described in
the following paragraphs and is illustrated in Fegd6.

The first main step of fabrication of this cohesikacture test method is to pattern
rectangular strips of the sacrificial material osilecon substrate (Figure 26, STEP I). In
this thesis ~20 nm of gold was used as the saeatifcaterial. Gold was chosen since it
is an inert metal, can be etched with high selettito allow full release of the test
material from the substrate and test material, @does not bond to materials well, and
therefore makes the release step easier. It stheutsbted that this poor adhesion of gold

sometimes requires the use of an adhesion layeswb@ to prevent premature
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delamination during subsequent wet processing amdllimg. In this study, a ~5 nm
thick chromium film was used. Both of these blanfien layers (chromium and gold)
were deposited on a 4" silicon wafer using a Umifilmagnetron sputter machine.

After depositing the gold film, it is then necessdo pattern the sacrificial
material into strips with photoresist and etchimgogsses (Figure 26, STEP I). To create
the rectangular gold sacrificial strips, the fipsiotolithography mask was used to pattern
Shipley Microposit SC1827 photoresist with a thickness of ~@ri (details of the
SC1827 recipe are contained in Appendix A.1.1).teAkxposing and developing the
SC1827 photoresist, the gold sacrificial layer \pasterned by etching with Transé&ne
GE-8148 gold etchant. Once the gold etching waspteted, the photoresist was
removed with Shipley Micropo$it1165 photoresist remover and subsequently subljecte
to an oxygen descum process using a Plasma-ThRif machine to further clean any
residual photoresist off the patterned gold reatdargstrips and silicon wafer surface
(details of oxygen descum process are containédghpendix A.1.3).

Next a blanket layer of the test material of ins¢iie deposited over the sacrificial
layer. For the demonstration of this new test meétlhe test material chosen was silicon
dioxide. The silicon dioxide layer was depositesing a Unaxi& PECVD machine
(Figure 26, STEP II). The deposition was complatsithg precursor gases of 400 sccm
of SiH; and 900 sccm of 40, at a temperature of 2%D, a pressure of 900 mtorr, and a
plasma power of 25 watts. The resulting depositaia using these parameters was ~50
nm/min and was used to deposit the silicon diofilde of the desired thickness for the

test.
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Before the silicon dioxide test material is pategtn a blanket layer of the
superlayer material is deposited on top of it. iDgithe fabrication of these test samples,
chromium was chosen as the superlayer materidatkét the silicon dioxide (Figure 26,
STEP 1l). The chromium film was deposited usingUaifim® magnetron sputter
machine which allows the argon pressure to be olbedr during sputter deposition, and
therefore allows control over the superlayer str@ssmentioned in Section 4.2. The
typical range of argon pressures used to creatperlsyer with a stress of 1-2 GPa was
2-5 mtorr. To obtain an accurate measure of tresstin the superlayer film, a dummy
silicon wafer was also coated with chromium priorthe deposition run of the test
sample with the same deposition parameters. Triessstn the chromium film on this
dummy sample was then measured using a Bowb@liress Measurement system and
recorded for later use in the calculation of th&hesve fracture resistance of the test
material. In this system, the curvature of siliceafer after the deposition of Cr layer is
used to determine the stress in Cr layer.

Next the deposited superlayer material is patternedtriangles with photoresist
and etching processes (Figure 26, STEP Ill). Pphisern is created by using the second
photolithography mask and Shipley Microp8s&#C1827 photoresist. After exposing and
developing the SC1827 photoresist, the chromiunedayer was patterned by etching
with CyanteR CR-7 chromium etchant. Once the chromium etching completed, the
photoresist was removed with Shipley Microp®sit165 photoresist remover and
subsequently subjected to an oxygen descum procsisg a Plasma-ThefmRIE

machine to further clean any residual photoresist.
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After the superlayer material is patterned intargles, the test material is
patterned with shapes as illustrated in STEP I\Figure 26 and additional etches are
performed to expose sections of the sacrificialemal below it. This patterning of the
silicon dioxide was completed by utilizing the thiphotolithography mask and Shipley
Microposif® SC1827 photoresist. The pattern of the silicaxidie test material creates
crack initiation notches, creates access to thd gatrificial layer beneath the silicon
dioxide, and creates a cut step to help initiage abtion of the superlayer (Figure 27).
After exposing and developing the SC1827 photaotesis cut step was begun by etching
the small exposed area of the chromium superlayiét @yanteR CR-7 chromium
etchant. Then the cut step was completed by ejdhia silicon dioxide patterned using

buffered oxide etchant (BOE).

Angled-view Top-view

Release material exposed due to
cuts from the “cut-step” etching

Crack initiation
notch

Figure 27: Detailed view of fabrication process SEP IV of Figure 26 showing the cut step to etch
SiO, to expose the release material below it and createack initiation notches.

With the gold sacrificial layer exposed from thdteaning and etching using the
third photolithography mask, the exposed gold §a@i layer was then etched with
Transen® GE-8148 gold etchant. Since this gold etchantbdeaterally etch beneath the

silicon dioxide test material, it requires an etche of several hours. Once the entire
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gold sacrificial layer was removed, the SC1827 ptestist was removed with Shipley
Microposif® 1165 photoresist remover. With the sacrificialtenial and photoresist
removed, the test material is no longer fully seduio the substrate or being held down
and therefore the superlayer can now cause cohesagk initiation and propagation
(Figure 26, STEP V). The length of the crack isnthmeasured and allows for the
cohesive fracture strength to be determined usmgefelement analysis of a model of

the specific test using the same geometries, desnckh, and superlayer stress.

4.6 Photolithography Mask Design and Test Sample Genetry

To fabricate the cohesive fracture test discuseeSeiction 4.5 it is necessary to
use photolithography cleanroom processes. Thigoptimgraphy fabrication process
utilizes three photolithography masks. The masexidor this test were four inch square
soda lime with chromium material as the pattern amde created by Photo Sciences
Incorporated®. The general layout of these thresks is illustrated in Figure 28 which
shows screen captures of the mechanical drawing tasfabricate each of the separate
masks. Also, Figure 29 shows the patterning resuibduced by each of the masks,
where MaskA patterns the release material on the silicon satestMaskB defines the
geometry of the triangular superlayer, and lastBskIC patterns the blanket layer of the
test material into the test strip geometry andteeaccess to the release material below
it. It should be noted that the optical imaged-igjure 29 shows two test strips that are
created by the “cut” located at the middle of thenple. This cut creates two test strips
with the individual strip’s cracks propagating ippwsite directions, therefore one

patterned strip creates two separate test strigs e test is completed.
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Figure 28: Mechanical drawings of each of the thre individual photolithography masks (each 4x4
inch) and one image of all three masks overlaid. dditionally, a magnified view of a section of two
test sample for each respective mask (magnified wvieis signified by matching letter labels).
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Figure 29: Optical images of the results of each ask during fabrication. Mask A defines the
rectangular shape of the release material, MasB defines the superlayer triangles, and Mask
patterns the test material blanket layers into theshape of the test specimen and creates windows to
give access to the release material below it. Theage for Mask C still possesses the photoresist
mask, therefore obscuring the patterned superlayebelow it.
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The entire mask contains many different overallesive test strip designs with
different dimensions and geometries. In geneha,mask contains test strips where the
widths of the release material strips range frofi0~340 um (which defines the width of
the free-hanging section of the test material) tti@ length of the superlayer range from
1100-1800 um, the length of the triangular sectbrihe superlayer range from 700-
1500, and the width of the superlayer is 200 pmhe Beneral dimensions of this
cohesive fracture test are based off of those usetheng's [97] interfacial fracture
toughness test, but dimensions and geometries weied here to investigate and
eliminate any potential effects on the cohesivettne results. Figure 30 and Table 4

illustrates the ranges of the important dimenstesged in the mask design.
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Figure 30: lllustration of the top-down view of asingle test specimen showing the key dimensions of
the superlayer triangle, test material, release matial, and crack initiation notch. Also for clarity, a

cross-sectional view is given.

Table 4: List of ranges for the values of the dimesions in Figure 30 that were included in the
photolithography mask design.

Label Dimension Range of Values Label Dimension Range of
= Name (um) = Name Values im)
. | Total superlayer| 1100, 1200, 1300, | \-:-v(iec?tth ar?tgtcet:'eac 230, 280, 300,
length 1600, 1700, 1800 . 350
to Si substrate
Superlayer o
b triangle section 700, 800, 900, 1000] f Crack |n|_t|at|0n 2550, 80
1500 notch height
length
c Superlayer 200 (600, 800 for Crack initiation 20
width large samples) 9 notch width
1000
.} 300, 400, 440, 540
d Rglease materigy (980 and 1140 for h Test strip width (1200, 1400,
width 1720, 1740 for
large samples)
larger samples)
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Figure 31: lllustration of the composition of thetotal length of the triangular superlayer to
investigate effect of amount of curling.

One of the major geometry variables tested in thask design concerns the
combination of the total superlayer lengthif Figure 30) and the superlayer triangle
section lengthl{ in Figure 30). Different combinations of theseotdimensions allows
for the investigation of the effect of the crackdéh and the amount of curling on the
fracture measurements. This is because the topariayer length is composed of the
superlayer triangle length and a rectangular seatfoconstant width at the base of the
superlayer strip (as illustrated in Figure 31).isTtectangular section adds length to the
propagating crack and therefore requires the strigurl more compared to a superlayer
with a shorter rectangular section. For exampldrigure 31, superlayers 1 and 2 have
the same total length, but superlayer 1 has a tosgperlayer triangle and a short
rectangular section compared to superlayer 2 Q2> D;). When a cohesive crack
propagates, it ceases at some length where thé widhe superlayexy, at the location
of the crack tip relates to the cohesive fractegstance of the test material. But in the

case of the two test strips here, siize> D4, in order to reach the samethe crack
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length and amount of curling of sample 2 must leatar than sample 1 (Le>L,). Itis
in this manner that the mask design takes craailesnd curling into account by having
different superlayer triangle lengths.

Another important geometry that was tested in thet@ithography mask design
was the shape of the superlayer triangle. Two géngangles were included in the
mask design, a single triangle and a double fotkiethgle as illustrated in Figure 32.
During fabrication, it was found that the doublekid triangles were more successful
than the single triangles. It is thought that tleible triangle design provides a more
constant direction of the crack tip as it propagaiad therefore it cracks in a straight
line. With the double triangle, the distance betwé¢he edge of the superlayer film and
the crack is a constant distance. The singledleadesign does not provide this, and
therefore cracking commonly occurs along the edigéhe superlayer. Examples of

unsuccessful strips of a single triangle desigrshvn in Figure 32.

e WD30 .0mm 10 .0kY %30

Figure 32: Top-down optical images of test stripwith different superlayer shapes. Image a. shows a
double forked triangular superlayer and b. shows aingle triangle superlayer. Image c. shows a top-
down SEM view of several improperly failed samplesvith single triangle superlayers.
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Figure 33: a.) Shows optical image of top-down weof a single improperly failed large planar area
superlayer test strip with a superlayer width of 8@ pm. Image b.) shows one row of large planar
area test strips with superlayer widths of 60@um and another row with superlayers with widths of

800pm. All of the strips in these rows prematurely faied during fabrication.

In addition to the general superlayer shape, withngy geometries of the
triangular superlayers were investigated in thetgibography mask design. Large
superlayer widths of 600 um and 800 um with totgdeslayer lengths of 1100 um and
1800 pum were included in the design. When faleitathese test samples did not
survive till completion of the process. It is tlyb that this occurred because such large
superlayer widths provide too much energy for fueet causing the test strips to destroy
themselves. The large width of the superlayer etssses the width of the free-hanging
section of the test material to also be very widée at these sub-micron film thicknesses
the free-hanging film is extremely fragile. Thdsmgile thin films and large widths are
very susceptible to premature cracking and teadungng wet processing (as shown in
Figure 33). Also, when the width of the superlageapproximately equal to its length,
plate bending occurs instead of cylindrical bendB®]. It is desired to create a situation

of cylindrical bending to allow for curling of theest strips as they cohesively crack.
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Therefore the best results were obtained withsiegts with smaller planar geometries of
widths of 300-400 um for the given superlayer lasgt

The last feature geometry that was included inpthatolithography mask was the
crack initiation notch size. These notches ontése strips had a base width of 20 um
and had lengths of 25, 50, and 80 um. The notsfees varied in size and sharpness due
to the uncertainty of the development of the phegmt for such sharp triangle tips since
the limit of standard photolithography is ~ 3umrora the fabrication of the test strips
with all the notch sizes, it was observed that thkywere fabricated successfully and

performed properly despite the chosen dimensions.

4.7  Cohesive Test Fabrication Results

To demonstrate the cohesive fracture test describéds chapter, five different
test wafers were fabricated and the resulting clawegths measured. Since this test was
initially developed to measure the fracture tougisnef increasingly fragile new low-k
dielectric films that are being used in Back EndLl@fe microelectronic packaging, it
was decided to use silicon dioxide as the test mahteThis is because, silicon dioxide is
a traditional dielectric material that has been Ima@ecally characterized in literature, and
therefore allows for this new test method to beestigated while offering a comparison
to existing measurement values. Additionally, éttér demonstrate this new test method
each of the test wafers fabricated possessed dlitfevalues for the test material
thickness, superlayer thickness, and superlayessstr These different film thicknesses
and superlayer stress values were used to showhibatew test method yields fracture
resistance values of silicon dioxide that are withhe range of those reported in

literature. The specific thicknesses and superlayress for each of these five samples
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are listed in Table 5. All of the films containedthis group of tests are in the range of a
few hundred nanometers thick, with the thicknesthefsuperlayer ranging from 43-203
nm measured by either a Dekfasr Tencof KLA profilometer and the thickness of the

silicon dioxide ranging from 110-408 nm measureth\iNanospétReflectometer.

Table 5: List of material thicknesses and superlagr stresses for the five different experimental
test samples fabricated.

Sample Test Material Thick. Superlayer Thick. Superlayer Stress
(nm) (nm) (MPa)
#1 193 43 1944
#2 193 105 1640
#3 110 130 1296
#4 315 120 1205
#5 408 203 1100

After each of the samples listed in Table 5 watwitated and allowed to crack,
all of the crack lengths for each test sample d¢nathon the wafer were measured using
a Hitachf S-4700 FE-SEM, Zei§sUltra60 FE-SEM, or a Keyente/HX-600 digital
microscope. The fundamental dimension of intetkat relates to the critical energy
release rate is the width of the triangular superlaat the crack tip. But, for
experimental purposes, the crack length of eaatkerhtest strip was measured, and then
using simple geometry, the width of the superlagerthe crack tip was calculated.
Examples of these cracked samples are shown irrd=Byuto Figure 39 and additional

images are shown in Appendix A.2.
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Figure 34: SEM images of top down view of finishetkst strips of Sample #1. Image shows three
separate test strips, giving a total of six test saples, where each strip consists of two test sample
with cracks propagating in opposite directions.

(EA0 10 Gl U L S T T S I B |
200um

1
10.0kV 18.6mm x80 SE(U) 7/25/13 22:37 500um 10.0kV 18.6mm x200 SE(U) 7/25/13 22:41

Figure 35: SEM images of various magnifications od single test sample of Sample #1. Leftimage
shows entire crack length of the test sample andftamage shows the un-cracked portion including
the curled superlayer and test material.
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Figure 36: SEM images of various magnifications od single test sample of Sample #1. Leftimage
shows entire crack length of the test sample andftamage shows the un-cracked portion including
the curled superlayer and test material.

Figure 37: Optical images of two different test smples of Sample #1. The bare Si substrate is seen
where the free-hanging test material has cracked ahcurled.

WD30.1mm 10.0k¥ x400 100um

Figure 38: SEM Images of two different test sampkof Sample #4. Top two images show the entire
lengths of the test samples with the cracked and ueracked portions. Bottom images show increased
magnification views of the respective test sampled the curled test material.
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Figure 39: SEM images of top down view of finishetkst strips of Sample #4. Top image shows two
separate test strips, giving a total of four testamples, where each strip consists of two test saregl
with cracks propagating in opposite directions. tnages of increased magnifications of the test
samples labeled i.) and ii.) in the top image aréhew in three bottom images.
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In all of these figures of the cracked test sasyalee general concept of this test

method is demonstrated. It is observed from tirasges that:

The cracks initiated at the end of the test samyiere the triangular
superlayer is widest and propagated in the directid decreasing
superlayer width.

» Cohesive cracks propagated on both sides of thkedortriangular
superlayer, parallel to each other, and throughthiekness of only the
free-hanging section of the silicon dioxide testenal.

* The test material and the superlayer neatly cudgdther on themselves
as the crack propagated through the test material.

* The cohesive crack in the test material ceasedomie sdistance at a
location with some specific width of the superlayeangle associated
with it.

In addition to demonstrating these basic test ntettumcepts, these pictures allowed the
crack length for each of the individual test sarapla each wafer to be measured. Also,
using these crack lengths and the geometric corafeppmilar triangles, the width of the
superlayer at the crack tip was calculated for eadilvidual test sample. The average
measurements from all of the individual test samme the five different wafers along
with the range of values are listed in Table 6.isTiable lists average widths of the
superlayer triangle at the crack tip and the aweragack lengths from all of the
experimental results for each wafer along with diegiations of these values to provide
information on the test result’s error/uncertai(#0 individual test samples from each

wafer). It should be noted that the crack lengdigted in Table 6 are equivalent crack
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lengths based on a double forked triangular superlevith triangle length of 1000 pm
and width of 100 um for the width of the base diragle triangle of the double forked
superlayer geometry. This equivalent crack lengtlisted in the table since many
different superlayer dimensions/shapes were utilirethe test to create different crack
lengths to reach the same superlayer width atrdoekdip to investigate the effect of the
amount of material curling (concept demonstrate&igure 31). As mentioned earlier,
the crack lengths and superlayer widths at thekctigclisted in Table 6 are related to
each other through similar triangles. These expemntal measurements will next be used
in finite-element analysis of each specific expemtal scenario to calculate the fracture

resistance of the silicon dioxide test material.

Table 6: List of measured crack lengths (equivaldrcrack length based on a superlayer double
forked triangle with triangle length of 1000 pum andwidth of 100 pum for the width of the base of a
single triangle of the forked double superlayer gemetry) and widths of the superlayer at the crack

tip for the five different test samples fabricated. Also the deviation of the superlayer width and

crack length are listed.

Superlaygr width at

Sample Mat./S-LepStetrlayer SStruepsirl(?\%g;) Crac(l:lrl_rgngth (c(::;?cctlj(latlltgél;;g)rn

Thick. (nm) crack length using

similar triangles)
#1 193/43 1944 548.5 (+60.2 45.15 (+6.02)
#2 193/105 1640 605.0 (+40.6) 39.53 (+4.06)
#3 110/130 1296 741.1 (+44.4) 25.89 (+4.44)
#4 315/120 1205 405.3 (x79.4) 59.47 (£7.94)
#5 408/203 1100 535.0 (x141.9) 46.50 (x14.19)
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4.8 Finite-Element Analysis of Experimental Result$o Calculate Fracture
Resistance

To measure the cohesive fracture resistance ofdds&red test material, it is
necessary to perform the two main steps illustradier in Figure 23, where the first
step is the fabrication of the test samples and the second is the measurement of the
resulting crack lengths and the use of finite-eletranalysis to calculate the cohesive
fracture resistance. In the previous section of thapter (Section 4.7), the average
widths of the superlayer at the crack tip for tiee fdifferent sets of samples were
measured and reported. In order to calculate thesive fracture resistance of the
silicon dioxide test material it is necessary tof@en a finite-element analysis of these
specific experimental test specimens. Therefove fiifferent finite-element models
were created with the measured values of test mhtbickness, superlayer thickness,
and superlayer stress listed in Table 5 of the exygatal test samples. For each of these
models the respective experimentally measured chadgth (and therefore, the
corresponding superlayer width at the crack tipTable 6) was used in the models.
Additionally, the Young’s modulus values for théicgin dioxide test material and the
chromium superlayer were measured using nanoinu@mtéo create a more accurate
finite-element analysis. These films were prepavedsilicon wafers with the same
deposition process as the films used in the cobdeicture test to provide representative
films. The details of these nanoindentation measents for the Young’s modulus
values are presented in Appendix A.3. The Youmgdslulus value used for the silicon
dioxide Esioy was 86.2 GPa and the Young’s modulus value ®@rctiromium Ec,) was

149.54 GPa. Using these geometric parametersrimgdal crack lengths, and material

73



properties of the test samples then allowed theggneelease rate of the crack to be
calculated using both the virtual crack closurehtegue (VCCT) and the J-integral
method in the finite-element models. The enerdgase rate calculated using these two
methods range from 0.3%-0.9% from each other aedetbre this similarity of two
different approaches provides validity to the cklttans. Since these two calculations
are in agreement, only the energy release ratellatdd by VCCT is presented in Table
7. The energy release rate reported here is tiaé énergy release rate (), which
includes all the components, &, and G, and is calculated for the node located at the
middle of the line defining the crack tip throudtetthickness of the test material. In

addition to reporting the values ofifg, this value has been converted to the critical
stress intensity factor K, whereG =K ,.”/E, since the silicon dioxide test material is

brittle and exhibits linear elastic fracture medhan The specifics of these methods and
finite-element model are fully discussed in Chafteand should be used as a reference

for this current discussion.

Table 7: List of calculated fracture parameters ugg the measured experimental crack lengths
and FEA. Also the deviation of these values resitg from the range of experimentally measured
lengths has been included.

Sample Critical Total Energy Release Total Stress Intensity Factor
Rate (J/nT) (MPavm)
#1 9.82 (+3.58) 0.908 (+0.151)
#2 13.99 (£3.23) 1.09 (+0.126)
#3 8.89 (+2.74) 0.865 (+0.139)
#4 13.20 (£3.21) 1.06 (£0.116)
#5 10.64 (£5.53) 0.919 (+0.277)
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In addition to solving the finite-element modelstioé five different experimental
test samples with their respective measured crewcgths, each model was solved for
several other possible crack lengths. In thesalatmns, the crack was grown along the
entire length of the test strip to provide the tielaship between crack length and energy
release rate. The relationship for each sampbeesented in the plots of Figure 40 and
Figure 41. Also, polynomials have been fit to thgdots to allow calculation of the
energy release rate for any crack for these samapi@sre listed on the plots.

The values for the critical total energy releage end the critical stress intensity
factor calculated for the five different experimantest samples are listed in Table 7.
The values for the average critical total enerdgase rate ranged from 8.89-13.99%/m
with an average value for the five test sampleadéil.3 J/rh Additionally, the values
for the critical stress intensity factor rangednir®.865-1.09 MPém with an average
value for the five test samples being 0.968 MRa These critical stress intensity factors
obtained are very near/within the range of 0.774Pa'm [29, 99-101] of reported
values for thin silicon dioxide films in literature Additionally, these critical stress
intensity factors from literature can be convertedhe critical energy release rate using
the measured Young’s modulus of 86.2 GPa for silidmxide to yield a range of 6.88-
11.6 J/M. The measured values for the critical total eperjease rate are also very
near/within this reported range. These measugeddes for the fracture resistance of
silicon dioxide demonstrate the ability of this ntast method, which uses a stressed film
superlayer and photolithography fabrication proess accurately measure the fracture
resistance of thin films. Also, Table 7 lists ttheviation of the average critical energy

release rate values for each sample number to #hmatvthere is some error/uncertainty
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associated with the test results. This error/ungdly arises from the range of crack
lengths and corresponding width of the superlayeth@a crack tip measured for each
sample number listed in Table 6. Even with thi®®uncertainty, the majority of the
ranges of the fracture parameters in Table 7 faliliwithin the range of silicon dioxide

fracture parameters found in literature.
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Figure 40: Graphs of the crack length vs. energyalease rate calculated using FEA for Samples #1,
and #2 that were fabricated. Additionally each grah includes a polynomial fitted to the FEA results
to calculate the energy release rate for any poteial crack length.
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Figure 41: Graphs of the crack length vs. energyalease rate calculated using FEA for Samples #3,
#4 and #5 that were fabricated. Additionally eaclygraph includes a polynomial fitted to the FEA
results to calculate the energy release rate for gmpotential crack length.
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4.9  Conclusion

In this chapter a new method to measure the cobdsacture resistance of thin
films was discussed and demonstrated. The teshanepossesses advantages and
improves upon existing test methods by utilizindpighly-stressed superlayer film to
initiate and drive fracture in the test materidhis allows the test method to not require
external mechanisms to attach to the test samptk feacture it, and by using
photolithography and clean room fabrication proessshe need to hold and fixture the
film is eliminated. These are desirable charasties for test methods aimed toward
fragile thin films such as new dielectric materibésng pursued for electronic packaging.
Since this test method utilizes clean room processe achieve some of these
characteristics, the three mask photolithograploggss to fabricate the test samples was
presented and discussed in detail. This includesntask pattern geometries, material
deposition processes, and material patterningfegghiocesses.

To demonstrate the cohesive fracture test methlbchrs dioxide was chosen as
the test material with chromium as the stressee@rsayer material. Five different test
wafers were fabricated using these materials, atideach wafer consisting of different
test sample parameters such as test material #ssknsuperlayer thickness, and
superlayer stress.  All five wafers/samples predumany successful test samples
showing cohesive cracking, material curling, anérgval crack halting at a specific
superlayer triangle width. The finite-element gsa of each of these five different test
sample scenarios with different measured crackthen@vidths of superlayer at the crack
tip) yielded an energy release rate of 8.89-13/8% With an average value for the five

test samples being 11.3 J/and a critical stress intensity factor of 0.86691MPa/m
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with an average value for the five test samplead6i968 MPam. All of these values
are very close/within reported literature valuestfon film silicon dioxide of 6.88-11.6
JInt for the energy release rate, and 0.77-1.0 ¥Péor the stress intensity factor [29,
99-101]. These experimental results demonstraeviidity of this new test method
since five different test wafers were fabricatedhwilifferent test material thickness,
superlayer thickness, and superlayer stress affidalvafers produced cohesive fracture
values for silicon dioxide within the expected rang Therefore, this new test can
successfully measure the cohesive fracture resistahnew fragile lowe dielectric films
used in electronic packaging and aid in designurtgré electronic packages to prevent

cohesive fracture of these fragile films and inseeeeliability.
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CHAPTER 5
FINITE-ELEMENT MODELING OF SUPERLAYER BASED

COHESIVE FRACTURE TEST TECHNIQUE

5.1 Introduction

In this chapter, extraction of the critical enengjease rate from the cohesive
fracture test using finite-element modeling is préed and discussed. As discussed in
the previous chapter, at the completion of theassestep of the fabrication process, the
test material cohesively cracks due to the higbasstievel possessed by the superlayer
material. Subsequently, the length of the cohesraek, or the width of the triangular
superlayer at the crack tip, is measured. It isntmecessary to correlate this
experimentally measured length to a value of theesive fracture resistance of the film.
Therefore, this chapter focuses on the second coempcof the cohesive fracture test
illustrated in Figure 42, which includes developangd understanding the finite-element
model to calculate the cohesive fracture resistafdke thin film from the experimental
results.

The beginning sections of this chapter focus onctieation of the finite-element
model, specifically the geometry and dimensionsessary to represent the scenarios of
the different experimental results and for différ@ossible test configurations to be
investigated. These sections also discuss thelmgdechniques utilized to simulate the
overall deformation and behavior of the model, sashthe geometric symmetry that is
present, the necessary boundary conditions, andtifieation of a global-local modeling
approach to accurately capture the mechanics incthek tip region. Furthermore, a

crucial aspect of this new cohesive fracture tssthe use of the superlayer film
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possessing a high level of intrinsic stress. Tiloeeethe method to create this initial
stress state in the superlayer film will be presénand validated. The final topic
detailing the creation of the finite-element moohelludes the calculation of the fracture
resistance of the test material. Therefore thetdra mechanics concepts of the virtual
crack closure technique (VCCT) and the J-intedrat tvere chosen for this investigation

will be explained in general and with respect @ ¢lrrent finite-element analysis.
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Figure 42: Schematic illustrating the two main corponents of the cohesive fracture test technique.
Step 1 is the fabrication of test samples and St&pincludes the use of FEA to calculate the fracture
resistance from the experimental crack lengths.

After the discussion of the approach to creatdithe-element model in the first
section, the subsequent sections will use the mtmehvestigate the effects of key
parameters on the fracture calculations. This wdlude studies on the effect of the test
material thickness, superlayer thickness, superlstyess, test material modulus, and the
width of the free-hanging section of the test materThe effect that these parameters
have on the calculated energy release rate willdéermined through independent
investigations of each of these parameters. Thkestigation of these parameters is

intended to provide a better understanding of tleehanics behind this test method to
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allow for its future application to measure the esikie fracture resistance of other

materials.

5.2 Development of Finite-Element Model of Cohesivéracture Test Technique
The following subsections of this chapter focus e discussion of the
approaches used to create the finite-element modflethe cohesive fracture test
technique. This includes the methods to paranzetdhe geometry of the cohesive
fracture test samples, geometric symmetry, boundangitions employed, and the use of
global-local modeling. Additionally, the techniguased to simulate the intrinsic stress
of the superlayer and the fundamental fracture w@m@ick to calculate the fracture

resistance within the finite-element software \Ww#l explained.

5.2.1 General Finite-Element Model Information

The finite-element model of the cohesive fractest was created using ANSYS
software. When first creating a finite-element mloof a specific component, object, or
device it is necessary to determine how to bestpl#ynthe model to minimize
computation time and the output file size whileaneihg the accuracy of the model. The
geometry of the cohesive fracture test and thereatd its out-of-plane deformation
makes the modeling challenging (Figure 43). Thus necessary to model the cohesive
fracture test as a 3D model due to the natureetdbt's geometry and the deformation.
The triangular shape of the superlayer inXR¥ plane and the location of the crack tip of
the model, does not allow for the model to be regméad in a simplified 2D model of the
geometry contained within th¥-Z plane (as shown in Figure 43). Modeling only the
geometry in theX-Z plane would not capture the changing width of thangular

superlayer as the crack grows, which is a key qanatthis test technique. Also, a 2D
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model of theX-Y plane cannot be used since the deformation cabgetie stressed
superlayer is in th&-direction, which is out of the plane of the tesips Specifically,
the 3D elements used in this work were SOLID185 ctvhare 8-node structural

elements.

Out-of-plane deformation (z-dir.) \

Triangular shape of
/superlayer in X-Y plane

Crack tip location and crack
faceslocated in X-Z plane

Figure 43: lllustrations of full geometry of cohesse fracture specimens with respect to the
coordinate system used in discussion. Left image un-deformed before cracking, right image shows
out-of-plane deformation after cracking.

Since a 3D model with 3D elements is being useslidtal number of elements is
very large due to the dimensions of the cohesiaetdire test samples. This is because
the planar dimensions of the test strip geometgpisroximately 100@qm long and 300
um wide, while the thicknesses of the test matéea. SiQ) and the superlayer (e.g. Cr)
are only a few hundred nanometers. To mesh thisngey with such a difference
between the material thickness and planar dimesasiaith 3D elements, while
maintaining a proper length-to-width aspect ratidhe elements, the element size must
be in the tens of nanometers scale resulting iremdly high number of elements and

thus prohibitive computational time and resources.

5.2.2 Global-Local Modeling Technique
In order to create a model with the desired meshtHs relatively large and

challenging model, a global-local analysis wasaed. This type of analysis is possible

83



here since all the desired final analyses are caedewith what occurs at the crack tip,
and not the rest of the geometry. In a globallacelysis, two sequential analyses are
performed as illustrated in Figure 44. First timtire model is meshed with a large
element size and solved. Then a second modekbthe geometry in the vicinity of the
location of interest is created and meshed withmaller element size. Next, the
displacements of the nodes of the global modetetreeved from the global solution, and
the displacement values for the nodes on the “pbatindaries of the new local model,
that were obtained from the global model, are &pptd the corresponding nodes of the
local model. The local model is then solved, andl fracture analysis calculations are
conducted with the results of the local model. W\ftis type of global-local approach, it
is possible to decrease the amount of elementsedeatiile maintaining accuracy, by
using one analysis of the entire global model vaittarger element size, followed by a
second analysis of only the local geometry of Egemwith a smaller element size. In the
global-local analysis of the cohesive fracture,tds¢ global model utilized 2 elements
through the thickness of the test material (i.€.5and 5 elements through the thickness
of the superlayer (i.e. Cr), which resulted in &lt@f ~2.6 million elements. Similarly,
the local model used 10 elements through the tlesknof the test material and 5

elements through the thickness of the superlayéresulted in ~1.6 million elements.
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Global Model

Boundary Conditions Calculated disp. from

global model on cut
planes applied to
boundaries of local

model
Local Model w=p

Figure 44: Top-down view of the global-local modé@ig approach applied to full geometry (no
symmetry used) of the cohesive test. Two separatienulations are solved. First the global model is
solved, and the displacements of the nodes located the cut planes are applied to the labeled
boundaries of the local model, of just a portion ofhe global model. This local model is then solved

separately.

5.2.3 Finite-Element Model - Boundary Conditions

In addition to utilizing a global-local approach tihe analysis of the cohesive
fracture test, geometric symmetry was also employ&y examining Figure 45 it is
apparent that the cohesive fracture test exhibal-dymmetry in theX-Z plane.
Therefore it is only necessary to model half of it strip, consisting of only one of the
triangles of the double triangle superlayer ang @me of the cohesive cracks. To create
the half symmetry behavior, symmetry boundary comas were applied to faces of

symmetry of the model as shown in Figure 45. Thesendary conditions included zero
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displacement in thg-direction and zero rotation in thedirection andz-direction. By
using half symmetry, the number of elements withi&n model is halved while providing
the same results as a full model. Also, to coneplleée boundary conditions for both the
global and local models, the nodes on the outee edghe test material at the location
with the largesty-values, had the nodal displacements fixed in akations. This
boundary condition is to simulate the edge of thaeging test material where it is rigidly
attached to the silicon wafer substrate. Siheestlicon wafer is much thicker with high

rigidity, the silicon substrate platform was notdeted in the analysis.

Full Geometry:

X $

Boundary Conditions: Fixed in all DOF’s -3

Half-Symmetry
Geometry :

Symmetry Boundary Conditions:

e disp.y=0
¢ rot.x=0
¢ rot.z=0

Figure 45: lllustration the half symmetry used forthe finite-element model of the cohesive fracture
test and the boundary conditions used.
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Figure 46: lllustration of top-view of finite-element model of cohesive fracture test with half
symmetry labeling the main dimensions for the model

Table 8: List of values for the labeled dimension#lustrated in Figure 46 and used in the finite-
element model.

Label | Dimension Name Range of Label | Dimension Name| , Ra0de0 e of

Values [wm) Values @m)
A | Crack length 100-975 p | Superlayer half- 100
width

Free-hanging test

B Superlayer length 1000 E material width 300, 350
C Test material length 1050 F F'.Xed test materia 11
width
5.24 Finite-Element Model - Geometry

When creating the model geometry for the finitesedat analysis of the cohesive
fracture test, the geometry was parameterizedénAiINSYS® APDL code to allow for
different combinations of values to be tested. sTpermits different crack lengths,
material thicknesses, and planar dimensions tonag/zed in addition to the other non-
geometric parameters such as superlayer stresseanhdnaterial properties. The key
parameters of the cohesive fracture finite-elenmantel are shown in Figure 46 and

Table 8. In general, for the geometry of the &éretement model, the superlayer length
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used was 1000m, the superlayer half-triangle width was 108, test material width of
free-hanging section was 300 or 3p@, the free-hanging section of the test material
attached to the substrate wasyii, the entire test material length was 105 and the
crack length varied from 100-978n. Then for the local model, all of these dimensio
are the same, except the model only contains aextion of the global model. The
width of this cut is 1.25um. This width was the chosen since it contains dtness

gradient created by the crack tip of the cohesraelcof the test material.

5.2.5 Finite-Element Model — Crack Geometry

The crack in the cohesive fracture test is modaketivo separate coincident faces
that join at one end as shown in Figure 47. Onémad is applied to the system, the
coincident faces can separate. In this finite-elemanalysis containing fracture
calculations such as VCCT and J-integral, the na¢sand surrounding, the crack tip are
important. To manage this, the majority of alltbé elements of the global and local
models are map meshes to control their size. &qaty, in front of the crack tip, and
behind the crack tip, the element length is 75 for the global model and 0.01%n for
the local model. Additionally, a refined map mesletreated in the vicinity of the crack

tip in the local model.
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ANSYS|

LINES R14.5

TYPE NUM ademic
MAR 29 2014
01:50:57

Crack faces Line defining crack tip
(with coincident nodes) (using merged nodes)

[TURE, Treatment#:1 COHESIVE FRACTURE, Treatment#:1

Figure 47: Images of lines of finite-element locahodel of cohesive fracture test. Left image shows

zoomed-in image of entire width of the local modedtrip including the cracked region. Right image

shows just the region near the crack tip and the fie defining it the crack tip through the material
thickness.

5.2.6 Finite-Element Model — Material Properties

The mechanical properties of the test materialthedsuperlayer are an important
component of the finite-element model. To provédeurate results for the scenario of
the SiQ test material and chromium superlayer, the Youmg&lulus values for SKO
and chromium were measured using nanoindentatB8aparate samples of each of these
films were prepared on silicon wafers using the esa®position processes as the films
used in the cohesive fracture test to provide mepr&tive films. The details of these
nanoindentation measurements for the Young's madualues are presented in
Appendix A.3. The Young’'s modulus and Poissont®raalues measured and used for
silicon dioxide (Eijo2) were 86.2 GPa and 0.17 [77, 102-104] respectivahd for
chromium (k&) the values were 149.54 GPa and 0.21 [105, 10fjeatively. These
properties were modeled with linear elastic behawo the finite-element analysis.
Additionally, for any given analysis in this invegition, if not stated, these values for the

mechanical properties should be assumed. In adattion of this chapter, the modulus
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of the test material will be varied in several ttrelement analyses to investigate the

application of this cohesive fracture test on otinaterials besides silicon dioxide.

5.2.7 Finite-Element Model — Modeling Superlayerritrinsic Stress

One of the most important components behind theceinof this cohesive
fracture test is the intrinsic stress of the supet film. It is this high level of tensile
stress in the superlayer that drives the cohesaaure in the test material to allow for
measurement of the cohesive fracture toughnessrefdre, it is extremely important to
accurately model the superlayer film stress in fthge-element analysis. It was first
attempted to use the ANSYBuilt-in command, INISTATE, to create the initittess in
the superlayer. It was found that this commandiately models the film stress and
resulting forces and displacements, but not thersenergy and the command is also not
available for all element types. The ANSY8alculated strain energy values for the
stressed film resulted in negative values using tummand. These negative strain
energy values yield incorrect values if the findeack extension approach is used to
calculate the strain energy release rate. Thigoaph requires the change in strain
energy of the system to be calculated, betweendifferent models if a crack is grown
an incremental distancela. Therefore, a different approach was used to intioe
superlayer stress. It was decided to create thessin the superlayer with an equivalent
thermal stress.

With this equivalent thermal stress approach, dictent of thermal expansion is
assumed for the superlayer material, while the teaterial is given a coefficient of
thermal expansion of zero. This is done to onBat# an initial stress in the superlayer

and not the test material when a temperature ise@mppTo create a desired equivalent
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biaxial thermal stress in the superlayer, a tempegas calculated using Hooke's law
(Equation 11) and the equation for thermal meclargtrain (Equation 12) [105] given
below. Then the temperature that should be usedetate the desired initial stress,in

the ANSYS model is given by Equation 13. In the finite-ebmts analysis of the
cohesive fracture test, a tensile stress in thertayer was desired; therefore Equation 13

yielded a negative change in temperature to baexpfa the finite-element model.

1
& = o (Ux - vﬂ-lm(ay + az)) (11)
e = (as — ap)AT (12)
1
AT = (Efilm) (o vf”mUY) (13)

—Qfiim

This equivalent thermal stress method was validdigdcomparing results
obtained with a finite-element analysis that uéitizsuch an equivalent thermal biaxial
stress with an analytical calculation for this sflescenario [105, 107]. The comparison
was done using a 3D circular disk with a radiuss@fum composed of a m thick
substrate of one material and with a film of anotieaterial on top of it with a thickness
of 0.4 um. The comparison between these two models peatuc difference in
curvature and substrate strain energy less thafo,0vBhile the film strain energy
difference was less than 4%. Therefore, it wagrdé@hed that the equivalent thermal
stress approach results in correct deformationsénagh energy values, and thus, is viable
for finite-element analysis of this cohesive fraettest. Also, when applying this stress
in the ANSYS model, the equivalent thermal stress was apptieibth the global and

local models with the stresses ando,, possessing the same values for both directions.
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5.2.8 Finite-Element Model — Fracture Mechanics

To calculate the cohesive fracture resistance usi@gest method of this thesis, it
IS necessary to calculate the strain energy relesisefor a specific crack length of the
test strip. The term, strain energy release @}ei¢ the energy dissipated during fracture
per unit of new crack surfaces created, or simptyeasure of the energy available for an

increment of crack extension, and is given by (Equal4) [30]:

dll

- (14)

G =

In this relationship,/7 is the potential energy supplied by internal stranergy and
external forces, anA is the crack face area. Using this relationsthip, energy release
rate (ERR) can be theoretically calculated for amck length in a material. For all
materials, there exists a specific value of eneggjgase rate called the critical energy
release rateQ.), which is a material property and a measure efrtfaterial’s fracture
toughness [30]. If the calculated energy release fior a specific crack is lower than the
critical energy release rat& (< G;) the crack will not propagate. Conversely, if the
calculated energy release rate for the crack iatgrehan the critical energy release rate
(G > Gy), the crack will propagate. At the location whére crack ceases to propagate,
the energy available for crack propagation is etu#éhe critical energy release ra@ £

G.). This is also directly related to the main cqitdeehind this cohesive fracture test
and the triangular shaped superlayer. At theaintiack notch of the test specimen, the
width of the triangular superlayer is very largadahus providing a large amount of
potential energy/l, which cause$s > G; and therefore propagation of the cohesive
crack. As the crack propagates, the width of tlengular superlayer at the crack tip

decreases, and therefore so does the potentiadjyera@d the resulting strain energy
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release rate since the incremental change in dek dace area remains constant. As the
crack propagates through the test material, albegdngth of the triangular superlayer,
eventually a specific crack length and correspam@inmperlayer width is reached wh&e

= G.. Therefore, allowing a measurement of the critieabrgy release rate of the

material and a measurement of the cohesive fraotsistance.

Two methods commonly utilized in finite-element Bsas to calculate the
energy release rate are: 1) the virtual crack cwwgachnique (VCCT) and 2) the J-
integral. Both of these methods will be used irs thnalysis to calculate the energy
release rate in the finite-element models of thkestve fracture test samples. One
benefit of these two methods is that they are depaftcalculating the energy release rate
for a specific crack length with only one simulatievhich greatly reduces the calculation
time and the results file size. This is unlike ftim@te crack extension method that
requires two separate simulations to determineattteal difference in strain energy
calculated from two separate models with incremntiifferent crack lengths. Another
benefit of these two methods is that they do nqtire special elements to perform the
fracture calculations. Other fracture methods @ygd in finite-element analysis require
special singular elements that have mid-side nod®sd one-quarter the distance from
the original midpoint position. The crack tip Iseh placed at this modified mid-side
node to allow for the crack tip singularity to beptured in this approach. Therefore, the
VCCT and the J-integral possess desirable charstoatefior the fracture calculations of

the cohesive fracture test.

To calculate the energy release rate using the V&@Ira single simulation, the

energy needed to incrementally close the crack imeisialculated. This is illustrated by
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the nodes and elements of one half of a crackdapected in Figure 48. To calculate the
closing energy, it is assumed that the force reguio close the crack at noflés equal

to the force on the adjacent nadghe crack tip). This force is found by selectimapei

and only the elements of one side of the crack fpmemetry. The three directional
components of this force are then multiplied by tégpective displacements of node
This multiplication of approximated forces at ngdéhat were obtained from nodeand

the calculated displacements at ngdgields values for the energy to close the crack.
These values are then divided by the crack faca, ambich is calculated from the
geometric termsdl and b that are defined by the size (length and thicknegsthe
elements behind and ahead of the crack tip as givéigure 48. In the finite-element
analysis for this investigation, the crack tip megimesh details (values df andb) are
given in Sections 5.2.2 and 5.2.5. All these ele&ere of equal size and map meshed
to control their size and shape. Using all theseussed terms then allows for the three
different directional components of the energyaséterate as defined in Equation 15 - 18

to be calculated as shown below:

GI = —mFiy * A’Uj (15)

G” = —mFix * Au]' (16)
1

G = —mFiz * Aw; (7)

Gr =G+ G+ Gy (18)

In this analysis, the reported values for the epeelease rates will be the total energy
release rat&, calculated from the node located at the middlghefthickness of the test

material along the line defining the crack tip dtrstated otherwise.
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Figure 48: lllustrates the calculation of the enegy release rate using VCCT within a finite-element
analysis. The elements represent one of the faa#¢he cohesive crack and show the crack tip node
used to determine the forces and the node in fromf the crack tip to determine the crack
displacements [108].

The second method that will be used to calculateetiergy release rate is the J-
integral. The J-integral is a widely acceptedhud to calculate the energy release rate
in fracture and is valid for both linear and nomelar material behavior scenarios [30].
This calculation is performed with the followingrdour integral (for a 2D case) starting
at one of the crack faces and traveling aroundcthek tip to the adjacent crack face
(Figure 49). For a 2D case, area integration sdusvhile in a 3D case, volume
integration is used. In the integral beloW, is the strain energy density, is the
kinematic energy density, represents the stressjs the displacement vector, afhdus

the contour over which the integration is carriedl [@09]:

ou;
— 1 — g —Ln.
J= }‘1_r)r(1) -];0 [(W + T)01; — 0y oy n;dr (19)
The calculation of the J-integral using ANSYSinite-element analysis is
executed using the CINT command. For every sinarabf the cohesive fracture test

strips, the energy release rate was calculatediwith the VCCT and the J-integral using

the same mesh for the model and the crack tip.s&'h@o methods calculate the energy
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release rate by two very different approaches hackfore provide a form of verification
of the calculated values. The energy release qalt®ilated using these two methods
generally differed less than ~4% from each othertherefore this similarity between the

two different approaches provides validity to tlaécalations.

n, outward writ
normal vector

siress veclor

u, displacement
vector

I', path

Figure 49: lllustration of calculation of the J-integral to calculate the energy release rate for al®
case. The figure shows the crack and the path dig area integration used in a 2D calculation [109].

5.3 Finite-Element Analysis Results

53.1 Test Material Thickness

The first variable of the cohesive fracture testtlvas investigated with the
finite-element model discussed in this chapter whaes effect of the test material
thickness. To investigate the effect of this paeten the thickness of the test material
was varied from 0.05m to 1.0um in seven different finite-element analyses. Eha®
typical thin film thicknesses that are used in sleaom fabrication processes at Georgia
Institute of Technology, and therefore formed ttenge studied here. For this
investigation, silicon dioxide was used as the testerial, with material properties of E =
86.2 GPa and = 0.17 [77, 102-104], while using a chromium sigoggr with a stress of
1.54 GPa and material properties of E = 149.54 @l = 0.21 [105, 106]. For all of

the simulations in this investigation, the supegtagossessed a thickness of 2 and
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the width of the free-hanging test material was gB0 while all other parameters were

the same as used in previous finite-element ansalysthis thesis.

The results for a cohesive crack growing from 109 to 900um for each of
these seven simulations of different test matehalknesses are shown in Figure 50.
These results demonstrate that the energy relagsdar a given crack length decreases
when the thickness of the test material is incréagéile keeping the superlayer
parameters constant. This observation is expesiede for example, if a cohesive
fracture test sample is fabricated with a test nadtehickness of 0.05um, and the
measured crack length is 7@@n, according to the Figure 50, the critical totabrgy
release rate is then ~68 3imBut if another sample is fabricated with a testterial
thickness of 1.um and the same crack length is measured, therritiealctotal energy
release rate is ~4 JIm If the same crack length is measured for twonaides of
different test material thicknesses, then the #inrmaterial must have a greater critical

energy release rate due to its great resistanicadinre.

Additionally, the comparison of the total energleese rate between the different
scenarios for successive crack lengths was detednia be fairly consistent. For
example, the total energy release rate for theasmewith test material thickness of 0.05
um was ~170-190% greater than the total energyseleate for the scenario with a test
material thickness of 1.0m for each respective crack length. This showsttiemeffect

of the test material thickness is predictable fier design of future tests.
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Figure 50: Plots of energy release rate vs. cradkngth for different test material thicknesses. Tp
plot is for cracks of 100-90Qwm, and bottom plot is zoomed in on 700-90@m.
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Figure 51: Plots of energy release rate vs. cradingth for different superlayer thicknesses. Top ot
is for cracks of 100-90Qum, and bottom plot is zoomed in on 700-90@m.
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5.3.2 Superlayer Thickness

Another major variable that was studied using fimge-element model was the
effect of the superlayer thickness. To investigtite effect of this parameter, the
thickness of the superlayer was varied from QuBbto 1.0um in seven separate finite-
element analyses. In this study, silicon dioxidaswised as the test material, with
material properties of E = 86.2 GPa and 0.17 [77, 102-104], while using a chromium
superlayer with a stress of 1.54 GPa and materagdguties of E = 149.54 GP and=
0.21 [105, 106]. For all of the simulations in ghinvestigation, the test material
possessed a thickness of Qrf and the width of the free-hanging test materia$ \250
um, while all other parameters were the same as inggekvious finite-element analyses

of this thesis.

The results for a cohesive crack growing from 109 to 900um for each of
these seven simulations of different superlayaktieésses are shown in Figure 51 and an
enlarged view of the portion for crack lengths 607im to 900um is also shown in
Figure 51. The trends of these plots are opptsiteose previously discussed in the test
material thickness study. Specifically, this inigation demonstrates that the energy
release rate increases with increasing superl@yekrtess for a given crack length while
keeping all other test parameters constant. Tstihte this trend, consider a test
specimen fabricated with a superlayer thicknes4.0fum that has a measured crack
length of 700um, and therefore according to Figure 51, has &alitotal energy release
rate of ~34 J/h But, if a different sample is fabricated witrsaperlayer thickness of
0.2 um and has the same measured crack length ofu@Othe critical total energy

release rate is then 16 Jim The greater energy release rate for thicker riaymer
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thicknesses at a given crack length occurs duddmetbeing more energy for fracture
possessed by the superlayer having a greater vabfisteessed material as compared to
thinner superlayers. The scenario with the thidugerlayer would have to provide a
greater energy release rate and therefore be mack esistance compared to a scenario
with a thinner superlayer thickness. Thus thesekéin superlayers have more driving
force for fracture and therefore should providargér energy release rate. Additionally,
the results of Figure 51 show that the results ther different scenarios of varying
superlayer thickness are more evenly spaced thgurd=b0 for the investigation of test
material thickness. This demonstrates a stronfecteof the test material thickness than

the superlayer thickness.

5.3.3 Superlayer Stress Value

Similar to the previous study on the effect of Huperlayer thickness, the effect
of the magnitude of the superlayer stress was ialgestigated. In this study, three
different cohesive fracture test scenarios of dagers with stresses of 0.5, 1.0, and 2.0
GPa were modeled using finite-element analysisesélstress levels are similar to those
that are capable by using various materials anasitpn processes. In these finite-
element models the superlayer stress was varield \wbeping all other parameters the
same, with silicon dioxide (E = 86.21 GRasz 0.17 [77, 102-104]) material properties
used for the test material, and chromium (E = 14%%®a,v = 0.21 [105, 106]) material
properties for the superlayer. Also, the test mat¢hickness utilized was 042m and
the superlayer thickness was Quh, while the width of the free-hanging section loé t
test material was 300m. The results of the total energy release ratetHese three

different superlayer stress scenarios for craclgties from 100um to 900 um are
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presented in Figure 52. These results demongrsitailar trend to what was determined
from the study on superlayer thickness. Speclficéhat the energy release rate for a
given crack length increases with increasing leeélstress possessed by the superlayer.
The energy release rate increases due to the hgjfess levels creating more driving

force and fracture energy.
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Figure 52: Plot of energy release rate vs. crackmgth for different superlayer stress values for ack
lengths of 100-90Qum.
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534 Test Material Modulus

Another parameter of interest of the finite-elemembdel for this cohesive
fracture test is the test material’'s Young’s moduluBy varying the value for the
Young’s modulus used in the finite-element analygiss possible to investigate the
resulting energy release rates if this test metivad utilized to measure the fracture
resistance of other thin films besides silicon diex Therefore, Young’s modulus values

of 10, 50, 100, 200, and 300 GPa were used initiite-element model to investigate a
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wide range of potential test materials. For exanpbtential materials of interest that are
common in MEMS and microelectronic fabrication tla¢ within this range of values
include aluminum oxide [110, 111], hafnium oxidel?], silicon nitride [113, 114],
titanium oxide [115, 116], carbon doped silicon d&i(SiCO:H) [117, 118], and
hydrogenated nitrogen silicon carbide (SICN:H) [[L1Th the finite-element model for
this study, the thickness of the test material Wa& um and the thickness of the
superlayer was 0.im with material properties of chromium (E = 149GRa,v = 0.21
[105, 106]). Also, the intrinsic stress of the sdayer was 1.64 GPa and the width of the

free-hanging section of the test material was 1890

The results for a cohesive crack growing from 109 to 900um for each of
these simulations with different test material miodrte shown in Figure 53. The trends
that are demonstrated with these plots are sintvldahose found from the study on the
test material thickness. In the investigation hardecrease in the test material modulus,
cause an increase in the total energy releaséoradegiven crack length. A material with
a low Young’s modulus will result in a greater def@ation for a specific load compared
to a material with a larger Young’s modulus. There if two materials with different
modulus are tested with this cohesive fracture otkind result in the same crack length,
then the material with the lower modulus must hagreater resistance to fracture, and
thus a larger critical total energy release ratdditionally, Figure 53 provides insight on
how to utilize this cohesive fracture test whemgsit to test other materials, with respect
to choosing material thicknesses and superlayessts. For example, to test a material

with a low modulus, it may be necessary to choskick test material thickness, thin
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superlayer thickness, and lower superlayer stre$sat the energy for fracture is not too

great for the film.
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Figure 53: Plot of energy release rate vs. crackmgth for different Young’s modulus values for the
test material for crack lengths of 100-90@m.

5.35 Width of Free-hanging Section of Test Mateal

The last parameter of the cohesive fracture tedtwlas investigated using finite-
element analysis was the width of the free-hangeion of the test material (as labeled
in Figure 46). This was investigated, since whesighing the cohesive fracture test
strips, a width for this free-hanging section miostchosen. While the minimum width
of the free-hanging section in the current tesffigomation is limited by the width of the
superlayer triangle, there is no limit to the maxim Therefore to study any effect,
different widths of 250, 300, and 3%0n were used in three different finite-element

analyses of the cohesive fracture test. In thiestigation the test material used was

104



silicon dioxide (E = 86.21 GPa,= 0.17) with a thickness of 0.198n and the superlayer
used was chromium (E = 149.54 GRas 0.21) with a thickness of 0.1Gbn and an
intrinsic stress of 1.64 GPa. All other parameteese the same as in previous analysis

in this chapter.

The results for a cohesive crack growing from 10@ to 900um for each of
these simulations with different test material \Waltfor the free-hanging section are
shown in Figure 54. One trend that is illustravgdhese three plots is that the shape of
the plots changes slightly depending on the widBpecifically, as the width of the test
material decreases, the curve of total energy seleate vs. crack length exhibits a
greater linear behavior in the section of the cuat/ghort crack lengths. This is because
as the superlayer attempts to curl at these shack dengths for the scenario where the
free-hanging section of the test material widtHaigge compared to the width of the
superlayer, then the free-hanging section is ligg$ and less constrained with more free
play, as compared to a scenario of smaller tesemahtwidth. Similarly, the plots of
Figure 54 demonstrate that as the width of the-lfisegging section of the test material
decreases, the total energy release rate incréasasgiven crack length. This occurs
because the smaller widths of the free-hangingsedf the test material allow more
energy to drive fracture as opposed to bendingftée-hanging section of the test
material. In, general the width of the free-haggsection of the test material compared
to the width of the superlayer has an effect ondhergy release rate of the cohesive
fracture test. This offers another parameter ty wehen designing a test for a new test

material to achieve the desired range of energgasel rates to subject the material to.
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Figure 54: Plot of energy release rate vs. crackmhgth for different test material width (free-hanging
section) values for crack lengths of 100-90&m.

5.4  Conclusion

In this chapter the finite-element analysis of tlhdesive fracture test, which is a
main component of this thesis, was presented aswlised. The finite-element analysis
of the cohesive fracture test is important becaliseexperimental results of the cohesive
fracture samples produce a measurement of theadrd@ohesive crack length, or width of
the superlayer at the crack tip, that then need®toorrelated to the critical total energy
release rate. Therefore in this chapter, the dpweént of the finite-element analysis of
the cohesive fracture test was discussed in detaluding the choice to utilize 3D
modeling, the use of half-symmetry, and the boupdanditions employed to accurately
represent the cohesive fracture test samples. tidddlly, due to the contrast in large

planar dimensions compared to micro/nano film thedses, it was necessary to use a
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global-local modeling approach to perform the clatan of the energy release rate at

the crack tip. The specifics of this global-looaddel were presented.

Another extremely important aspect of this cohedracture test is the use of the
superlayer with high intrinsic stress to drive cgifle fracture in the test material without
using external loads and eliminating the need faditional fixturing. To model the
biaxial intrinsic stress in the finite-element mbhdan equivalent thermal stress was
determined and used. Additionally, the validity tbfs equivalent thermal stress was
demonstrated with respect to the resulting cureaturd strain energies for a situation

with a known analytical solution.

To provide a measurement of the test materiabsstance to fracture, the total
energy release rate was calculated using the VC&Xditionally, these values obtained
using VCCT were supported by calculating the Jgrak which produced fracture
resistance values within 5% of the VCCT calculatiamd thus providing corroboration.
Also, the finite-element analysis of the cohesiracture test strip was performed while
increasing the crack length for successive simudatito demonstrate the fundamental
concept of the test, to show that the energy releate decreases as the crack is grown.
This is due to the triangular shape of the superlawhere the planar width of the
superlayer at the location of the crack tip de@saass the crack is grown. All of the
analyses performed of the different test sampleaoas demonstrated this fundamental

concept.

During the design of this cohesive fracture tksl parameters were identified
that were of interest to investigate the effectsandl to potentially improve future test

designs. These parameters include the effecteoftabt material thickness, superlayer
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thickness, superlayer stress, test material modahd the width of free-hanging section
of the test material. Each of these parametersnwastigated in separate studies, where
the parameter of interest was varied while keepilhghe others constant. It was found
that the effect of each of these parameters agkgthdinitial hypotheses. For example,
as the test material thickness or the test materadulus is decreased, the total energy
release rate for a given crack length increasesvésely, as the superlayer thickness or
the superlayer stress level is decreased, the emelgpse rate for a given crack length
increases. The combination of all of these pararseaind their trends enable the
cohesive fracture test to be varied in order toagnodate a wide range of potential test
materials besides silicon dioxide. This is necgssace such potential test materials
will have various combinations of Young’s modulusdacohesive fracture resistance.
The fracture test applied to them must simultanlgouovide enough energy to initiate
fracture, while also allowing the critical totalexgy release rate to be within the main
section of the energy release rate vs. crack lerg#tionship. In summary, the finite-
element model of the cohesive fracture test waatedeand discussed in detail in this
chapter to allow for the calculation of the criticanergy release rate from the
experimentally measured crack lengths. Additigndhe trends and relationships of the
key parameters were presented and show that thieamies behind this fracture test are

predictable, and therefore allow for future apgima on different materials.
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CHAPTER 6
MECHANICAL CHARACTERIZATION OF CARBON NANOTUBES

FOR OFF-CHIP INTERCONNECTS

6.1 Introduction

The purpose of the mechanical characterizatiom®fGNT forests is to measure
their effective modulus and better understand theiravior. These measurements form
the basis for the material properties used in @efielement analysis of an electronic
package using CNT forests as electrical off-chiggritonnects later in Chapter 7. The
measurement techniques developed and discussetiisnchapter are used as an
improvement to approaches and an extension to dgireaeported studies/values in
literature that were discussed in Section 1.2.3fe(five Mechanical Property
Characterization of CNTs). The techniques in ttiepter focus on measuring the
effective modulus. This is because in the targgtlieation of off-chip interconnects,
forests of CNTs will be used, and the CNTs in tbee$ts act in unison as a single
material due to Van der Waals forces and CNT emeamgnt [75, 119, 120]. Several
different measurement techniques were developghisrthesis to provide insight on the

nature of CNT forest deformation and include:
1.) Nanoindenter based measurement technique
2.) Nanoindenter based technique with preloadedspeEscimens
3.) Semi-insitu SEM based technique

4.) Tensile tester based measurement
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These techniques and the results will be discussékis chapter and show that while
individual CNTs have reported values of tensile mod in the ~100 GPa [43] 4.15

TPa [8] range, the effective modulus can be ordémnagnitude lower, in the 0.1-1.0
MPa range. These measurements show that CNTextmemely compliant structures

that could be used in other new applications ssabffachip electrical interconnects.

6.2 Nanoindenter Based Measurement Technique
To explore new potential applications and to @elaeétter and more reliable
designs that utilize such CNT forests, it is neapst0o characterize the mechanical
properties of CNT forests. The test technique gl in this section utilizes
nanoindentation of parallel plates of silicon WNT forests sandwiched between them
to measure the CNT compressive modulus. The pre$esmpproach addresses the
challenges associated with extracting the effectvapressive modulus of CNTs using a

flat or Berkovich tip, as discussed later in Sectko2.2.

Figure 55: SEM image of VACNTS grown on silicon sbistrate. Image shows side of VACNT
forest/turf and free tips. Inset shows higher magification image of the “waviness” of VACNTS.
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6.2.1 CNT Test Sample Fabrication

To measure the effective compressive modulus oficadly aligned carbon
nanotube forests, sandwiched CNT samples wereféibsicated. VACNT forests were
grown on silicon pieces with dimensions of ~1%amith 300 nm thick thermal SiQa 15
nm thick ALO3 support layer via atomic layer deposition (ALDpda2.2 nm of Fe
catalyst via e-beam evaporation. Then the VACNsenmrown (Figure 55) using
thermal chemical vapor deposition, as outlinedll]. The heights of the CNTs grown
for different test samples were 61, 315, and 683with a CNT density of <9%, with
little variation in density to have significant eft on the measured effective modulus.
After each of these samples was grown, anotheepésilicon was placed on the top of
the CNTs to create a sandwich structure, and tmelvdah was then tested with
nanoindentation. After this nanoindentation tegtithe second piece of silicon was
removed, coated with SU8® epoxy based photoremst placed on the top of the CNTSs,
creating a sandwich structure as shown in FigureB8s adhesive-bonded sample was
then retested with nanoindentation to investighéedffect of the CNT end condition on

the measured modulus.

Triboindenter Tip

/Si

SUS®
— VACNTSs
/

Fe, ALO;, SiO,,
Si Growth substrate

Figure 56: SiI/CNT/Si sandwich sample constructionsed during testing. Schematic is not to scale.
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6.2.2 Parallel-Plate CNT Sandwich Specimen with Neindentation
To perform these nanoindenter based measuremedisiaon Triboindenter®

maintained by the Georgia Tech IEN was used. Tystidn was equipped with a high
force transducer head and Berkovich tip allowinghaximum force of 1.5 N with a
maximum displacement of 96 um. The triboindenfeimas used to apply a force to the
top piece of silicon of the SI/CNT/Si structure andiformly compress the forest of
CNTs as shown in Figure 56. During this test,firee and the corresponding change in
height were measured by the triboindenter duringmessive loading of the CNTs as
well as during unloading. The tests were conductsilg displacement control at a
loading and unloading rate of 700 nm/s. During thset, all of the CNTs were
compressed in unison between the silicon substrassentially like a single “foam-like”
material [75, 119, 120]; therefore this entire avems used to calculate the effective
properties. During these measurements the Berkayicof the triboindenter did not
create any markings on the top silicon piece aedntleasured effective modulus of the
CNTs was much less than that of silicon. Theretbeedisplacements measured by the
triboindenter are due solely to the change in hexflthe CNTs, and not the deformation

of the silicon.

This measurement method utilizing rigid paralliltes of silicon to compress the
CNTs in unison allows the nanoindenter force talis&ributed over the entire area of the
CNT turf. On the other hand, if one were to udgeakovich nanoindenter tip or a flat
punch in direct contact with the tips of the CNTatljout a rigid substrate across the
tips) to make similar force vs. displacement measents, there are certain important

issues that need to be considered. First, astegpetsewhere [48, 51, 52], the contact
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area of the Berkovich tip will continue to increaséh the depth of indentation and
affects the area function. Second, unlike tradé@lsolid materials, the tip regions of the
compressed CNTs will have to detach or de-entafigie the surrounding CNTs to
facilitate compression. Third, as the CNTs are p@ssed, the potential buckling and/or
outward bulging of the CNTs will be constrainedthg surrounding CNTs. Bulging of
CNT turfs was observed by Qiu et al. during comgiges tests [48]. Out of these, the
first aspect makes the stress data extractioncdiffi while the second and the third
aspect can potentially artificially increase thiéfretss of the CNTs directly under the
Berkovich tip. Alternatively, one can use a fainch with the nanoindenter to address
some of these issues. With the flat punch, theambrarea remains the same with
compression, and the stress data extraction isreasiowever, the effect of surrounding
CNTs on the column of CNTs that is being compresgéidstill be present with the flat
punch experiments. The current set of experiments parallel plates, effectively

addresses three of the above issues with the Bietktp and/or the flat punch.

6.2.3 Nanoindentation Based Measurement Method: Ralts and

Discussion

Compliance Curves During Compressive Loading ankb&ting

In this study two general force vs. displacememveushapes were observed
during uniform compression of the CNT forests ofghes 61, 315, and 683 um by
nanoindentation (Figure 57 and Figure 58). Oneheke curve shapes was a single
upward curve similar to the response of many linedastic materials during
nanoindentation, and the other shape observed vwamlanear curve with two distinct

regions. A wide range of force vs. displacemerapsis have been previously reported
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for CNT turfs/forests [10, 44-49, 51, 52, 122-124h these reports there have been
different CNT geometries, growth parameters, testein ranges, measurement methods
such as uniform compression using parallel platds46, 47] or nanoindentation [10, 45,
47-49, 51, 52, 122, 123], different tip geometfi@snanoindentation (Berkovich [48, 51,
52], flat punch [10, 45, 51, 52, 123], spherical][4etc.), and different CNT end
conditions (free, fixed, etc). The curves with yord single region obtained with
nanoindentation of the 61 um tall CNTs (Figure Bid &igure 58) for example, is a
similar response to tests of comparable strainesutogit with different nanoindenter tips
used to contact the free tips of CNT forests [4Z], SAll of the curves for the different
CNT samples in Figure 57 and Figure 58 exhibit myoslastic behavior for the
indentation depths tested. The 683 um tall samppleided a curve with two distinct
regions when no adhesive was used for attachmehetsecond silicon substrate (Figure
57). The two regions of the curve for this samgole attributed to the unevenness in the
top surface of the CNT forest. Without adhesivetlom second substrate, it is possible
that it takes a few micrometers of displacemenbtseéll the CNT tips are engaged. This
explanation is supported by subsequently obtaimingpmpliance curve with a single

section for the 683 um tall CNTs by using an adreet attach the second substrate.
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Figure 57: Compliance curves of CNTs of 61 um an@83 pum with no adhesive connecting second Si
substrate to CNT tips.
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Figure 58: Compliance curves of CNTs of 61 um, 335m, and 683 um with adhesive connecting
second Si substrate to CNT tips.
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Figure 59: Stress vs. strain curves of CNTs of 6ipand 683 pm with no adhesive connecting second
Si substrate to CNTSs.
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Figure 60: Stress vs. strain curves of CNTs of 6ip 315 pum, and 683 pm with adhesive connecting
second Si substrate to CNTs. The magnitude of sgg and strain are shown, as both stress and strain
are compressive.
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Stress/Strain and Effective Modulus Data Extracfiom Load vs. Displacement Curves

The main objective of this study investigating thechanical properties of CNT
forests was to obtain the modulus in the normadtion for the given CNT forests. A
plot of the stress vs. strain was calculated frdva force vs. displacement data by
assuming that the forest acts like a foam and d¢ineefis applied normal to the CNTs
during loading and unloading of the CNT sandwiclucure with the nanoindenter.
Prior to placing or adhering the second siliconsstatte on the CNT forest to create the
test samples as shown in Figure 56, the forestinvaged with an optical microscope to
measure the entire area of the CNT forest norm#hdécapplied load. For the samples
tested, this area was ~1 tniThe normal stress was then calculated by digidie force
measured by the nanoindenter by this area of the foMst. Similarly, the displacement
measured by the nanoindenter was divided by thialinincompressed height of the CNT
forest to obtain the corresponding strain. Thesstrvs. strain data during loading and
subsequent unloading was plotted for each CNT heigh CNT tip constraint scenarios
such as CNT tips not secured with adhesive to sesahstrate and CNT tips secured to
second substrate with adhesive (Figure 59 and &ig0). Overall, the value of the
effective compressive modulus of CNT turfs withdigs 61, 315, and 683 um and
different end constraints ranged from 0.12-1.20 MPhese values were calculated using
the slope of the top 40% of the loading section twedtop 40% of the unloading section
of the stress vs. strain curves of Figure 59 agairiei 60 [10, 125]. All of these values
are orders of magnitude less than reported valremdividual CNTs [8, 126] and even
of bulk graphite in tension [127]. These low measduvalues for the CNT forests/turfs

compared to these different forms of the matemaild be attributed to the low density,
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wavy geometry of the CNTs (as shown in Figure %) the folding nature of the
deformation of the CNTs. This local bending/folglimature will be discussed and
supported with SEM images later in this chapterc{ige 6.4). While the effective
compressive modulus measured here is low, it ispeoable to measurements of CNT
turfs/forest by selected others as shown in Table 9

Additionally, it was observed that there was aldlidependence of the measured
effective compressive modulus on the height ofGNT forest. For the heights tested in
this study, the effective compressive modulus iaseel with increasing height.
Available literature does not provide any conclesinformation regarding the effect of
CNT forest height on its effective modulus. Thagmost likely due to the differences in
CNT density, alignment, and entanglement morpholagy evolution during growth in
various studies. For example, Tong et al. [128htbthat the CNT forests with heights
ranging from 15-500 pum had a compressive moduluDd5 MPa that was independent
for the heights tested. This independence wasagga by the periodic wavy structure
of the CNTs, with the more important factor beirtge twavelength of the evenly
distributed periodic structure. Conversely, Masahmet al. [45] report that the
mechanical response of CNT forests is dependernth@rCNT height. The measured
effective modulus for CNT forests with heights d, 3190, 300, 650, and 1200 um
ranged from ~10-20 MPa. This paper does not dpallif discuss the cause of the
variation in effective modulus, but discusses hdwe CNT forest height and CNT
alignment influence the buckling that is observagertical alignment and entanglement

depend on the growth conditions, and thus influeheemeasured compressive modulus.
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height on CNT effective modulus.

Therefore, there appears to be no consensus ipuibieshed literature on the effect of

Table 9: Comparison of measured CNT forest modulusalues in literature using various

methods

Reported Modulus Values

Experimental Details

Nanoindenter with CSM and a 100 um

Reduced modulus of 10-20 MPadiameter flat punch tip on free ends of

[45]

vertically aligned CNTs. CNT heights ranged
from 35-1200 pum. (Strain range ~0.0-0.7)

Reduced modulus of 2.6-3.3
MPa [10]

Nanoindenter with a 100 um diameter flat
punch tip on free ends of vertically aligned
CNTs with a height of 600 um. (Strain range
~0.0-0.22)

Nonlinear response: 1 MPa

modulus for strains of 0.0-0.57
and 20.8 MPa for strains >0.57
[44]

Uniform compression test using an Instron®
5843 of 1000 um tall CNT block between
parallel plates. (Strain range ~0.0-0.65)

Nonlinear response: 0.3 MPa f
strains 0.0-0.05, 1.6 MPa for

strain 0.05-0.20, and 0.25 MPa
for strains >0.20 [46]

DI

Uniform compression test using MTS Nano
Bionix® of 280 um tall CNT block.

Reduced modulus of 14.7 MPa
+/- 5.7 [52]

Nanoindenter with tip of 1 um radius on free
ends of vertically aligned CNTSs.

Reduced modulus between 50-
MPa with nonlinear behavior
[48]

6d\lanoindenter with a Berkovich tip on

vertically aligned CNT forests with bundle
diameter of 200 um and heights of 200 um.
Indent depths were <1 pm.

Reduced modulus of 12.7 MPa
(strain range ~0.0-0.002) [47]

Nanoindenter with a 5 pm radius tip on free
ends of vertically aligned CNTs with a height
of 1200 um transferred to a substrate.

Stress/Strain Loading Modulus vs. Unloading Modulus

Since the mechanical characterization of CNT tigfa relatively new field, both

the loading and unloading sections of the stresstvain curves were used to calculate
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the effective compressive modulus for completen@saditional nanoindentation utilizes
the unloading section of the compliance curve sihoglies on the assumption of elastic-
plastic loading and elastic unloading [126]. Iseen for all the cases of different CNT
heights and end constraints that the modulus dddaiinom unloading curves was
approximately 41.83% greater than the modulus pbtafrom the loading curves (Table
10). For example, the 61 um tall CNTs using areatlle to connect the CNT tips to the
second substrate, the loading modulus was fouraket6.14 MPa while the unloading
modulus was 0.23 MPa. This increase of modulexjained by the shape of the stress
vs. strain curves of Figure 59 and Figure 60. slipossible that during the loading
process, the CNTs elastically compress and becoore entangled. Then during the
unloading of this displacement controlled test, @¢Ts do not completely recover their
initial height due to some unrecoverable and/oayld recoverable deformation from
entanglement of the CNTs. Therefore, the magnitoléghe range of strain during
unloading is lower than during loading and resuhlisa greater elastic modulus.
Additionally, subsequent indentations on the saamepde provide similar stress vs. strain
curves, and therefore it is possible that the reppof CNT deformation at these strain

ranges is time dependent to an extent.

Table 10: List of CNT forest effective modulus mesure in this study for different CNT
heights, with/without adhesive on the top substrateand calculated from the loading or
unloading section of the stress/strain curve.

Average Effective Modulus (MPa)

CNT Height | No Adhesive | No Adhesive & Adhesive & Adhesive
(um) & Loading Unloading Loading & Unloading
61 0.12 0.17 0.14 0.23
315 - - 0.35 0.62
683 0.73 0.94 0.80 1.2
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Effect of CNT End Constraint on Modulus

The stress vs. strain data collected during tiidysalso allowed for the effect of
the CNT tip constraint on the effective modulusbanalyzed. Uniform compression
tests with the nanoindenter were performed with@hgim and 683 um tall CNT turfs
first without using an adhesive to attach the sdcaubstrate to the CNT tips (data listed
in Table 10). Then CNTs of the same height wesgetk but the substrate was coated
with a SU8B® (an epoxy based photoresist) to adhieeetips of the CNT turf to the
substrate. It was seen that the end constraiféstahe computed elastic modulus. In
general, when an adhesive is used on the secorstraeh the modulus of CNTs is 10-
30% greater than the modulus of the CNTs withouadimesive on the second substrate.
This increase in modulus is due to the fixed camstrof the CNTs when an adhesive is
used on the tips compared to the sliding and/atirgg constrain of the CNTs when an

adhesive is not used on the tips.

6.3 Nanoindenter Based Technique with Preloaded TeSpecimens

The measured values for the effective modulus ®GNT forests obtained in the
previous sections of this chapter were found todbatively low, in the range of ~0.12-
1.2 MPa. Due to these low values compared togesiNT (~100 GPa [43] - ~4.15 TPa
[8]), it was desired to investigate the effectivedulus further to aid in exploring CNTs
as off-chip interconnects. In literature, it h&eb observed that the effective modulus of
CNT forests can increase as they are compressed®§fi4 This is due to the low density
of CNT forests (typically <10%) and their low stiffss, which allows them to easily
compress and deform, and therefore leading to filesson of the CNT forest. This

densification, occurring at some strain value dyraompression, causes the forest to
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stiffen due to the greater instantaneous densithefforest and increases the measured
effective modulus. For this study it was desirednivestigate if the effective modulus
increases greatly at higher loads and strainshi®/GNT forest sandwich samples. But,
the previous nanoindenter based methods of Se6tare limited to a maximum load
of ~1.5 N with the Hysitron high force head. THere to use the same size CNT
sandwich sample of Section 6.2 it is necessaryeteldp a new technique to test the

CNT forest at higher forces with the available pguent.

2N
S 1N S S
[~ SO e o
g +—gj +=si
Load range: 0-1N Load range: 1-2N Load range: 2-3N

@ ® ®

Figure 61: lllustration of three successive nanoilentation measurements using preloaded samples.
Test 1 subjects the CNT forest to forces 0-1 N, Tie® subjects CNTs to 1-2 N, and Test 3 subjects
CNTs to 2-3 N.

In the nanoindenter tests of Section 6.2, the mamnstrain the CNTs achieved
during testing is limited by the maximum load thhé Hysitron high force head is
capable of (~1.5 N) applying. In order to testtiechanical response of the CNT forests
at higher strains, the test samples were preloadiédsmall weights in stages to allow
for greater total forces to be applied to the sacked test samples as illustrated in
Figure 61. The samples used here, were of the €&iesandwich construction as in
Section 6.2 with adhesive attaching the top silisobstrate to the CNT tips. The CNTs
used were 145m tall and were grown in an Aixtron Black Ma§ithermal CVD system

using a recipe similar to that presented laterdati®n 8.5.
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Figure 62: Compliance curves for three successivedentation measurements on CNT forests using
1.) forces of 0-1 N, 2.) forces of 1-2 N, and 39r€es of 2-3 N.
illestrain Figure 61,

To carry out these preloaded measurements

nanoindentation was first performed on the CNT sacil sample without any preloads

and with a loading and unloading rate of 700 nni/Bis measurement subjected the CNT
forest to a force range of 0-1 N due solely torthaoindenter force head. The resulting
compliance curve of force vs. displacement forlt@aling section of the curve is shown

in Graph 1 of Figure 62. Using the same method3easion 6.2.3, the effective modulus
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for this test was 0.39 MPa. Next, as illustratedrigure 61, a small, flat, 1 N brass
weight was fabricated and carefully placed on thef Gandwich sample. Then the same
nanoindentation process was performed on the san(tmtacting the nanoindenter tip
with the top surface of the brass weight on the Gldihple effectively subjects the CNT
forest to a higher force range of 1-2 N. The r@sglcompliance curve for this tested
force range of 1-2 N is shown in Graph 2 of Figé& which yielded an effective
modulus of 0.27 MPa. Finally, a third and finadttevas performed in the same manner
as the second test, except a brass weight of 2d\uil&zed. This third nanoindentation
test subjected the CNT forest to a force range®MN2 The force vs. displacement curve
for this third test is shown in Graph 3 of Figur2 &d yielded a modulus of 0.31 MPa.
From the results of these three tests of increafinges and strains, it is seen that the
effective modulus of the CNT forests is consisteahging from 0.27-0.39 MPa while
being strained to a maximum of ~0.13. Also, duringse tests the CNT forest did not
stiffen as the forest was subjected to greaterein this strain range, and the forest
maintained a linear mechanical response duringhede measurements. If the test was
continued to even greater strains, the forest neptne densified as in Figure 65 and
result in a larger measured effective modulus. ubhg for the forests here and for strains

less than ~0.13, the modulus is consistent.

6.4  Semi-insitu SEM Based Technique
To support the findings obtained with the trib@nter based measurement
techniques and to provide information on the natfréhe deformation of the CNTs, a
semi in-situ measurement method was developed @sBwanning electron microscope.

It was desired to confirm that in fact that theeefive compressive modulus of the CNT
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forests was on the order of 1 MPa since reportédesafor single CNTs are so much
greater. This method is illustrated in Figure 68 ancludes a compression fixture with a

force load cell measuring device.

. gerews
CO@pYesS\O“ \\. SiI/CNT/Si Sample

L

Figure 63: Drawing of the compression fixture usedo apply compressive force to Si/CNT/Si sample
to measure the effective compressive modulus. Thigture allowed a force to be applied to the
sample, which would compress it, and then an SEM vgaused to measure the resulting change in
height of the CNT forest.

The load cell used was a Futek® JR S-beam LSB2@® avmax load of 10
pounds coupled with a Futek® USB210 data acquisitgystem. Additionally,
engineering drawing of the custom compression fexean be found in Appendix A.4.1.
A similar SI/CNT/Si sandwich sample with no adhesas was used in Section 6.2.1 was
used with this measurement approach, and placéetineen the load cell and the top
beam of the fixture. The compression screws ortdpebeam were tightened to apply,
and hold, a compressive force to the CNTs. To nreathe effective compressive
modulus using this technique, the procedure owtlimdow was followed:

1. Use SEM to measure the initial height of CNTs withload applied.
2. Outside of SEM chamber, insert CNT sandwich sammie the compression

fixture, apply load by tightening compression s@ermecord force from load cell.

125



3. Electrically disconnect load cell from data acqiosi and place in SEM chamber.

4. Use SEM to measure new compressed height of CNTSs.

5. Remove compression fixture with CNT sample from SEM

6. Connect load cell to data acquisition system, usepression screws to increase
force on CNTSs, and repeat the procedure to me&feheight using SEM.

7. Repeat this process for several more steps witheasng force to obtain

relationship of force vs. displacement and thuigctifve stress vs. strain.
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Figure 64: Stress vs. strain data of CNT sample i initial height of ~133um obtained using
SI/CNT/Si sandwich in compression fixture with SEM. The effective compressive modulus for this
height of CNTs was measured to be 0.11 MPa usingishmeasurement method.

6.4.1 Effective Compressive Modulus by SEM with Qapressive Fixture:
Results and Discussion

Each of the measurements at a specific force esulting change in height of the
CNTs with the SEM compressive fixture allowed famigar calculations of effective
stress and strain as performed with the triboirefebdsed measurements of Section
6.2.3. This test method was performed with a CHfest 133 um in height and the

resulting effective stress vs. strain plot is shawrrigure 64 and shows the measured
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effective compressive modulus to be 0.11 MPa. #aldklly, the resulting SEM images
of the CNT forest at each distinct load step durthg experimental procedure are
presented in Figure 65. This effective compressiaglulus measured with the SEM-
based method is comparable to the modulus valugsneld with the triboindenter-based
methods and therefore provides support for thosesarements. Additionally, the stress
vs. strain curve shows a steep increase for thiddad step at a strain of ~0.8. This is
most likely due to densification of the CNTs aftieey have completely collapsed. This
densified structure was captured with the SEM dmave in Figure 65E. Similar large
increases in stiffness have been reported at strgens by Maschmann et al. [10, 45],
Suhr et al. [44] and Hutchens et al. [123]. Al$us tdensification and increase in
modulus occurs at a larger strain than tested thighpreloaded samples of Section 6.3,
and therefore support the measurements of thaoseaftthis chapter.

In addition to stress vs. strain data, the SEM esag@f the CNTs under
compressive loading provide insight on the natdrhe CNT forest deformation. First,
it is seen that the folding initially occurs nehe tgrowth surface of the silicon substrate
(Figure 65B). This is believed to occur because @INTs are more constrained at that
location since they are attached to the growth tsates The tips of the CNTs are in
contact with the top silicon substrate, but have ability to slide and rotate since no
adhesive was used in this SEM based experimenpabaph. Additionally, others have
reported that buckling initially occurs near th@wth substrate since CNT density and
alignment are lower at this location [10, 52, 123Agreement on the location of
subsequent buckling is not as clear and appedrs tiependent on the CNT samples and

test method. Zbib et al. and Hutchens et al. asat punch tip on CNT turf columns of
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smaller diameter than the punch tip and observdaliakling to occur near the roots [52,
123]. Conversely, Maschmann et al. used a flacbwn a CNT turf much larger than
the tip and observed initial buckling at the rootl subsequent buckling near the tips [10,
45]. While Qiu et al. observed buckling both oe thot side and tip side depending on
the CNT turf configuration/attachment with the dgisubstrate during uniform
compression [48]. Although the initial folding arced near the growth substrate, the
subsequent folding was not distinctively at the tpbottom region of the CNT turf.
Also, the SEM images of the CNTs in the compres§ixinre show that there is a large
amount of unrecovered strain of the CNT turf aftex load is removed from the final
load step. Figure 65F shows the CNT turf aftertés¢ with no load and a final height of
~20.7 um, which results in ~84.4% unrecovered rstralhe presence of unrecovered
strain during this SEM-based method provides sampeart for the explanation given for
the differences in the loading and unloading sestiof the stress vs. strain curves
obtained with the nanoindentation-based methocktti® 6.2.3. Additionally, it should
be noted that from these SEM images, the deformaifothe CNTs is not distributed
throughout the total length of the CNTSs, like whatuld happen with a traditional spring
in compression. The CNTs demonstrate a deformatianis similar to local folding in
nature, as shown by Figure 65C. This type of fajdprovides the large deformations
under compressive loads, which then results inaweeffective compressive modulus of
the CNT forests. Also, the low modulus of CNT fireunder compression has been
attributed to buckling [10, 52, 123], bending [1230], low volume density [131, 132],
CNT defects [133], etc. and in addition to theke, low modulus can be attributed to the

inherent waviness of the CNT structures [130].
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Figure 65: (A.-E.) SEM image of entire height of GIT forest while being compressed with Si
substrate at the top and Si growth substrate at thbottom. Folding of the CNT structure is observed
near the bottom growth substrate. Image (B.) showisitial folding occurring near growth substrate.
Higher magnification SEM image of CNT folding shownin inset of (C.). Unrecovered strain of CNT

turf is shown in (F.) with load removed.

6.5 Tensile Tester Based Measurement
The fourth experimental measurement of the effectnechanical properties of
the CNT forest was based on more traditional tentbting methods using a Test

Resources® 100P225 Tensile Tester. This usedasisahdwiched CNT forests as in the
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previous sections in this chapter between siliadssates and is illustrated in Figure 66
along with tensile data of a CNT forest with a lneigf ~695 pm and sample area of 108
mn?. This yielded an effective modulus of ~0.84 MPhich is comparable to the
nanoindenter based values and also 4-6 orders giitnde less than reported values for
an individual CNT. The stress vs. strain curveFigure 66 shows a linear response
through the entire tensile test, and this indicdtest there is no debonding of the
interfaces during the test. Also, by dispensing@daquate amount of adhesive evenly on
the silicon substrate, it was ensured that all id €CNTs were attached to the top
substrate. Furthermore, the modulus of the adbesi2 GPa [134] and that of the silicon

substrate is ~169 GPa [135] which are several srofemagnitude higher than that of the

CNT forest, and thus, the observed deformatiohas @f the CNTSs.
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Figure 66: lllustration of configuration of Si/CNT/Si sandwich test sample used in tensile test and
also stress vs. strain data of tensile test for asple with a CNT height of 695 pm

6.6  Conclusion/Summary
In this chapter the effective mechanical propertiéscarbon nanotubes were

experimentally measured using four different methodhese four methods were used to
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measure the effective modulus of CNT forests, wradrghe vertically aligned CNTs
deformed in unison acting as a single foam-like emat The four measurement
techniques developed and utilized here included hpnoindenter based method, 2) a
nanoindenter based method using preloaded san§)les,semi-insitu method coupled
with an SEM, 4) and a tensile tester based measntenAll the measurements obtained
using these different techniques were relativebseland ranged from ~0.11-1.2 MPa,
depending on the CNT forest height, CNT tip constrgondition, strain range, and
direction of applied force. The nanoindentatiosdzthmethod developed in this chapter,
compressed the CNT forest between two rigid siliceubstrates by using the
nanoindenter to contact and apply a force to tiperigid substrate. This is the first
investigation using a nanoindenter with a samptevéen rigid substrates to avoid issues
concerning the contact area function between CN@stdaips and the indenter tip. This
is an improvement on past methods focused on timg @snanoindenter to measure the
effective properties for CNT forest as a whole.

Furthermore, to use this nanoindenter based methitld sandwiched CNT
samples to test higher strain ranges, a methodgupmloaded samples was also
developed. This technique placed weights on the rigid substrate of the CNT
sandwich. The nanoindenter tip was then used mtaco the top surface of the weight
and compress the CNT forest. This approach allawed”CNT forest to be subjected to,
and tested over a larger range of forces and stthem just the standard nanoindenter is
capable of. The nanoindenter measurements witlogated CNT sandwich samples
showed that these CNT samples exhibit a linear ar@chl response up to the maximum

strain tested (~0.13) with these nanoindenter basethods. Additionally, the CNT
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forests were tested using more traditional methsidsh as a microscale tensile tester.
Similar samples of a CNT forest between rigid states was pulled in tension and
yielded a similar modulus of ~0.84 MPa. To suppbdse low modulus and highly

compliant mechanical property measurements frorsettieree different methods, a semi-
insitu SEM based technique was developed. Thmwvalll for force vs. displacement

measurements of the CNT forests while observinghdtare of the deformation with an

SEM. This method yielded a similar low modulus-6t11 MPa for the CNT forest and

also demonstrated a large increase in modulus git btrains due to CNT forest

densification. The local buckling and folding dlet CNT forest as it was compressed
was also observed with the SEM to confirm and eaéidhese effective modulus values
being several orders of magnitude less than thatsirigle CNT in tension.

In summary, several measurement techniques werelapmd and used in this
chapter to measure the effective modulus of CN&dts. The values measured for the
effective modulus were in the range of 0.11-1.2 M&a are several orders of
magnitudes less than that of a single CNT in tensi®hese measurements show that
CNT forests possess a very low effective modulug #merefore offer potential
mechanical performance benefits as CNT based gff-citerconnects. Lastly, the
measurements obtained in this chapter add to ateh@xhe existing body of data in
literature and will serve as the basis of the nat@roperty model for CNT based off-
chip interconnects in finite-element analysis candd on electronic packages utilizing

CNT based interconnects that are presented ireadaapter of this thesis.
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CHAPTER 7
FINITE-ELEMENT MODELING OF ELECTRONIC PACKAGE

WITH CNT OFF-CHIP INTERCONNECTS

7.1 Introduction

Chapter 6 of this thesis measured effective mechhproperties of CNT forests,
and showed that the measured values of effectivduiue are in the range of 0.12-1.2
MPa. These values are very low compared to aesi@NT and also to traditional
interconnect materials such as solder (34 GPa A£385 solder [136]) or even less
commonly used electrically conductive adhesives(~2500 MPa [137, 138]). In this
chapter, the values of effective modulus that weeasured previously in this thesis will
be used in finite-element models of electronic paes to demonstrate the mechanical
performance benefits of CNT based off-chip interemxsis and its potential to help
mitigate fracture of low-k dielectric layers. Thigll be demonstrated with 3D finite-
element models of dummy silicon flip chip packagé&tsched to FR4 substrates with a
peripheral interconnect configuration. This paakagill be modeled along with a
traditional package utilizing solder ball intercesits and underfill to provide a
comparison of the mechanical performance of the @iNdrconnect scenario. In these
comparisons, stresses in the silicon chip, stresstds interconnects, and warpage will
be discussed. In addition to general mechanicafopeance comparisons with
traditional packages, variables such as the modoltisotropic vs. isotropic properties
CNT properties, and interconnect height will beiegrto investigate their effect on the
mechanical performance of the electronic packageing CNT off-chip interconnects

to provide guidance and a better understandintghiir future potential use.
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7.2 3D Finite-Element Model

In this section a 3D model of a silicon die atetho a FR4 substrate was
modeled. This was done using ANSY¥14 and was represented with quarter
symmetry of the full model geometry in order to ued the total amount of elements
while providing all of the desired results. Theimgoal of this analysis was to
demonstrate that lower die stresses of an asserflipiathip package can be achieved by
utilizing CNT based interconnects compared to tradal solder ball interconnects. The
lower die stresses would imply that on-chip low-klectric material will experience

lower stresses, and thus, will not crack or delaten

7.2.1 3D Model Geometry

The geometry of the finite-element model is basedh@ commercially available
mechanical dummy flip chip of model number PB0O8>AID-DC-LF2 obtained from
Practical Components Inc. This chip was chosenesih has dimensions relevant to
current commercially available microelectronic @®&. The modeled chip has pad
diameters of 105 pum, a pitch of 203 um, and analivierl geometry size of 8.12 x 8.12
mm, with a total of 40 interconnects per side peapheral arrangement. The remaining
geometric dimensions of the model are listed inl@dl and illustrated in Figure 67 and

Figure 68.
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Symmetry BC’s on all
nodes on this face, UZ=0

Symmetry BC’s on all
nodes on this face, UX=0 \\

Die thickness

FR4 thickness

Figure 67: lllustration of finite-element model offlip chip on FR4 substrate connected with
interconnects. Only a quarter of the model is shom due to quarter symmetry of the model. The
illustration is from the Ansys® model and includes labels of the various materials

Pad/Interconnect Dia.

Cu Side Pad
Height

Interconnect
Height

FR4 Side Pad
Height

Figure 68: Zoomed in side view of Figure 67 showinthe copper pads on the FR4 board side and
thinner die-side copper pads. The left illustratin depicts the traditional solder ball case and the
right illustration depicts the CNT case. Additiondly, important geometric parameters are labeled.
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Table 11: Dimensions used for finite-element modeif electronic
package in Section 7.2.1

Geometric Parameter Dimension (um)
Pitch 203
Pad Diameter 105
FR4 Thickness 1500
Die Thickness 625
Interconnect Height 120
FR4 side Cu Thickness 35
Die side Cu Thickness 1.7
7.2.2 3D Model Material Properties

Material properties used in this analysis were iti@ual properties used in
literature of finite-element simulations of electio packages. The FR4 substrate was
modeled as orthotropic temperature dependent (TEbI§139], silicon as temperature
independent isotropic (Table 13) [139], copper emperature independent isotropic
(Table 14) [140], underfill as temperature depemndsotropic (only used for the solder
ball case) (Table 15) [136], SAC305 lead free solds a temperature dependent
viscoplastic isotropic material (Table 17) [136]pdathe CNT interconnect as a
temperature independent isotropic material (Tat8® 1For the solder, the Anand’s
viscoplastic model was chosen with coefficientéisted in Table 17 [136]. Also, since a
thermomechanical analysis is being performed, drigial to define the stress free state
of the materials. The stress free state of theesas assumed to be its reflow (melting)
temperature of 22C, while for the rest of the materials in the motw transition
temperature of the underfill (18D) was used. These stress free temperaturesnaitarsi

to those found in literature performing similar sas of traditional electronic packages
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[136].

Additionally, the material properties fonet CNTs for this first analysis are

isotropic with and elastic modulus of 1 MPa antklisin Table 18, which is within the

range measured in this thesis in Section 6.2.3 later section of this chapter, the value

for the CNT modulus in the finite-element model Iwvbe varied and a transversely

isotropic material model will be utilized to invegite the effect on the die stresses.

Additionally, the value for the Poisson’s raticeds if not stated otherwise, is 0.35 as

measured by Maschmann et al [141].

Table 12: Temperature dependent orthotropic mechaical properties for FR4 substrate used in finite-

element model [139]

Temperature (°C)

Property 30 95 110 125 150 270
Ew (MPa) | 22400 20680 19970 19300 17920 16000
E,y (MPa) 1600 1200 1100 1000 600 450
E»(MPa) | 22400 20680 19970 19300 17920 16000
Gy (MPa) 630 600 550 500 450 441
Gy (MPa) 199 189 173 157 142 139.3
Gy, (MPa) 199 189 173 157 142 139.3
Vyz 0.136 0.136 0.136 0.136 0.136 0.136
Voy 0.1425 0.1425 0.1425 0.1425 0.1425 0.1425
Vyz 0.136 0.136 0.136 0.136 0.136 0.136
CTE 20e-6 20e-6 20e-6 20e-6 20e-6 20e-6
CTE,, 86.5e-6 | 86.5e-6| 243e-6 400e-¢ 400e6 400e-6
CTE 20e-6 20e-6 20e-6 20e-6 20e-6 20e-6
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Table 13: Temperature independent isotropic propeties of silicon die

[139]
Property Value
E (MPa) 160000
v 0.34
CTE 2.6e-6

Table 14: Temperature independent isotropic propeties of copper

[140]
Property Value
E (MPa) 121000
v 0.3
CTE 17.3e-6

Table 15: Temperature dependent isotropic propergs of underfill

[136]
Property Value
E (MPa) 7600
v 0.3
CTE 28e-6 (Temp< 150°C)

104e-6 (Tempz 170°C)

Table 16: Temperature dependent isotropic propergs of SAC305

solder [136]
Property Value
E (MPa) 387000-176T
v 0.35
CTE 25e-6
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Table 17:

Anand model constants for SAC305 [136]

Symbol Value Units
A 17.994 1/s
QR 9970 K
& 0.35 -
m 0.153 -
S 2.536 MPa
n 0.028 -
ho 1525.98 MPa
a 1.69 -
So 2.15 MPa

Table 18: Isotropic properties for CNTs used in finite-element

simulations of electronic package

Property Value
E (MPa) 1 MPa
v 0.35[141]
CTE -
7.2.3 3D Finite-Element Model Analysis

In order to determine the stresses in the silidendde to CTE mismatch, it was

decided to perform a single cool down step from°C66 25C (room temperature).

This temperature was chosen since it is the lastrtal assembly step for a flip chip with

a solder ball and underfill configuration.

The mmamature of 16{C is the cure

temperature for a typical underfill [136]. Thigmsa analysis was performed for the CNT

interconnect scenario even though the model do¢snctude underfill. This same
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temperature of 16C was used to provide a more direct comparison ethanical

performance for the two interconnect scenarios.

7.2.4 Finite-Element Analysis Results — CNT Inter@nnect vs. Solder Ball

The first scenario solved in this investigation whe flip chip with CNT
interconnects utilizing an isotropic modulus of IPMand a Poisson’s ratio of 0.35
(Table 18) cooled from 168G to 25C (room temp). This was compared to the scenario
with traditional solder interconnects and underfildergoing the same finite-element
analysis. The stresses in only the silicon dieevgtermined and are presented in Table
19. It can be seen that all of the stresses aatlgrreduced in the case of the flip chip
with CNT off-chip interconnects, with the percehaages ranging from ~94-71% for all
the stresses. Two important stress componentsihhalysis arex, which is a major
cause of cohesive failure, aag, which is a major cause for interfacial fractureBEOL
low-k layers. In addition to greatly reducing tfteess magnitudes in the silicon die, the
regions of the silicon die that are experiencireyated stress levels are also decreased by
the use of CNT interconnects. For example, theimam o, stress for the solder ball
scenario occurs in most of the planar area of tie, @as shown by the large amount of
red contours in Figure 69a and Figure 69b. Complaise to the CNT interconnect
scenario, Figure 69c and Figure 69d, which onlythaslevated,y stresses occurring in
regions near the interconnects and copper pads.erefdre, the CNT off-chip
interconnects not only reduce stresses in the gteptly, but also these elevated stress

values occur in much less of a volume of the chip.
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Additionally, an analysis was performed on a stalwhe silicon chip with copper

pads and then cooled similarly from 2600 25C. This silicon chip showed similar die

stresses as the scenario of the silicon chip adedntb the FR4 substrate with CNT

interconnects (listed in Table 19). This means tha stresses for the CNT interconnect

scenario are due mostly to the CTE mismatch betvieersilicon die and the copper

pads, and not due to the CTE mismatch from the Bt¥btrate. Therefore the CNT

interconnects are able to completely decouple itfo®is die from the board, resulting in

no additional assembly-induced stresses.

Table 19: Comparing finite-element analysis of distresses for solder ball vs.

CNT interconnect scenarios.

Stress Type (MPa)

Interconnect Scenario Oxx Oyy Oxz Oy7
a) Solderbaliswith | 5g115 | 35979 18.157  78.469
underfill
b) CNT interconnect | 9.3482 2.3979 5.2836 5.2836
c) Stand-alone chip | g 3505 | 5 3920| 4391  5.2694
with Cu pads
Percent change
between scenarios a)] 83.92% | 93.52%| 70.90% 93.27%
and b)
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-196.221 -132.636 -69.0513 0 58.1185
-164.429 -100.844 -37.2588 26.3261
-196.221 -132.636 -69.0513 58.1185
-164.429 -100.844 -37. 2588 26.3261
c.)
Oxx
Max = 9.35 MPa
Min =-19.23 MPa
~N—
| BN I |
=196::222 -132.636 -69.0513 o] 58.118
-164.429 -100.844 -37.2588 26.3261
1 2
20 51‘ %
-196.222 -132.636 -69.0513 6] 58.1185
-164.429 -100.844 -37.2588 26.3261

Figure 69: Contour plot of o stress (MPa) in only silicon die of two scenarios.) Solder ball and
underfill case from angled top view. b.) Internalview of stress contour at cross section of silicatie
marked by line 1-2 in a) of this figure. c.) CNT mterconnect case from angled bottom view. d.)
Internal view of stress contour at cross section dfilicon die marked by line 1-2 in c) of this figue.
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To further illustrate that the CNT interconnectschemically decouple the silicon
die from the FR4 substrate, the warpage of theosilidie is investigated for the two
different scenarios. Here, the warpage is caledlétom the difference in out of plane
displacement (y-direction of Figure 70 and Figui¢ Between points 1 and 2. Since all
of the materials in the model deform in the y-di@t due to both warpage and the
component of CTE in the y-direction, it is necegstr use the difference between
diagonal corners of the die to quantify the warflileading shape of the die when cooled.
An internal cross sectional view of the displaceteemtours along the diagonal plane of
the silicon die of Figure 69 is given in figure 70able 20 lists the warpage of the two
different interconnect scenarios calculated froeséhfigures. For the traditional solder
ball scenario the warpage of the die is 21188 and then by utilizing the CNT
interconnects, the warpage is essentially elimthatéh a warpage of 0.008m. To
further visually illustrate that the use of CNTartonnects mechanically decouples the
silicon die from the substrate, the y-displacentamtours of the total model is shown in
Figure 70 for both of the interconnect scenarimsthe solder interconnects scenario, the
displacements of the die and board are similarshesvn by the similar displacement
contours of the die and board of Figure 70a. Cmsahg, in the scenario of the CNT
interconnect in Figure 70b, the displacement castai the substrate and the die are

different and therefore deforming independently amethanically decoupled.
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-41.1826 -32.0291 -22.8757 =13.7223 -4.56882
-36.6059 -27.4524 -18.299 -9.14554 .007898

b.)

I 0000 e ]
-20.6558 -16.0656 ~11.4754 =6.88527 -2.29509
-18.3607 -13.7705 -9.18036 -4.59018 .317E-05

Figure 70: Contour plot of y-displacement of entie finite-element models of two scenarios a.) Solder
ball and underfill case (underfill not shown) b.) ONT interconnect case.
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Figure 71: a.) Plot of y-displacement of only chipinternal view of diagonal plane of line 1-2 for
solder ball case of Figure 70a. b.) Plot of y-disgcement of only chip, internal view of diagonal @ne
of line 1-2 for CNT case of Figure 70b.

Table 20: Silicon die warpage for two interconnectype scenarios

Interconnect Scenario

Silicon Die Warpage fim)

Solder balls with Underfill

21.82

CNT interconnect

0.008

7.2.5 Finite-Element Analysis Results — CNT Modulsi

The effective modulus of CNT forests used in thissis was measured to have a
modulus ranging from 0.12-1.2 MPa, but literatupatains studies with measured values
as large as 275 MPa [141]. These differing vahfesffective modulus are a subject of
ongoing research in literature and have been shiowibe effected by differences in
parameters such as CNT waviness, density, and thafi&0, 132] . Since a wide range
of modulus values for CNT forests is possible, dsvdesired to investigate the effect that

this has on the die stresses if used in an electpatkage to provide insight for future

implementation. In this study the same analysis &ection 7.2.4 was performed where
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the package was cooled from 2600 25C, and the modulus was varied from 0.1 MPa
to 500 MPa with a constant Poisson’s ratio of 0.3&e die stresses from these scenarios
of different modulus values are shown in Table Zhese values show that for CNT
interconnects with a Young’s modulus within thegamf 0.1-100 MPa, that there is very
little effect on all of the components of stressthe die. However, the greatest CNT
modulus of 500 MPa creates an increase in diessisewhen compared to the lower
modulus values. But, even though the chip stresggease by using the greater CNT
modulus of 500 MPa, all the values are still mwesslthan the traditional solder ball and
underfill scenario. Specifically, this CNT interazect scenario with a Young’'s modulus
of 500 MPa hasy andoyy stress values that are 80.14% and 61.49% lesdibasolder
ball scenario respectively. This illustrates tbating implementation of CNTs of off-
chip interconnects, it is not critical to contrélet CNT modulus during synthesis to

achieve large improvements in mechanical relighilit

Table 21: Comparing finite-element analysis of distresses for CNT interconnect scenarios of
various modulus

Stress Type (MPa)

CNT _Interconnect

Modulus (MPa) Oxx Oyy Oxz Oyz
0.1 9.3572 2.3926 4.383 5.2708
1.0 9.3482 2.39793 4.3925 5.28364
10 9.3097 2.4509 4.4871 5.4157
100 9.7326 3.4454 5.3769 6.7193
500 11.544 14.242 8.3958 12.521
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Table 22: Comparing finite-element analysis of irgrconnect stresses for CNT
interconnect scenarios of various moduli

Stress Type (MPa)
CNT Interconnect o o o
Modulus (MPa) = =Y =%
0.1 0.0024510 2.3926 0.00074136
1.0 0.0245 0.0093884 0.0074060
10 0.24456 0.093863 0.073269
100 2.3865 0.93654 0.66351
500 10.552 40.523 2.7372
Solder ball
interconnect with 80.575 58.611 2.4423
Underfill

In addition to investigating die stresses resulfiogn varying the CNT modulus,
the stress in the CNT material was also calculéfadble 22). It was found that stresses
increase significantly as the CNT modulus is inseek but like the die stresses, they are
still relatively low with values of 10.56 MPa fex, and 40.52 MPa fos,y for the worst
scenario tested of a CNT modulus of 500 MPa. Tlaesdow stresses for CNTs, which
have been shown to have strengths of 11-150 GP&0]%nd therefore should not be a

great concern.

7.2.6 Finite-Element Analysis Results — CNT Height

Another variable of interest when investigating TNorests as off-chip
interconnects is the height of the forest. In gestion, the effect of the CNT height on
the die stresses was studied by using CNT heidl&88,60, 120, and 240 um in a similar
analysis as in previous sections of this chaptethis analysis a modulus of 1 MPa and a

Poisson’s ratio of 0.35 was used and the packageca@led from 161 to 25C. From
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this, it was found that the value of CNT heighthantthe tested height range and with a
modulus of 1 MPa had virtually no effect on the dieesses. The values for the
components of die stresses calculate from theselaiions are listed in Table 23. There
was an effect though on the CNT interconnect stassfiustrated in Figure 72 where the
oxx andoyy stresses decrease with increasing CNT intercorireght. Still, in all of the

heights simulated, the stresses in the intercosna@ extremely low compared to the

stresses in a traditional solder ball of similaighée

Table 23: Comparing finite-element analysis of distresses for CNT interconnect scenarios of
various heights

Stress Type (MPa)
CNT Interconnect Height (um) Gy oy Gz oy

20 9.3194 2.4158 9.2996 4.4419
60 9.3364 2.4043 9.3065 4.4085
120 9.3482 2.3979 9.3139 4.3925
240 9.3549 2.3942 9.3190 4.3847
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Figure 72: Interconnect stress values dafy, 6y, and oy, as a function of CNT height.
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7.2.7 Finite-Element Analysis Results — TransverBelsotropic Material
Model

In the previous sections of this chapter the éigllement analysis of a flip chip
package utilizing CNT forests as off-chip interceats was studied. In these analyses,
the CNT forest was modeled as a fully isotropicenat using the modulus measured by
nanoindenting the CNTs in the direction of growshtlae modulus for all directions. But
it is known that the structure of the CNT forestiea with direction. The material
structure resembles that of a transversely isatrampaterial, which is a special case of
orthotropy and is defined by a material having faene properties in one plane and
different properties in the direction normal tottp&ane. For this study, the CNT forest
has the same properties in the X-Z plane of FigiBeand therefore ,EE,, but with
different properties in the direction of the CNTogth (Y-direction) and therefore, E
To fully define this material model, five indepentl@lastic constants are needed, which
are §, E=E;,, vy, vxz, and Gy= Gy;,. The properties that are in the X-Z plane ofrisjoy
are E=E; andvy,= v,x. While the properties that are out of plane ofrispy are E and
vyx. The other properties,Gandvyy, that are needed to implement this as an orthiatrop
property in Ansys® can then be calculated fromgrevious five independent constants

and using the following relationships for a transedy isotropic material:

E
G, =——X% _
<A, 2
VYX — ny
e E (21)
E, =E, (22)
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In addition to these three relationships (Equatidds 22 ), this discussion regarding the
CNT material model is completed in detail in Appiend.5 to aid in the calculations of

the property components in the following paragraphs

AN y t-direction

X p-direction

E=E,

z p-direction
E=E,

Figure 73: Diagram of orientation of CNT forest fa off-chip interconnects for the transversely
isotropic material model implemented in finite-elenent analysis. CNT growth direction is in the Y-
direction.

In this section it will be studied whether usingstkransversely isotropic model
for the CNTs will have an effect on the finite-elemh analysis of the flip chip package
compared to the isotropic material model. It via# determined if it is necessary to
measure all five of the independent variables tplément the CNT material as a
transversely isotropic material or if it is suféot to model the CNT interconnect as a
fully isotropic material for purposes of mechanicalability studies. To investigate this,
first a case using all of the transversely isottqpioperties obtained by Maschmann et al

[141] will be implemented in the finite-element nebdand then a second case will be
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tested based Maschmann et al's values while incatipg the modulus in the direction
of CNT growth that was measured in this thesisaati®n 6.2.3.

In the first case of transversely isotropic CNDperties, all of the properties
were obtained from Maschmann et al [141] and bggigiquations 20 - 22 and Equations
27 - 31 (Appendix A.5), with specifically calculag G, from Equation 20 andyy from
Equation 21. These values are listed in Tabler2¥veere implemented in Ansys® as an
orthotropic material. Along with this initial cgs@ second case using a Young’s modulus
value of = 1 MPa that is within the range of the values mgas from this thesis was
used along with the same values for the three réiftePoisson’s ratios determined by
Maschmann et al. By using a modulus value of B MPa with the Poisson’s ratios of
Maschmann et al, then allows for values @f E, and G, to be calculated. Using this
approach, these calculated values gfEg, and G, will be different than Maschmann et
al’'s, but the material model will behave in a sanimanner since the same Poisson’s
ratios are used. Specifically, the Young’s modutakies are calculated from Hooke’s
law for an orthotropic material given by Equatioh &1d 22 and the shear modulus by
using those values and Equation 20. The valuesh®mechanical properties for this
second case of transversely isotropic material maelisted in Table 24. In order to
obtain values for ¢ and G, it is needed to assume they are the samea®IGhis
case. This assumption is based off the observdtianthe three components of shear
moduli are very similar to each other in Maschmah@al's model. This relationship of
shear moduli values is extended in this second sagbat Gy and G, are the same as
Gyxz. Therefore all of the mechanical material constame defined for the second case

for a transversely isotropic CNT material and liste Table 24.
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Table 24: Transversely isotropic properties for CN off-chip interconnect for two cases of material

models
Case 1: Using values from | Case 2: Using modulus values

Property Maschmann et al [141] from this thesis and from [141]
E. (MPa) 2.5 0.0119
E, (MPa) 210 1
E, (MPa) 2.5 0.0119

Vyz 0.12 0.12

Vyy 0.004167 0.004167

Vyz 0.35 0.35

Gy 1.12 0.005

Gyy 1.10 0.005

Gy: 1.10 0.005

Table 25: Die stresses calculated using two diffeint cases of transversely isotropic material models
for CNT interconnects and two cases of similar fuyl isotropic material models

CNT Material Model Case | o (MPa) | oy (MPa) | o (MPa) | oy, (MPa)

Case L-Transverselyiso. | g 37, 24191 4.4210 53148
model from [141]

Fully iso. with E = 210 MPa 10.308 6.1822 6.3403 4639
Case 2 Transversely iso.

model using modulus valuey g 5o, 2.3920 4.3819 5.2694
from this thesis and from

[141]
Fully iso. with E = 1.0 MPa 9.3482 2.3979 4.3925 2836
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Finite-element models that are the same as in @eéti2.1-7.2.3 were used for
this section, but while utilizing the two differecases of transversely isotropic material
models of Table 24. In comparing the values opprbtes of the two material models it
can be seen that the values of the respective Yeungduli are approximately two
orders of magnitude different from each other. thestresses from the finite-element
analysis of these two cases are listed in TableT2hs table shows that the stress values
are very similar for Case 1 and 2 even though tieesmost two orders of magnitude
difference in the moduli values between the casEss is due to a similar observation
from the study investigated in Section 7.2.5 whitve effect of the magnitude of the
isotropic modulus was conducted. In that studymwitiee isotropic modulus was very
low, further reduction of the modulus had littléeet on the die stresses since the silicon
die and substrate were effectively already mecladigicdecoupled. In Case 1, of the
transversely isotropic property study, even tho&gthas a value of 210 MPa, the die
stresses are very low and similar to the value€ade 2 where E1 MPa. This is
because while [Eis greater in Case 1, the values qfdad E are still very small (~2
orders of magnitude less than Case 1) and therefonginate the thermomechanical
stress results. These relatively low values ph#&d E then cause very little change in
the die stresses even thoug/FELO MPa is at a relatively large value for a CNfebt.
This observation is further illustrated by compgrthese transversely isotropic models to
cases of fully isotropic material models that useakd vy of each of the respective
transversely isotropic models. The values foréhesses are also listed and compared in
Table 25. This table shows that Case 1 compareithedfully isotropic model with

E,=210 MPa has slightly lower die stresses than tready low stresses of the fully
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isotropic case. Therefore, the fully isotropic rabi$ a conservative assumption for the
die stresses. But for Case 2 compared to the i&dityopic model using the samg £1
MPa, all of the die stress values are extremelyilaimwith very little difference.
Therefore for this situation where the largest niaslivalue in the transversely isotropic
material is relatively low, the simplified fully a¢ropic material model is a valid

assumption to study the thermomechanical die gsasithe flip chip.

In summary, the use of a transversely isotropicdens model for CNT
interconnects has an effect on the die stresseke werforming a thermomechanical
analysis. The effect that the transversely isatropodel has on the die stresses is
dependent on the severity of the difference in rtiegerial properties for the different
directions and also on the magnitude of the modiis effect was found to be very
small or almost zero in this study due to the largeluli difference and low value of the
lowest Young’s modulus in the material models. the models tested, there was a
difference of two orders of magnitude betwegnakd E=E,, with the value of < 2.5
MPa. If a different material model was used indteaith the three moduli closer in
value or with a larger value for the lowest modthien the die stresses would increase
and approach that of the results using a fullyreggot model with the same modulus.
Even with this scenario, the stresses in the sildie would be very low. Therefore the
fully isotropic model is a conservative assumptiwhijle still demonstrating very low die
stresses when compared to traditional solder b#drconnects. If a different analysis
scenario is performed though, it may beneficiakduisit this question since multiple
factors are involved. For the thermomechanicalysis conducted in this study, a fully

isotropic material model is sufficient.
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7.3 Summary — Finite-Element Modeling of CNT Off-Chip Interconnect

In this chapter the issue of mitigating the fraetaf weak low-k dielectric layers
caused by high stresses in silicon dies was irnyastl. This was completed by using
finite-element analysis to model a flip chip attedlto a FR4 substrate with CNT forest
interconnects with a relatively low effective modst It was shown with finite-element
analysis that the CNT interconnects effectively hagacally decoupled the FR4 substrate
from the flip chip and eliminate/greatly reduce thermal mechanical stresses due to
CTE mismatch between the two. It was show thatedH@NT interconnects can reduce
die stresses by 94-71% compared to traditional fieslsolders with underfill. Also, not
only are the stresses in the die reduced greatly, tie amount of the chip that
experiences elevated stress levels is much snibler occurring when solder balls and
under fill is used. This would further help mitigathe occurrence of fracture in low-k
layers. It was also demonstrated that the flippa@md FR4 substrate are mechanically
decoupled by showing that chip warpage is redutedrated by using the CNT
interconnects.

After addressing the main question of this chapégrarding the use of CNT
interconnects to reduce die stresses, the fingmeht models were used to better
understand the effect of key parameters relevatitdamplementation of CNT forests as
off-chip interconnects. Since a wide range of galbhave been measured for the modulus
values of CNT forests, it was desired to understaedeffect of varying this on flip chip
stresses. It was found that there a small degrelemendence on the flip chip stresses
when the modulus values are high within the rarfgeeported values. But, even these

cases of elevated chip stresses provide large aksan die stresses compared to cases
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using solder balls and underfill. Therefore it wadetermined that it is not crucial to
attempt to control the CNT effective modulus vatlging the fabrication process to
achieve these thermomechanical reliability benefits

Another packaging design variable that was studvét finite-element models
was the CNT height. This is important since theran open range of heights possible
for packaging engineers to choose from when growhegCNTs. It was found that CNT
height has very little effect on die stresses @siniYoung’'s modulus of 1 MPa obtained
in this thesis) since the die stresses are alreadylow for the simulated CNT modulus
value. But for cases with CNTs of different modultalues that would result in higher
die stresses, increasing the interconnect heighidcallow a method to reduce the die
and interconnect stresses if needed.

Lastly the effect of the type of material model tbe CNT interconnect, fully
isotropic vs. transversely isotropic, to be usedthe finite-element analysis was
investigated. It was found that there is verydittlifference between the die stresses
between the two material model types when the axiabulus of the transversely
isotropic model is used for the fully isotropic @l model. The difference between the
material models increases as the axial modulusigssadreased (while the moduli within
the plane of isotropy remain constant) but the stiresses still remain low in both
material model cases. Therefore it was determthatl the fully isotropic model is a
conservative material model assumption and sufficior these thermomechanical
reliability studies.

In summary, this chapter shows that CNT off-chipeiconnects reduce die

stresses greatly and will aid in mitigating low-leldctric cracking. Additionally, this

156



chapter provided insight on the effect of importdesign variables relevant to electronic
packaging such as CNT modulus, height, and matertalel type to aid future pursuits

of this packaging technology.
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CHAPTER 8
CNT OFF-CHIP INTERCONNECT FABRICATION, ASSEMBLY

AND MECHANICAL RELIABILITY TESTING

8.1  Introduction

In this chapter the fabrication, assembly, andabglity testing of the electrical
off-chip interconnects composed of vertically aBgnCNT forests is presented and
discussed. The electronic packages that are dreatd tested for thermomechanical
reliability are composed of a dummy silicon chipttwcopper daisy chain traces with
CNT forests grown on the circular pads of the daibgpins that form the off-chip
interconnects. These CNT interconnects are atthchigh electrically conductive
adhesive (ECA) to an FR4 substrate with a compléangrdaisy chain pattern. This
assembled package was then thermal shock testedpterimentally demonstrate the
mechanical reliability benefits that low modulus Tlforest interconnects offer. These
experimental results help support and provide waélch of the finite-element analysis
that was performed on these electronic packagesepied in Chapter 7. The reliability
benefit that is observed is due to the CNT’s lowdmias that allows the silicon chip and
FR4 substrate to be mechanically decoupled frorh etieer. This decoupling reduces
the thermomechanical stresses that occur due tdiffieeence in the CTE’s of the silicon
and FR4 materials. Currently in literature, theeve been studies and reports of the
fabrication of CNT based off-chip interconnectshatihe focus of these studies being the
fabrication and characterization of their electriparformance [36, 63, 66, 69, 71, 72].
These studies mention a potential mechanical benkefit none demonstrates the

mechanical reliability benefits that CNT off-chiptérconnects can provide. Therefore
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the fabrication of electronic packages with CNT duhsoff-chip interconnects for
thermomechanical reliability testing presentedhis thapter is the first such study and
provides a bases for future endeavors in CNT intarect research.

1) 2.) 3)
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Figure 74: Overall/general presentation of the sfgs necessary to first fabricate the Si chip with CN
interconnects, creating FR4 substrate with stencppatterned conductive adhesive, assembly and
attachment of the Si chip to the FR4 substrate, anfinally thermomechanical testing.

8.2 Overview/General Package Fabrication
To achieve the final goal of performing thermatleytesting to demonstrate that
the silicon die and FR4 substrate are mechaniciboupled from each other, and that
the CNT interconnects provide thermomechanicahbdity benefits, it is first necessary
to fabricate and assemble the test vehicle sangdeshown in Figure 74. To fabricate
these samples, the overall necessary steps include:
1. Create dummy silicon chips with photolithographytt@aned peripheral copper

daisy chains on a blank silicon wafer.
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2. Use photolithography to pattern CNT support streectnaterial and CNT catalyst
on the circular pads of the copper daisy chaind,then grow the CNT forests for
the off-chip interconnects on the silicon chip.

3. Create custom FR4 substrate with complimentaryydelsin pattern and then
stencil electrically conductive adhesive onto tbpper pads of the FR4 substrate.

4. Assemble the silicon dummy chip with CNT intercoctseto the FR4 substrate
with stenciled adhesive using a modified reworlfaent assembly tool. Then
cure the adhesive to mechanically and electricadignect the silicon chip with
CNT interconnects to the FR4 substrate, and thogtaiing the daisy chain style
electrical circuit.

5. Test the thermomechanical reliability by subjegtiest vehicles to accelerated
thermal shock tests while insitu monitoring thectieal resistance of several of
the interconnects.

Each of the following sections of this chapter idltus on and go into detail on each of

these steps and the processes used to fabricatestidese samples.

8.3 Chip-Side Daisy Chain Fabrication
The electronic package utilizing CNT interconndetisricated and assembled in
this chapter is the same as was analyzed witlefglg@ment analysis in Chapter 7. The
package geometries and dimensions are based on exorally available electronic
packages and specifically the dummy mechanical BEfP8-400x400-DC-LF2 available
from Practical Components Inc. The dimensions use@ to fabricate the chips are

illustrated in Figure 75, where the diameter of dagsy chain pads are 120n, with a
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pitch of 203um, and copper trace width of 1@8n. Also, the thickness of the copper
composing the daisy chains is lun.

The fabrication process for the silicon chip withpper daisy chain pattern is
illustrated in Figure 76 and starts with a blarlicen wafer of a thickness of ~55(n
(Figure 76, Step 1). Then a Unififimagnetron sputter machine is used to deposit a 1.7
um thick copper film (Step 2). Next, the copper wasterned into a daisy chain pattern
using photolithography and Shipley Microp8s8C1827 photoresist with a thickness of
~2.7um (Steps 3-4). Using Transénh&luminum Etchant A, the copper was then etched
into the daisy chain pattern on top of the siliq@tep 5). The photoresist was then
removed with Shipley Micropo$it1165 photoresist remover and subsequently subljecte
to an oxygen descum process using a Plasma-ThRif machine to further clean any
residual photoresist off the copper (Step 6). fdwilt of these fabrication processes is
the copper daisy chains shown in Figure 77, andituinh the CNT forests will be grown

and presented in the next section.

...... ] 1 Pitch = 203 ym

: ' <«—— CuPad Dia. =120 ym
—> <— Cu Trace Width = 105 ym

<S—— Nt supportand  _ 156 m
catalyst material dia.

I I Copper thickness = 1.7 ym
9.744 mm

(with 44 interconnects per side)

Figure 75: Dimensions of the fabricated Si chip wih Cu daisy chain and growth materials for CNT
interconnects.

161



1)

—'-l-----.---l-‘

(X _ X _ X _ X _N_ X _ XN}
=0 =0 =0 =0 =0 =0 -0 =0
=9 =0 =0 =0 -0 =0 -0 -0
=9 =0 =0 =0 -0 -0 =0 =0

=9 =0 =0 -0 -0 -0 -0 -0 (X _ X _ X _ X _ N _ X _ XN _ J

I_l_-_-_-_-j_-_-_-.l_ll_-___—_—_—_____—_—_-_|

Figure 76: lllustration of photolithography fabric ation process to create peripheral Cu daisy chain
pattern on Si chip.
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Figure 77: (left) Optical images of example of Cdaisy chains located at the corner of a peripheral
pattern on a Si chip. (right) Magnified optical mage of single Cu daisy chain.

8.4  Patterning CNT Growth Materials

After creating the copper daisy chain pattern dised in the previous section, it
was necessary to grow vertically aligned CNT farestlectively on the circular areas of
the daisy chain in Figure 77 to create the CNTrautenects. The process to grow CNTs
in this thesis utilizes thermal CVD, a metallicalgst film, and a support material film.
Several synthesis methods have been used to groWs G literature such as arc
discharge, laser ablation, thermal CVD, and PEC¥8E].[ But, thermal CVD was chosen
here for this study since it possesses many désiiaracteristics of the electronic
packaging and semiconductor industry such as, prgkuction yield, low setup cost ,
scalability [142], and most importantly it is vecgnducive to growing CNTs selectively
on specific patterned areas. Currently, thereasdafinitive CNT growth model or
mechanism, but there is a widely accepted geneoakps for CNT growth described by
Kumar and Ando [142], and is presented in the mheceparagraph.

To grow CNTs, a hydrocarbon precursor gas such catylane [143-146],

ethylene [147, 148], methane [149-151], xylene [1B23], or carbon monoxide [154] is
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passed over a test sample at an elevated tempematthe range of ~550-12%0 [155].
The sample must contain a thin metal catalyst atldcation of desired CNT growth.
The most common catalyst materials are transitietals including Fe, Co, Mo, and Ni
because of their high solubility of carbon at highmperatures [142]. Additionally, these
thin catalyst films are deposited on top of a thupport layer such as quartz, silicon,
silica, or aluminum. This support layer and thia thature of the catalyst/support layer,
combined with the high process temperature, allogs ¢atalyst film to break up into
small nanopatrticles on the surface which act adtikeasites. Generally, the size of these
nanoparticles has a strong influence on the CNmetiar and on whether SWCNTs or
MWCNTSs are created [156]. Later, as the hydrocanmecursor gas enters the thermal
chamber, it then travels and hits these hot catatgnoparticles which cause the gas to
decompose into carbon and hydrogen species. Thercapecies then dissolves into the
catalyst particle due to the metal’'s carbon soiybilvhile the hydrogen species floats
away. Once the catalyst nanoparticle reachesaitisoa solubility limit for the given
metal and temperature, the dissolved carbon ptat#si out of the particle. This
commences the actual CNT tube growth as it prextgstout and crystallizes the carbon
atoms into the form of a cylindrical structure. igtstructure is characterized by
possessing no dangling bonds, causing it to begeheally stable. Finally, the CNT
growth ceases when the precursor gas flow is stbppevhen the catalyst nanoparticle
becomes coated with amorphous carbon buildup (soreeteferred to as poisoning) and
thus preventing further adsorption of carbon sggecie

In the following synthesis of CNTs for off-chip ertonnects, acetylene was

chosen as the precursor gas since it possesses hiydrocarbons, which generally
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produce straight CNTs due to their decompositioto iatomic carbons or linear
dimers/trimers [157, 158]. Additionally, literatihas been shown that acetylene when
used in conjunction with the common catalyst oflRd Al support film can synthesis tall
vertically aligned CNT forest on copper films. Télre, the use of an acetylene
precursor, Fe catalyst, and Al support film wasdusethis study to synthesize CNTs
with the desired characteristics for the off-chiferconnects.

In order to create CNT interconnects, it is neagskaselectively grow forests of
CNTs on the copper pads of the daisy chains. Tomraplish this, the catalyst and
support materials must be patterned on the ciragdpper pads using a photolithography
lift-off process that is illustrated in Figure 7&dadescribed in the following. First,
negative photoresist (FuturfexNR9-1500PY) was used to coat the silicon wafer
containing the previously created copper daisyrcipattern on the surface (Figure 78,
Step 2). Then a photomask with a circular periphpattern was used with a mask
aligner to create holes in the negative photoréasysr (Figure 78, Step 3). It should be
noted that the exposure time for the negative pheist was four times the calculated
theoretical exposure time based on the photoréisiskness and mask aligner lamp
intensity due to the reflectivity of the copperslachain. After the resist was exposed,
patterned, and developed, a short descum process Rlasma-Therfh RIE was
performed in order to remove any residual resisbtber organic material remaining on

the opened circles on the copper pads of the pbsisir
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Figure 78: Photolithography lift-off process stepso define the catalyst and support material for
CNT growth on the already patterned copper daisy cain on a silicon die.
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Q)
Cu Pad w/materials for
CNT growth on top

:

Cu Daisy chain

Figure 79: (left) Optical image of a corner of theperipheral patterned copper daisy chains with the
catalyst and support material defined. (right) Zoaned in optical image of a single daisy chain with
catalyst and support material patterned on circularthe circular copper pads.

It is very important that the copper pads are cleaavoid any contamination of
the support layer and catalyst layer that will fduently be deposited on top of these
areas. The importance of avoiding contaminationobyanic materials prior to and
during CNT growth is related to the topic of amarph carbon buildup on the catalyst
particles mentioned earlier in this section. Tliad” amorphous carbon prevents the
growth of the “good” crystalline carbon of the giogy CNT tube [146, 159]. Therefore,
it is necessary to clean the exposed area of thpergad, but while not removing the
remaining photoresist. Once this preparation aedning is completed, a C\VAE-beam
evaporator is used to first deposit 10 nm of alumirat a rate of 0.2 A/s as a support
layer followed by 2.2 nm of iron catalyst at a rafed.1 A/s (Figure 78, Step 4). After
the Al and Fe are deposited, it is necessary topteten the lift-off process by removing
the negative resist (Figure 78, Step 5). The tress removed by placing the samples in

an acetone solvent bath in an ultrasonic sonicatod minute. While removing the
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photoresist during this process, it is essentialdbover sonicate. Over sonication can
potentially remove the thin support and catalybhdi in the process of removing the
negative photoresist. After the negative photastasiremoved, the sample is descumed
in the Plasma-TherfhRIE for 5 minutes to remove any excess organicri@ton the
surface or catalyst film. At this stage of therfe#ition, the support/catalyst layer has

been patterned on the circular pads of the copgpisy ¢hain as shown in Figure 79.

Figure 80: (left) Aixtron® Black Magic CVD system. (right) Close up of CVD chamber showing the
sample plate and Quartz shower head on the chambéd.

8.5  Growing CNTs on Copper Daisy Chains

The most common substrate for growing CNTs is @ilic Recently there has
been a great amount of research pursuing growigly Quality vertically aligned CNTs
on other materials such as metal [39, 124, 160-1d8lis is due to the great interest in
using CNTs as electric of thermal conductors, dmtefore making metal an obviously
desirable growth substrate to attach CNTs to dsvideor the application in this thesis,
the CNT forests are being used as off-chip eladtifterconnects grown on the copper
pads of a daisy chain substrate to create an ielgctircuit. Since the substrate in this
case is the copper daisy chain pad (Figure 793, necessary to use a CNT recipe that

grows vertically aligned CNTs on copper. Even tjfowopper is a transition metal, it
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has been shown to either promote or inhibit CNTwgho Therefore, the CNT growth

recipe, support layer material, and catalyst aggoitant for successful CNT synthesis on

copper. The CNT recipe used here was based onaséwend in current literature [167-

170].

Additionally the CNTs used in this sectimere grown in an Aixtron Black

Magic CVD system (Shown in Figure 80) maintaineGabrgia Tech in the Institute for

Electronics and Nanotechnology (IEN). The synthescipe is a low pressure process

with the following steps:

1.

Anneal the catalyst using 700 sccm of With 200 sccm of K carrier gas,
while ramping the temperature to 7@0at 306C/min.

Once 746C is reached, anneal for 3 minutes. With thesarpaters, the
catalyst anneal step is carried out at 22.4 mbar.

After the anneal step, ramp temperature td®85 306C/min.

Once 850C is reached, flow 100 sccmld; (acetylene) along with 700 sccm
of Hy and 200 sccm of Ncarrier gas. With these parameters, CNT growth is
carried out at 8.44 mbar. Flow gasses for desigd growth time.

To terminate growth, turn off flow of £, and H and wait till temperature
cools to 656C.

Once 656C is reached, increase flow of, kb 1000 sccm. Then at 61
increase Mflow to 8000 sccm. Pgas flow is turned off once the temperature

reaches 20 and the sample can be unloaded.
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Figure 81: A.) Optical image of entire Si chip wit Cu daisy chains with CNT bundles. B-C.)
Zoomed in optical images of Cu daisy chains with CRs grown on them showing even height between
interconnects. D.-E.) SEM images of various magnéations showing CNTs on Cu daisy chains with
good evenness and alignment F.) SEM image showi@g film with CNT roots bonded to it and
having a slightly wavy CNT geometry.
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The length of time that the acetylene precursorigadlowed to run is a major
determining factor on the height of the CNT foreRis the interconnects. During
synthesis it was found that the growth rate wasaheays consistent. This was attributed
to the fact that the AixtrdhBlack Magic system is a shared machine with séwmers,
and therefore contamination is an issue. As meatopreviously, the nature of CNT
growth involves the competing pathways of the aadation of “good” graphitic carbon
and “bad” amorphous carbon [146, 159]. The latfehese can be increased by outside
organic contamination from many possible sourcéslditionally, The CVC E-beam
evaporator used to deposit the support and catalgigrial is also a shared machine and
therefore has possible variances that are diffitulcontrol. The growth of CNTs has
very little tolerance to such variations and therefthe CNT growth results vary, but
growth times were typically between 8-20 minutes.

The target height for the interconnects was 75410 This is a relatively tall
height for CNT forests with a bundle diameter o268 1m, but it is still possible for the
bundles to have consistent height from bundle-todbei with minimal bundle bending.
This type of bundle height/alignment is necessaryGNT alignment/attachment to the
FR4 substrate in the subsequent assembly proceSseeeral optical and SEM images of
the CNT interconnects grown for this study are siomv Figure 81. These images in
Figure 81 show that the CNTs are within the deshiedjht range, have good bundle
alignment, are vertically aligned with a wavy losaiucture to provide good compliance,
and are grown on and attached to the underlyingpeogaisy chain to allow electrical
conduction. Also, it should be added that the FREédels discussed in the previous

chapter have used the fabricated CNT height, dsgzlm this chapter.
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8.6 Stenciling Electrically Conductive Adhesive

In order to attach the CNTs grown on the coppesydahain pads of the silicon
chip created in Section 8.5 to the complementangydahain pattern on the FR4
substrate, electrically conductive adhesive wasl.ugeonductive adhesive is a common
material in electronic packaging and has gaineer@st due to its lead-free nature, and
can be applied to repair interconnects, bridgetetat traces, or act as the interconnect
itself [137]. The use of adhesive in this studpws the CNT off-chip interconnects to
be connected to the FR4 substrate both electricatlyg mechanically. Electrically
conductive adhesives have been used with CNTshier gtudies [171, 172], but slightly
differently, in this investigation the adhesivebising used to connect the already grown
and defined CNT bundles to the copper daisy chdinthe FR4 substrate. This
attachment of the silicon chip and FR4 substratmptetes the daisy chain circuitry
(Figure 74, Step 5) that will be monitored durihg thermal shock testing to determine
the mechanical reliability of a package using CNfieéts as off-chip interconnects.

Specifically, it was decided to use Epotek-H20-BFeectrically conductive
adhesive (Specification literature in Appendix A.@)his adhesive has a proper viscosity
to allow for stencil printing down to opening size$ 101.6 um (according to the
specification literature, but 4@m according to experience of Epotek engineering
support), low electrical resistance (0.0004 ohm-gsn 0.000015 ohm-cm for Sn/Pb
solder [137]), a wide range of cure temperaturd§@2 175C), and consists of a two

part epoxy that contains silver flakes to creageteical conductivity in the epoxy.
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Figure 82: (left) Framed metal foil stencil that vas used in the SPM machine (right) to pattern the
electrically conductive adhesive on FR4 substrates.
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Figure 83: Optical images of custom fabricated FR4ubstrates of various magnifications. Shows
corner of peripheral copper daisy chain pattern coered by green soldermask. Circular soldermask
openings to be filled with electrically conductiveadhesive.

In order to pattern the adhesive on the FR4 substea 8"x10” framed SMT
metal stencil was designed and fabricated (Fig@je he stencil matches the geometry
of the CNT interconnects, consisting of periph@istular openings with a pitch of 203
um, and stencil openings of an Bt diameter. The FR4 substrate that the adhesiVe wi
be patterned on also has a copper daisy chainrpaite the surface. On top of this
copper daisy chain there is a patterned solder iagsk with openings exposing only the
circular pads of the daisy chains (Figure 83). Whekness of this solder mask (~2)

helps contain the adhesive when the stencil i®mact with the surface and the adhesive
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iIs squeegeed into the openings, and thereforadilinem up. Also, in order to prevent
any additional bleeding/bridging of the adhesiveewlpatterned, it was necessary for the

stencil openings to be smaller than the ~i@0diameter solder mask openings.

| . |

Squeegee

Solder mask openings on Cu Pads

N
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| .
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Figure 84: lllustration of process used to patterrthe electrically conductive adhesive on the circal
copper pads of the FR4 substrate using a stencil drstenciling machine.

"J

To perform the stenciling of the electrically cootive adhesive onto the FR4
substrate, a SPM machine manufactured by MPM Catigor was used. This machine

is shown in Figure 82 and is maintained by the Gi@ofFech Packaging Research Center
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(PRC). The general process of stenciling the adbessing this machine is illustrated in
Figure 84 and outlined below:
1. Process begins with aligning the solder mask omgmnion the FR4
substrate with the openings in the stencil (Fig#eStep 1).
2. Once aligned, the user applies a line of excessillesive to the stencil
along the outside of the pattern edge. The macher presses the stencil
against the board with a specified distance as showrigure 84 Step 2,
then the machine brings the squeegee into cont#fcttine surface of the
stencil with the specified squeegee force (Appendif.4), and then
squeegees the adhesive across the stencil atabifieg speed.
3. The squeegee is then withdrawn from the stencilwgigp that the
adhesive has filled the openings of the stencil enédhering to the
copper daisy chain pads (Figure 84, Step 3).
4. Then the stencil is withdrawn from the FR4 sulisirdeaving the
adhesive only on the copper pads of the daisy dlkagure 84, Step 4).
Examples of successfully patterned electricallydtmtive adhesive are shown in Figure
85. These optical images of various magnificatishhew that the adhesive is contained
in the solder mask openings of the FR4 substratéhi® entire peripheral daisy chain
pattern of the test sample with no bleeding ordind of the adhesive. Therefore, at this
point the FR4 substrate with adhesive is readyassembly with the dummy silicon chip

with the CNT interconnects grown on it.
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Figure 85: A.) Angled optical image of entire pepheral daisy chain pattern for a single Si chip on
the FR4 substrate with patterned electrically condative adhesive. B.)-C.) Show higher
magnification optical images of the patterned adhege filling the solder mask openings and covering
the copper daisy chain pads.

8.7  Assembly of Silicon Chip with CNT Off-chip Inteconnects to FR4 Substrate
With the CNT interconnects grown on the copperydalsins of the silicon chip
and the electrically conductive adhesive patteroedthe complementary daisy chain
pattern of the FR4 substrate, it is necessary xb amsemble the two components. The
assembly process used here is similar to thatdftional solder ball interconnects, while
possessing some different requirements. SinceQN& interconnects have a low
effective modulus to mechanically decouple the deédion of the silicon chip and FR4
substrate, the verticaZ{axis) placement of the chip with CNT interconnetguires
great precision. Such precision is not offeredtypical flip chip alignment/bonding
tools, therefore custom modifications and fixturesre added to a common flip chip

alignment/bonding tool (Figure 86). The alignmbatiding tool (Figure 86) allows for
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manual alignment of the silicon chip and FR4 suwsetrusing micro-stages in the
horizontal planeXY-plane), but there is little control on the vertidesplacement or on
the resulting force during the placement of theoan the substrate after the alignment.
In order to accommodate these requirements fomdsdgeof the CNT interconnects, the
custom fixture shown in Figure 87 was fabricated added to the alignment tool. This
fixture includes &-axis stage that utilizes pico-motors to provideyyarecise control of
displacement of the FR4 substrate when contactiegQNT interconnects. The stage
also has a force load cell incorporated into iptovide observation and control of the
amount of force used during assembly. This cudteture was fabricated in the Georgia

Tech mechanical engineering machine shop.

A) samplealignment vié

LAA A AAMRAANSMD
Z-axis pico-motor

-

—— = FR4with adhesive

Figure 86: A.) View of monitor showing superimpose view of Si chip on FR4 substrate and the
aligner/bonder tool on the right. B.) Zoomed ininage of aligner/bonding tool showing the custom
fixture on the XY stage, with theZ-axis pico-motor, FR4 substrate resting on it, duatiew microscope
above it, and the Si chip on the vacuum chuck abohat.
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Loadcell Surface to place FR4

\/ substrate

Pico-motor Z-stage
Figure 87: Custom fixture for alignment tool with black pico-motor used to bring the FR4 substrate
into contact with CNT interconnects. Also shows alminum beam where FR4 substrate rests and
force load cell for monitoring bonding force.

1.) Planar alignment with micro stage 2.) Bring down chip just above FR4 with

vacuum chuck
Si chip w/CNT
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X-Y manual micro stage
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3.) Use pico-motor to contact CNTs with 4.) Release chip from vacuum chuck,
adhesive, monitor force with loadcell withdraw vacuum chuck
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Figure 88: Assembly process with custom fixture tattach silicon die with CNT interconnects to FR4
substrate with electrically conductive adhesive.
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The general process to use this alignment/bondiod) with the custonmZ-axis pico-

motors is illustrated in Figure 88 and outlineddvel

1. Place silicon chip on the vacuum chuck and plaeé-R4 substrate with stenciled
adhesive on the custom stage with double sided thjse the alignment/bonding
tool to align the CNT interconnects of the silicomp with the copper pads and
adhesive of the FR4 substrate in the inXiYeplane.

2. Once aligned, use the alignment/bonding todtaxis approach lever to bring the
silicon chip just out of contact with the FR4 sultt. With the chip close to the
FR4 substrate, use the custafraxis pico-motors to slowly bring the CNT
interconnects into contact with the adhesive.

3. While using the pico-motors, monitor the stage dolead cell. Once the total
force reaches ~1 N, stop the pico-motors, turrttigfvacuum chuck on the chip,
and retract the vacuum chuck.

4. Remove the assembled package carefully from théldaided adhesive on the
Z-stage and cure the adhesive in oven at the dessregderature to finalize the

attachment of the CNT interconnects to the coppdswf the FR4 substrate.

FR4 Board

il EEs] ““!‘!"“"k‘?-‘._ : CNT Bundle Adhesive

—

Opticalimage of side view of CNT bundles
attached with adhesive to FR4 board

Figure 89: (left) Optical image of angled view oéntire Si chip assembled to FR4 substrate. (right)
Magnified optical image of example individual CNT nterconnects attached to FR4 substrate with
electrically conductive adhesive.
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Figure 90: A.) Angled optical image of CNT intercanects grown on Cu daisy chains with CNT
bundle tips coated with electrically conductive adasive. B.)-E.) SEM images of various
magnifications of similar CNT interconnects with adhesive coated tips. E.) Zoomed SEM image of
electrically conductive adhesive, showing the Agdkes and wicking of adhesive into the CNT forest.

B Board side trace

A Aligned pads
w/adhesive

and CNT \ Chip side trace

Figure 91: X-ray images of Si chip with Cu daisy ltain and CNT interconnects aligned/assembled on
FR4 with daisy chain pattern and adhesive. Dark Curaces are substrate side, and light traces are
chip side.
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Several samples were assembled using this custigmment/bonding tool and
are shown in Figure 89. Additionally, the abilty the CNT interconnects to wet and
wick the electrically conductive adhesive was inigsded. The custom
alignment/bonding tool was used to contact the dipphe CNT interconnect onto a flat
surface coated with the electrically conductive esive, and then the sample with the
CNT interconnects was retracted from the surfacEhese CNTs are shown under
magnification in Figure 90, and show that the adteeattached to and was wicked by the
CNT interconnects. Also, to show that the packduese been assembled and aligned
properly, x-ray imaging was performed. These ximgges are shown in Figure 91 and
are top-down magnified views illustrating that tteesy chain pads on the silicon chip are
aligned with the copper pads of the FR4 substrdieis demonstrates proper alignment
and assembly of the packages utilizing CNT intenemts that can next be thermal

shocked for reliability tests.

8.8 Electrical Resistance Measurement of CNT Intemnnects

The primary purpose of off-chip interconnects isetectrically connect devices
and components of electronic systems to provideasiigg and power for operation.
Therefore, the electrical characteristics sucthasnductance and resistance are a major
design concern when investigating new electroniteraonnects along with the
mechanical reliability performance discussed is thesis. The combination of electrical
performance, mechanical performance, and manutdutity of traditional solder balls
has allowed them to become the industry standarthi® application. But, as mentioned
in the Introduction Section 1.2.3 (CNT Forest Ofiy® Interconnects) of this thesis,

some of these characteristics of lead-free soldés lare becoming difficult to maintain
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as they are scaled down for newer packaging teogred. Ideally, new off-chip
interconnect technologies aim to achieve the sdewrigal performance of solder balls,
while improving reliability and scalability to snéat dimensions. For reference, the
electrical resistance of lead-free solder ballsasy low, with a DC resistance of ~0.7
mQ, and for an example of another traditional alteweainterconnect, there are also wire
bond interconnects that have resistances of ~Q3fan a 0.8 mil thick wire [173]. The
resistances for these interconnects are very lod,d@monstrate why industry has gone
to great lengths to continue their use in futungligptions.

To date, there have been several initial and foghd investigations focusing on
the experimental measurement of the electricaktaste of CNT forests for off-chip
interconnects, and also for the similar structafeslectrical vias, both with an extremely
large range of reported values [63, 71, 72, 74,148, 172, 174-178]. Of these initial
studies focusing on the electrical performance,|diaeest reported resistance for a CNT
forest interconnect is 292 [76] and the highest is 30@X[176], with more commonly
reported resistances in the @- 10 K2 range. The specifics of these studies such as
CNT growth parameters, CNT height, attachment nwtipe, and bonding force
differed in these studies, but several studies dmstnated the importance of bonding
force. Where an increase in force resulted in te@enterconnect resistance in the
studies reporting the lowest resistances @p [63, 72]. The main goal of the
investigation of CNT off-chip interconnects in thigesis was their mechanical reliability
performance, and not improving their electrical isesice. The only electrical
requirement for this study was that the CNT intarsects provided an electrical

resistance measurement for the daisy chain ci(Bugiure 74) in order to monitor their
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reliability during thermal mechanical shock teswWith that stated, the lowest resistance
measured in this study of a single daisy chain ftbentwo successfully assembled flip
chip packages with CNT interconnects, was 25easured from Sample A. This daisy
chain resistance of 25.8 consists of two separate CNT forest interconneats]
therefore an approximation for the resistance sihgle CNT interconnect would be half
of this measurement, and thus ~128 Additionally, the average resistance measured
for the 80 daisy chains of Sample A was 103.~-51.6Q for a single interconnect), and
the lowest single daisy chain resistance of SarBpleas 84.4Q, with an average of
184.2Q (~92.1Q for a single interconnect) for this test sampliediical resistance
measurements for the two flip chip packages arensanmed and presented in Table 26).
Therefore, the CNT off-chip interconnects fabricatnd assembled with electrically
conductive adhesive in this thesis are similahtisé in electrical performance studies in

current literature.

Table 26: Summary of initial electrical resistancevalues for the flip chips fabricated with CNT
interconnects for thermomechanical reliability tesing.

Resistance )
Min. single Min. single Avg. single Avg. single
Sample daisy chain interconnect daisy chain interconnect
A 25.6 12.8 103.2 51.6
B 84.4 42.2 184.2 92.1

Additionally as a quick check, the electrical réemice of an assembled

interconnect consisting of one CNT forest was dated using the published values of

electrical resistivity’s for CNTs and conductivehagive.

An estimate of the theoretical

electrical resistance for these CNT off-chip inteneects with electrically conductive
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adhesive can be calculated using the fundamentatiomship between electrical
resistance, electrical resistivity, and the intaercect geometry. For a CNT bundle with a
diameter of 100 um, a height of 100 um, and a Ci¢@lalensity of 5%, the CNT bundle
resistance ranges from 0.25478 to 0.0127dsing a CNT electrical resistivity ranging
from 1 Q-pm [179] to 0.0%2-um [180], respectively. Similarly, of the totdéerical
resistance of the interconnect attributed to tleetatally conductive adhesive that has a
diameter of 100 pm and a thickness of 12 um is @612 Q using an electrical
resistivity of 0.05Q-um of the Epotek H20E-PFC electrically conductadhesive.
Therefore the total theoretical resistance of tiierconnect ranges from 0.316 - 0.074
This computed resistance is much less than theslomeasured resistance value of 12.8
Q for the CNT based off-chip interconnects. Thghler measured electrical resistance is
due to various interfacial resistances such a€ii€/adhesive interface, adhesive/copper
pad interface, and CNT/Cu-Al support layer integfacTherefore, there is scope for a
significant amount of improvement in the fabricati@and assembly to reduce the
interfacial resistances, and thus, the overallrootenect resistance. For example, it
would be possible to increase the bonding forcenduassembly since only ~1 N was
used here compared to 40 N used in the literahaeresulted in 2.2 [76], and thus the
overall resistance can be reduced. This assentsbe fprovides room for further
improvement of this investigation, but additionalyork is required in the field of
chemistry and material science focusing on how tiach these CNT forests to
conducting metal traces to fully harness their pineenal material properties, while

maintaining the thermomechanical reliability betefi
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8.9  Thermomechanical Testing of Assembled Packagegh CNT Off-Chip
Interconnects

After the silicon chip with CNT off-chip interconats was assembled with
electrically conductive adhesive to an FR4 substriditey were next subjected to cyclic
thermal shock testing. The purpose of this tesb idemonstrate the thermomechanical
reliability benefits of the CNT off-chip interconcts. The reliability of an electronic
device is defined as the probability that the dewidll be functional within an acceptable
limit or quantity of time [181]. During this cyclithermal shock testing, the reliability of
the package with CNT interconnects will be testgdclcling the packages between

thermal chambers with temperatures % @nd 108C at a rate of three cycles per hour

(Figure 92).
Thermal shock profile
Si chip o4 100°C 5
- -}
i) \mamm ML |L
FR4 substrate % o——
L 0°C
Time '

Figure 92: (left) lllustration demonstrating the daisy chain circuitry of the CNT interconnects that
allow the interconnect integrity to be monitored duing thermal shock testing. (right) Cyclic thermal
shock testing that the test vehicle is subjected.

These conditions are based on those set by theBEleictron Devices Engineering
Council (JEDEC) in the JESD22-A104-B reliabilitystestandard using a J thermal
profile. Exposing the assembled package to thgskicdemperatures causes the silicon
chip and the FR4 substrate to expand and contifhetasht amounts due to the different

CTE’s of the materials (i.e. 3 pp?@ for silicon and 11-17 ppA€ for the substrate).

185



This difference causes thermomechanical stresseileirsilicon die and interconnects

leading to fracture or fatigue failures in flip peiduring such thermal shock testing.

Table 27: Reliability results of thermal shock te8ng of electronic packages with CNT off-chip

interconnects.
Test | Daisy [ Start Resistance Q) (cycle 0) | End Resistance Q) (cycle ~1660)

Sample Chﬁ " 0°C 100C o°C 100C
1 27.0 22.5 9.9x10 40k

2 113.9 90.3 13k 160

A 3 121.1 100.6 13k 290
4 71.2 61.4 96 86

5 112.5 90.0 308 260

6 11993.8 2435 9.9x10 9.9x16"

° 7 197.5 146.3 9.9x£0 9.9x16"
8 203.8 144.5 9.9x£0 2x10

In this test, two assembled packages (SamApadB) using CNT interconnects

as described in Sections 8.2 to 8.5 were subjetdethe thermal shock conditions.

During the test, the electrical resistance of eggparate daisy chains (16 interconnects)

was monitored insitu (as in Figure 92). The resisé measured for each of these daisy

chains of the two test samples in tf€ @hamber and 168 chamber during the first

cycle, and then also during the last cycle of 186lsted in Table 27. During thermal

shock testing, resistances consistently exceedia’41Q were taken to be open circuits

or complete failures of the individual daisy chainss the daisy chains consist of CNTs
attached with conductive adhesive, any measuraiistance shows that the daisy chain
is not broken. Taking this as the failure criteitais seen that all four of the insitu

monitored daisy chains of Sampfeand two of the daisy chains of Samfe have
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successfully passed the thermal cycling test owfl01cycles. The best performing
interconnect during testing was #4 of Samplthat started with resistances of 702
61.4Q and an ending resistances of®6 86, and therefore very little change after the
1660 cycles. This interconnect, and the rest ofi8aA, is a proof-of-concept that these
CNT interconnects can survive many cycles onceasembly issues are improved.
Comparatively, if these flip chips were assembleth waditional lead-free solder balls
without underfill, they would not be able to sumias many cycles since the CTE
mismatch between the silicon and FR4 substrateoidarge. This is because the use of
underfill was one of the main enabling technolodaesflip chips with traditional solder
ball at this scale [182]. Also, during reliabilitgsting of flip chips using traditional
solder balls and underfill, failures usually ocaar the silicon and interconnects at
locations where the underfill delaminates, thussiilating the importance of underfill for
reliability of traditional solder balls. Additioftg, other reliability studies investigating
new compliant interconnects such as the promisileg Eonnect, completely failed at
less than 143 thermal shock cycles 8€0CC during initial tests [183]. Further
research and investigations are necessary fotebiology, but the survival of six out
of eight of the insitu monitored daisy chains fbe tflip chips using CNT off-chip
interconnects during these initial reliability ®sthows promise for future pursuits using
this technology.

To supplement these insitu results, resistance uneagnts were conducted by
hand of all the 80 separate daisy chains for edcthe two test samples at several
intervals during the reliability test. The earliesitu measurements of the interconnect

resistance was limited since it only allowed 8 gathains to be monitored during
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thermal shock testing. These additional hand nreasents of all the daisy chains
provide an overall impression of the CNT intercastrreliability for each of the samples
to support the smaller sample size of the insitasneements of Table 27, and the results
are summarized in Table 28. Thable28 shows that initially Sampke has 100% of the
80 daisy chains working (i.e. resistance less thet(*° Q) and Samplé8 has 92.5%.
Then near the completion of the thermomechanicainig at 1247 cycles, Sampehas
77.5% and SamplB has 30% of the daisy chains working. Therefdne, majority of
failures occurs during the early stages of themgeales, and remains relatively consistent
at higher cycles. As mentioned earlier, theseyetailures are most likely due to

assembly issues that can be addressed in subsetudies to improve results.

Table 28: Thermomechanical reliability test resuls. Lists percentage of working interconnects out
of all the interconnects of Samples A and B at vaous stages of testing.

Cycle: 0 Cycle: 478 Cycle: 1247
Sample % of Interconnects % of Interconnects % of Interconnects
Working Working Working
A 100 86.25 77.50
B 925 35 30

These results of Table 28 support the insitu resafifTable 27 by increasing the
amount of daisy chain resistances measured dungmgnel cycling and therefore aid in
the proof-of-concept of utilizing CNT interconnedts improve the thermomechanical
reliability of flip chips without underfill. Withincreased experience with CNT
fabrication, conductive adhesive dispensing, arskrably process development, more
samples need to be prepared and validated befdreom@l definitive conclusions can be

drawn on CNT interconnect thermomechanical religbil
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8.10 Conclusion

In this chapter the fabrication, assembly, andrimenechanical reliability testing
of electronic packages utilizing CNT off-chip intennects was demonstrated and
discussed. First the fabrication details weras@néed to create the silicon test chips with
copper daisy chains patterned on the silicon’sasexf Also, the CNT growth recipe was
developed, showing how to grow vertically alignetlTCforests on the copper daisy
chains with bundle diameters of ~1{ith and pitches of ~20Am. Interconnects with
these dimensions were chosen due to their relevemaaurrent industry pursuits in
electronic packaging. Next, the equipment and guataces required to stencil electrically
conductive adhesive on custom designed FR4 substralong with custom fixtures to
accurately assemble and align the flip chip with TCMterconnects onto the FR4
substrate was created. This assembled flip chep wehicle allowed for accelerated
thermal shock tests to demonstrate the thermomesiareliability benefits of CNT
interconnects. The tests showed that 6 of thesBuimonitored daisy chains with CNT
interconnects survived ~1660 thermal shock cyclBsese values are much higher than
what is achievable for similar flip chip package#izing lead free solder balls without
underfill, and therefore the CNT interconnects destiate future potential mechanical
benefits from this initial proof-of-concept studpdditionally, while this chapter focused
on the mechanical performance of the CNT intercotsjeneasurements were conducted
on the electrical resistance of the CNT off-chipernonnects created for these tests.
These resistance measurements obtained for the itdConnects were relatively low
for CNTs and similar to other studies conductediterature focusing on characterizing

the electrical performance of CNT interconnects. summary, this chapter presented
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some of the first quantitative results of the themmechanical reliability benefits that
CNT interconnects offer, and provides a proof-oficapt since further research is needed
to improve results. These results also supportRBA studies performed on similar
electronic packages presented in Chapter 7. theshope that this research on the
fabrication, assembly, and experimental reliabityCNT off-chip interconnects extends
current research and supports future endeavorsesearch to develop CNTs for

interconnect applications.
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CHAPTER 9

RESEARCH CONTRIBUTIONS, SUMMARY, AND FUTURE WORK

9.1 Research Contributions

This thesis has made a number of research conamsytas outlined below. This work

has:

Developed a new test method to measure the testegliegth of low modulus thin
films. This method utilizes a highly-stressed slgyer material to cause failure
of the target test material. This work has denratetl this test method by
measuring the tensile strength of parylene-C potyme

Developed a new fixtureless experimental test teglnfor measurement of thin
film cohesive fracture resistance using a stressagerlayer. The test
development included designing three photolitholgyamasks and creating the
cleanroom fabrication instructions detailing thetenal deposition, photoresist
patterning, thin film etching, and thin film rel@agrocess.

Generated cohesive fracture resistance data fos t8in films using the new
cohesive fracture test method. Utilized the testho to measure the cohesive
fracture resistance of five different silicon did&i test material thicknesses
ranging from ~100 nm to ~400 nm. Fracture dataiobd in this study was in
agreement with reported values in literature.

Developed a finite-element model to mimic the instoxe aspects of the test

technique including the varying superlayer widthe da the triangular shape of
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the superlayer as well as the 3D nature of stiesdsfaround the tearing crack
propagation.

» Developed a nanoindenter based test method to meetmieffective modulus of
CNT forests. Demonstrated the test method by measthe effective modulus
of CNT forests of three different heights.

» Developed a test method to measure the effectivduine of CNT forests using a
SEM with custom compression fixture and loadcellhe test method allowed
semi-insitu observation of the deformation of thdTCforests under compressive
loading. The test method was utilized to genedatt@ for values of CNT forest
effective modulus and images of CNT forest deforomatt various levels of
compression.

» Generated test data for effective modulus of CNEdts in tension with the use
of tensile load frame method.

* Developed an assembly process for flip chips oramigysubstrates with CNT-
based interconnects and has shown that such figs etill have low stress, low
warpage, and will last several hundred thermal es/akithout the need for an
underfill material. To facilitate CNT interconnieazssembly, this work designed

and fabricated pico-motor controlled z-axis aligmtngtage with loadcell.

9.2 Research Findings and Summary

This work has shown that stress-engineered supriean be successfully used to

measure fracture strength of polymer and oxide nadd¢e In particular, this work has:
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Shown that the tensile strength of parylene-C timmis 57 MPa using a new test
technique, and that this value is within the raregrted in literature.

Shown that critical energy release rate of thim f$iQ, is 8.89 J/rh— 13.99 J/rh
(with an average value of 11.3 Jjmand this value is within the range measured
by conventional techniques. The advantage of tbpgsed technique is that it
does not use fixtures, and thus, can be used fur-seale Si@where fixturing
and load application can be a challenge.

Shown that by decreasing available energy relestseby suitably patterning the
superlayer, crack propagation can be arrestedthaursd critical energy release rate
can be obtained.

Shown that the modulus of CNT forests under congiwesas well as tension is in
the range of 0.11 to 1.2 MPa through various &striiques, and has shown that
this value is several orders of magnitude lowenthi@e modulus of individual
straight CNT.

Developed a finite-element model that accountsttierorthotropic nature of the
CNT interconnects, and has shown that CNT off-ahmiprconnects greatly reduce
the stresses (~94-71%) in the silicon chip compadcedraditional solder ball
interconnects. Additionally it was found in the Thhterconnect scenario, that
the volume of the silicon chip subjected to elegateermomechanical stress
levels is greatly reduced compared to the scenatilzing solder balls, and

further mitigating possible cohesive cracking ddldctric layers.
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Shown that it is possible to grow well-aligned &t CNT forests on copper thin
film daisy chains where CNT interconnects hadaarditer of ~12@m, height of
75-150um, and a pitch of ~200m.

Shown that it is possible to align and assemblieasil chips with CNT daisy
chains onto FR4 substrates with a complimentargydehain pattern. Electrically
conductive adhesive was patterned on FR4 substraghere CNT interconnects
to the daisy chain of the FR4 substrate.

Shown that the electrical resistance of assembh@ @aisy chain is ~12.8 for

a single CNT interconnect. This value is similarthose reported in literature
focusing on the electrical characteristics of CNierconnects.

Subjected assembled flip chips with CNT interconeedo accelerated thermal
shock testing while monitoring interconnect daiyaia resistance to obtain a
guantitative measure of the mechanical performahe@ electronic package with
CNT interconnects. Thermal shock reliability tegtiof flip chips with CNT
interconnects showed that 6 of the 8 monitored ydaibains with CNT
interconnects survived 1660 thermal shock cyclEsese values are much higher
than what is achievable for similar flip chip pagka utilizing lead free solder
balls without underfill, and therefore the CNT itennects demonstrate future

potential mechanical benefits.

9.3 Future Work
Utilize cohesive fracture test to measure fractem@stance of different materials
such as aluminum oxide, silicon nitride, carbon atbgilicon dioxide, hafnium

oxide, or titanium oxide.
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Investigate different superlayer planar geometesides a triangular shape, such
as curved tapered geometries.

Investigate measuring the elastic modulus of a filim using a similar structure
of a free hanging test material film with a stressaperlayer film deposited on
top of it by measuring the resulting radius of @iove of the test structure. Either
the elastic modulus of the test material or thestelamodulus of the superlayer
film may be measured with this method.

Perform different thermomechanical tests on flippchackages utilizing CNT
interconnects. Such as four-point bend testindg) witain gauges attached to the
silicon chips or digital image correlation of theége of the silicon chip to observe
the chip strains in-situ.

Perform additional nanoindentation measurements effiéctive mechanical
properties of CNT forests in directions perpendicub the growth direction and

effective shear modulus values.
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1.

APPENDIX A

APPENDIX

A.l Clean Room Processes

Shipley® 1827 Photoresist Recipe
Using photoresist spin coater (ex. SCS G3 Spin €& aat CEE100CB Spinner)
coat substrate with photoresist using the follonspm parameters:
a. Maximum spin speed - 3000 rpm
b. Ramp rate - 1000 rpm/s
c. Spin time - 35 seconds.
Soft-bake photoresist on hotplate:

a. Temperature — 198

b. Time — 3.5 minutes
Using mask aligner (ex. Karl Suss MAG6) expose plesigt using the following
parameters:

a. Wavelength — 405 nm (channel 2 on MAG)

b. Exposure time — 16 seconds (calculated time wasetbnds based on a
dose of 220 mJ/ctmand lamp intensity, but mask absorption causes the
need for longer exposure times)

Develop photoresist using MF-354 for ~35 seconus,development process can
be observed while the sample is in the developgeidi (MF-354 can be created
from MF-351 by diluting with water at a ratio 3.%:1Rinse wafer and developed

photoresist in DI water.
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5.

A.l2

Hard-bake photoresist on hotplate:
a. Temperature — 178
b. Time — ~3.5 - 5.0 minutes (baking time dependshenharshness of the
subsequent etchant that will be used, more seuehargs may require
longer times at the risk of being more difficultreamove later)
If performing a wet etching process, run a shor -second oxygen plasma
descum process with the Plasma Therm RIE. Cleanitlya descum process

helps create more consistent etch times and eveatarees.

. Expected photoresist thickness is aboutu2n/

Futurrex® NR9-1500PY Photoresist Recipe
Using photoresist spin coater (ex. SCS G3 Spin €cat CEE100CB Spinner)
coat substrate with photoresist using the follonspm parameters:
a. Maximum spin speed - 3000 rpm
b. Ramp rate - 1000 rpm/s

c. Spin time - 40 seconds.

. Soft-bake photoresist on hotplate:

a. Temperature — 15C

b. Time — 1.0 minutes
Using mask aligner (ex. Karl Suss MA6 TSA) exposetpresist using the
following parameters:

a. Wavelength — 365 nm (channel 1 on TSA)

b. Exposure time — 4.5 minutes for copper and 1 mihoitether materials

(calculated time was 28 seconds based on a sétys@fv190 mJ/cm per
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1 pm of thickness and a lamp intensity of 10 mWigcrbut mask
absorption and the case of patterning on copperrédfiectivity of copper
causes the need for much longer exposure times)

4. Hard-bake photoresist on hotplate:

a. Temperature — 16C
b. Time —~1.0 minutes

5. Develop photoresist using RD6 for ~12-20 seconrusdievelopment process can
be observed while the sample is in the developguidi Rinse wafer and
developed photoresist in DI water.

6. Since this is a negative resist, it is necessacyean off the areas that do not have
photoresist on them since material will be depdshiere for a lift-off process.
Therefore, run a short ~30 second oxygen plasmaudesprocess with the
Plasma Therm RIE.

7. Expected photoresist thickness is about 1.2tin4

A.1.3 Plasma Therm RIE Descum Process Parameters

Table 29: Plasma Therm RIE Descum Process Paramese

Parameter Value
Chamber Pressure 204 mTorr
Process Gas — © 35 sccm

Plasma Power 200 Watts
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A.l4 Stencil Squeegee Parameters

Table 30: Stencil Squeegee Parameters

Parameter Value
Print Force 8.1 kg (tested range of 4-20 kg)
Squeegee Speed 10 mm/s
Stencil Disp. 1.57 mm

A.2  Supplementary Cohesive Fracture Images

L T S S O I B A | (IS T 1l | (S
10.0kV 19.9mm x80 SE(U) 7/25/13 13:31 500um 10.0kV 19.9mm x150 SE(U) 7/25/13 13:36 300um

10.0kV 19.7mm x80 SE(U) 7/25/13 13:21

Figure 93: SEM images of Sample #2. Top two imagare of the same test sample at different
magnifications. Bottom image is of a different tessample.
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Figure 94: Optical images of two different test saples from Sample #2.

LI T S O A B O | L T T O I S I |
10.0kV 19.7mm x80 SE(U) 7/25/13 14:15 500um 10.0kV 19.7mm x80 SE(U) 7/25/13 14:20 500um

(I P N T I | R TS
10.0kV 20.1mm x250 SE(V) 7/25/13 14:27 200um 10.0kV 20.1mm x150 SE(U) 7/25/13 14:25 300um

Figure 95: SEM images of various magnifications ahe same test sample of Sample #2. Images a.)

and b.) show the full test sample with the crackednd un-cracked sections. Where the cracked

section shows the bare silicon, and the un-crackesgction shows the remaining free-hanging silicon

dioxide test material. Images c.) and d.) show ineased magnification views of the curled test
material and un-cracked sections of the test mateal.
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10.0kV 20.4mm x100 SE(U) 7/25/13 01:27 10.0kV 20.4mm x200 SE(U) 7/25/13 01:32 200um
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10.0kV 7.0mm x80 SE(U) 7/25/18 00:31 500um 10.0kV 7.0mm x90 SE(U) 7/25/13 00:36

(el = R e e T (O SCROR (o
10.0kV 20.5mm x90 SE(U) 7/25/13 00:46 500um 10.0kV 20.4mm x800 SE(U) 7/25/13 00:56 50.0um

Figure 97: SEM images of three different test sanips from Sample #3. Images c.) and d.) are of the
same test sample at different magnifications.
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Figure 98: Optical microscope images of two diffant test samples from Sample #3. Images show
the full test sample including the cracked portionsand un-cracked portions of the test material.

Figure 99: SEM images of top down view of finishetkst strips of Sample #4. Image shows three
separate test strips, giving a total of six test saples, where each strip consists of two test sample
with cracks propagating in opposite directions. D&k rectangular areas are the bare silicon substrate

that was covered with free-hanging silicon dioxidéest material before crack initiation and curling.
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Figure 100: Optical microscope images of a singtest sample of Sample #5. The left image shows
the un-cracked portion, the test material and supdayer curl, and some of the cracked portion. The
right image shows the entire cracked portion and th test material and superlayer curl.

(R D O (0
10.0kV 6.6mm x90 SE(U) 7/23/13 14:48 10.0kV 6.6mm x100 SE(U) 7/23/13 15:06 500um

1
10.0kV 6.6mm x250 SE(U) 7/23/138 14:52 10.0kV 6.6mm x300 SE(U) 7/23/13 15:10 100um

Figure 101: The top two images show SEM images wfo different test samples of Sample #5. The
two lower images are higher magnification images dhe respective test samples.
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A.3 Nanoindentation of Silicon Dioxide and ChromiumFilms

A3.1 Introduction: Young’s Modulus Measurement

After the experimental aspect of this new cohesfiecture measurement
technique has been completed, it is necessaryrforpefinite-element analysis of the
experimental situation in order to calculate tleefure resistance of the test material. To
create the most accurate finite-element analysisegxperimental fracture results and to
demonstrate this technique, the Young’'s modulusthef test material and of the
superlayer need to be measured for use in theefeidment analysis. The Young’s
modulus of the test material and of the superlayes therefore measured by utilizing a
nanoindenter system. The Young's modulus of thmsf can be easily measured with a

nanoindenter, and therefore one was utilized here.

Figure 102: Hysitron nano indentation system ownednd maintained at Georgia Tech IEN.
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A.3.2 Nanoindenter Sample Preparation

Thin film samples of both the test material and superlayer were prepared on
separate silicon wafers of a thickness of ~500 (iFhe test material used was silicon
dioxide and was deposited using a Un&@ECVD and the deposition parameters used
are listed in Table 31. Similarly, the materiabdsas the superlayer is a thin film of
chromium deposited using a Unififtrmagnetron sputtering system and the sputter
deposition parameters include a deposition rats06f A/m with a pressure of 5 mTorr.
The deposition parameters used for these testrapasiwere the same as those used in
the fracture toughness technique in order to pmwadepresentative material to obtain
the young’s modulus from. Three samples were edeatith thicknesses of 100, 200,
and 500 nm for each material and all were measwitdthe nanoindenter. This was
done to capture any differences in the nanoindenteasurement due to material

thickness and/or substrate interaction.

Table 31: Unaxi§€ PECVD Parameters

Temperature®C) 250
Pressure (mTorr) 900
SiH, Flow Rate (sccm) 400
N>O Flow Rate (sccm) 900
Power (watts) 25
A.3.3 Nanoindenter Results: Silicon Dioxide and Qiomium

The nanoindenter system used for these measuremest a Hysitroh system
maintained by the Georgia Tech IEN with a Berkovigh The data collected by the

Hysitror® system is also analyzed by the Hysiftomnalysis software that calculates
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material hardness and modulus based on the theofriB®errer and Nix & Oliver &
Pharr [184]. For each sample of a certain thicknesne separate indents were
performed on the thin film with increasing peakdsdor each sample. This then allowed
the entire sample set to cover a specified peatefoange (different for each sample
material and thickness), and consequently a regulident depth range as well. Then an
area function was applied to these series of irsdentorder to calculate the reduced
modulus for each indent. The coefficients for thisa function were determined by a
similar series of indents of a standard quartzbcafion specimen. Using this area
function to calculate the reduced modulus of qugigided 66.3 GPa, compared to the
expected value of 69.6 GPa. Figure 103 and Fidig® show the force verse
displacement results for one of the silicon dioxahel chromium samples respectively.
Additionally, Figure 104 and Figure 106 show thé&ugkated reduced modulus vs. peak
depth for the nine different indentations perfornfed each of these samples. The
remaining data for the other silicon dioxide andoohium samples are located in Table
32 and Table 33. Using all of the measured valbes each sample, the average
reduced modulus for the PECVD silicon dioxide is382GPa. The Young’s modulus of
the film is then calculated using the below equatiad the mechanical properties of the

diamond Berkovich tip (& = 1140 GPayyj, = 0.07) [184]:

1 (1- v? N 1—v2
E.- \ E . E /. (23)
speciman tip

Using vspecimen= 0.17 [77], the measured Young’s modulus of tRE€WD SiG; is

then 86.21 GPa. This is very similar to reportedugs that range from ~69-83 GPa

depending on deposition method and parametersi[¥Z,, 103, 105, 185]. Similarly the
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average reduced modulus of the magnetron sputtdrednium is 137.64 GPa, and using
Vspecimen= 0.21 [105] the Young's modulus is then 149.54aG#d is within reported
values. These reported values for Cr vary gredg¢iyending on deposition techniques
and deposition parameters, ranging from ~107-288 [&B5, 186-192]. This large range
of values highlights the need to measure the Yaungodulus of the specific Cr films

used in this fracture technique.
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Figure 103: Force vs. Displacement data for 100 n®iO, showing nine different indents each with
increasing maximum peak loads and maximum peak ind# depths.
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Table 32: Nanoindenter data for SiQ samples

Film Thick. # Indents Indent Depth | Indent Force | Red. Modulus | Avgd. Young's
(nm) —_— Range (nm) Range @N) Range (GPa) | Modulus (GPa)
100 18.8-25.4 486-1184 76.29-79.89 80.92
200 18.9-68.9 483-2972 82.93-108.07 102.03
500 22.8-142.5 484-7952 62.24-77.81 75.97
Tot. Avg. 86.21
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Table 33: Nanoindenter data for Cr samples

Film Thick. # Indents Indent Depth | Indent Force | Red. Modulus | Avg. Young's
(nm) —— | Range (nm) Range @tN) Range (GPa) | Modulus (GPa)
100 9 12.95-37.58 489-1984 109.10-134.06 126.85
100 9 12.71-36.74 492-1984 109.86-135.26 125.24
200 9 15.44-78.53 490-4973 134.18-147.05 153.82
200 9 14.49-74.34 490-4972 145.73-154.13 161.74
500 9 17.99-119.11 491-7969 143.65-154,35 168.07
500 9 16.89-117.23 492-7969 141.19-176/19 162.95

Tot. Avg. 149.54

A.4  Engineering Drawings

A4.1l SEM Compression Fixture
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Figure 107: SEM Compression Fixture: Assembled
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AA4.2 CNT Assembly Fixture
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Figure 112: CNT Assembly Fixture: Assembly
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Figure 115: CNT Assembly Fixture: Bottom Plate
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A.5 Orthotropic and Transversely Isotropic Material Models

Compliance matrix for an orthotropic material efided by:

] , ]
N I
E, E,E
Vv Vv
A T
E, E,E,
Vv
I
E, E,
1 (24)
0o 0 0 -—=— 0 0
2G,,
o 0 0 0 - o
2G,,
o 0 o0 0 0 ——
i 2G,, |

Where:

» v; - defines the Poisson’s ratio wherie the direction of extension apg the
direction of corresponding contraction.

* Gj —defines the shear modulus in the direction the plane whose normal vector
is in directioni.

* For the case of orthotropic materials the follometationships are true:

1% v
, , L= (25)
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For a CNT forest, the material structure resemtilas of a transversely isotropic
material, which is a special case of orthotropy andefined by a material having the
same properties in one plane and different progert the direction normal to that plane.
For this study, the CNT forest has the same prgzem theX-Z plane of Figure 73, and
therefore E=E,, but with different properties in the direction thfe CNT growth Y-
direction) and therefore,/E To fully define this material model, five indepkent elastic
constants are needed, which aje K=E;, vyx, vxz, and Gy= Gy;. The properties that are
in the X-Z plane of isotropy areEE, andvy,= v, which can also be referred to as E
andvp. While the properties that are out of plane otrispy are E andvy,, and can be
referred to as gandvy,. The other properties,sandvyy, that are needed to implement
this as an orthotropic property in Ansys®, can thencalculated from the previous five
independent constants and using the following imxahips for a transversely isotropic
material. The compliance matrix for transverselgtiopic material for orientation of

CNT forests in this study is defined by:

vV Vv

I R
EID Ef EID

_ﬁ i _ﬁ 0 0 0
E, E E,

_ﬁ _ﬁ i 0 0 0
E, E K 1 (26)
0 0 O — O 0

2G,
0 0 0 0 1 0
2G,
1
0 0 0 0 0o —
] 2G, |
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For the case of a transversely isotropic matethal following relationships also hold true

due to the isotropy occurring in plakeZ of the CNT forest:

E,=E, = Ep 27)
E, =E
Vix =Vy, =V
ny = sz = th (28)
sz = sz = Vp
G,=G, =G
y G _Y p (29)
zx Tt
Vyx _ ny th _ th
=2 2R (30)
E, E. E E,

=X o = p
GXZ 2(1+ sz) GP m (31)
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A.6  Electrically Conductive Adhesive Spec. Sheet

VEPOXY SRS

x TECHNOLOGY Erecticty Conducom Sher posy

MNumber of Components: Two Minimum Bond Line Cure Schedule™:
Mix Ratio By Weight 11 175°C 45 Seconds
Specific Gravity: 150°C 5 Minutes

Part A 288 120°C 15 Minutes

Part B in src 3 Hours.
Pot Life: 3 Days
Shelf Life: One year at room temperature

Mate: Conainer’s) Showd be Kep! chaseg When nof In use. For iled Systems, mix Goitents of e3ch coniainer (A & B) Marughly BEfre mixng e
two fogether. “Please see Appications Mote avallable on our websliz,

EFE}I—TgH HéDE—F‘FC is a two component, semiconductor grade epoxy, designed for fiip chip interconnects using a
solder-free joining method.

Stenﬂpnmgofmﬂdcﬂsw‘buws Iheslzeof4 mil diameter with 8 mil pitch can be achieved.

Product may be applied at the wafer level or single-chip bumping of profotypes.

Final system packaging can be hermetic micro-electronic cases or open-faced circuits using potting resin or housing.
Low temperature cure capable between 70°C — 100°C allows for lower cost plastic substrates [ housings to be used.
Suggested for flip chip packaging applications found in memaory devices (SRAM, DRAM), watch modules, RFID tags,
smart-cards, military. and medical devices.

Fasses NASA low cuigassing standard ASTM ESDS with proper cure - hitp:foutgassing nasa gow!

Compatible with Au, Cu, Ag, Ag-Pd component or substrate metallization.

Recommended to be used with chips or wafers which have UBM layer already deposited.

Compatible with automated dispensing equipment.

Typical Properties- (To be used as a guide only, not a5 a specification. Data below is not guaranteed. Different barches,

conditions and applications yield differing resulis ; Cure condition: 150°C/A hour; * denotes iesi on o itance basis
Physical Properties:
*Color: Part A: Silver Part B: Silver ‘Weight Loss:
*Consistency: Smoocth thixotropic paste g 200°C: 0.45%
*Viscosity (@ 100 RFM/23°C): 3,000 - 4,000 cPs 250°C: 1.0%
Thixotropic Index: 663 Q 300°C: 1.8%
*Glass Transition Temp(Tg): 2 80°C (Dynamic Cure Operating Temp:
20—200°C /150 25 Min; Ramp -10—200°C @ 20°C/Min) Continuous: - 55°C to 225°C
Coefficient of Thermal Expansion (CTE): Intermittent: - $5°C to 325°C
Below Tg: 21 x 10° infin™C Storage Modulus @ 23°C: 315,000 psi
Above Tg: 94 x 107 infinC lons: CI° 198 ppm
Shore D Hardness: 50 Ma" 12 ppm
Lap Shear Strength @ 23°C: 850 psi MH," 340 ppm
Die Shear Strength @ 23°C: =5 Kg /1,700 psi K 12 ppm
Degradation Temp. (TGA): 407*C “Particle Size: = 20 Microns
Electrical Properties:
“Wolume Resistivity @ 23°C: = 0.0004 Ohm-cm
Thermal Properties:
Themal Conductivity: 3.2 WimK

EPOXY TECHNOLOGY, INC.
14 Fortune Drive, Blllerica, MA 01821-3572 Phone: 575,667 3805 Fax 078.663.0782

‘ww EPOTER Comy
Epoxies and AUNSsies For Demanding Appicanons™
Thie Information is based on data and tests belleved to be accurate. Epoxy Technology, Inc. makes no warrantiss
{expresaed or Impled) &= to s sccuracy and sssumes no Rabliity In connection any usa of this product
Rew. VIl
AprZ010

Figure 120: Electrically Conductive Adhesive SpeSheet
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