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The scaling required to accommodate faster chip performance in mi-

croelectronic devices has necessitated a reduction in the dimensions of copper

interconnects at the back end of the line. The constant downscaling of copper

interconnects has resulted in changes to the microstructure, and these varia-

tions are known to impact electrical resistivity and reliability issues in intercon-

nects. In this work, a novel electron di�raction technique called Di�raction

Scanning Transmission Electron Microscopy (D-STEM) has been developed

and coupled with precession electron microscopy to obtain quantitative local

texture information in damascene copper lines (1.8 µm to 70 nm in width)

with a spatial resolution of less than 5 nm. Misorientation and trace analysis

has been performed to investigate the the grain boundary distribution in these

lines.
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The results reveal strong variations in texture and grain boundary dis-

tribution of the copper lines upon downscaling. 1.8 µm wide lines exhibit

strong <111> normal texture and comprise large bamboo-type grains. Upon

downscaling to 180 nm, a {111} <110> biaxial texture has been observed. In

contrast, narrower lines of widths 120 nm and 70 nm reveal sidewall growth of

{111} grains and a dominant <110> normal texture. The fraction of coherent

twin boundaries also reduces with decreasing line width. The microstructure

changes from bamboo-type in wider lines to one comprising clusters of small

grains separated by high angle boundaries in the vicinity of large grains. The

evolution of such a microstructure has been discussed in terms of overall en-

ergy minimization and dimensional constraints. Finite element analysis has

been performed to correlate misorientations between grains and local thermal

stresses associated with stress migration. E�ect of variations in the copper

interconnect microstructure on electromigration �ux divergence has also been

discussed.
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Chapter 1

Introduction

1.1 Motivation: The Broad Perspective

The era of Information Revolution over the last few decades has been

marked by tremendous technological advancements in the �eld of microelec-

tronics. Since the invention of the �rst transistor in 1947 at the Bell Labs, and

the introduction of the �rst integrated circuit in the 1960s, the microelectron-

ics (semiconductor) industry has revolutionized nearly every facet of human

life. More so, today's digital world continues to witnesses path-breaking in-

ventions in this dynamic industry to keep pace with the insatiable demand for

faster and more complex computing. The ubiquitous nature of modern semi-

conductor devices powering novel automation solutions in businesses ranging

from automotive manufacturing and power plants to consumer banking signi�-

cantly enhances their productivity and performance e�ciency, thereby leading

to sustainable innovation in diverse areas. Apart from its role as a technology

bellwether, the semiconductor industry is also widely recognized as a key driver

for global economic growth with an overall worldwide base market of $304 bn in

2010 [1]. Its rapid pace of development has principally resulted from the abil-

ity to exponentially decrease the minimum feature size of the transistors used

to fabricate integrated circuits (ICs) in modern electronic devices. This down-
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scaling trend is historically associated with a paper by Gordon Moore in 1965

and is termed as Moore's Law [2]. From a technical standpoint, reducing the

critical transistor dimensions while keeping the electric �eld constant results

in higher switching speeds and reduced power consumption. It also enables

the incorporation of more number of components per chip, thereby reducing

fabrication cost-per-chip while concurrently increasing compactness and func-

tionality [3]. Fig. 1.1 depicts Moore's Law in terms of relative manufacturing

cost/component and exponential increase in the number of components per

Integrated Circuit (IC).

The expected entitlements of periodic improvements according to Moore's

Law has, heretofore been achieved through innovative approaches such as novel

circuit designs and system architectures, improved processing techniques and

the development of new materials with improved physical properties. However,

these developments have constantly encountered numerous challenges. For in-

stance, although traditional transistor scaling through reduction in channel

length, dielectric thickness and junction depth has improved the gate delay,

the increasing parasitic in�uence of the chip wiring has increased the intercon-

nect delay (RC delay) to become the performance limiting factor [4].
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Figure 1.1: Moore's law in terms of relative manufacturing cost/component
and number of components per IC [5]
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To address the RC delay issue, a hierarchical or reverse scaling metal-

lization design has been employed and the traditional Aluminum (Al)-Copper

(Cu) interconnects have been replaced by Cu, which has lower electrical resis-

tivity. The details of the scaling scheme is discussed in the subsequent chapter.

In addition to lower resistivity, Cu metallization has also been chosen because

Cu has a smaller coe�cient of thermal expansion (CTE) and better thermal

stability than Al [6]. It is also more cost e�ective when compared with other

metals with high conductivity like Gold (Au) and Silver (Ag). Another key

attribute of Cu metallization is that multiple interconnect levels can be fabri-

cated by electroplating via the damascene process. A detailed explanation of

the damascene process for Cu metallization is given in the following chapter.

The �rst industrial implementation of Cu interconnects was reported in the

year 1997 [7] and since then, there has been a remarkable reduction in the

dimensions of the smallest interconnects in a chip. In fact, according to the

2010 ITRS roadmap update, the interconnect technology in production has a

DRAM 1/2 pitch of 45 nm, and is expected to reduce to about 22 nm by the

year 2015 [8].

Due to its favorable physical properties, Cu was expected to prevent

reliability issues that had a�ected Al based metallizations. However, those reli-

ability issues still exist in modern interconnects, in particular, electromigration

and stress induced voiding. Electromigration occurs due to mass transport in-

duced by momentum transfer to the metal ions by the electrons �owing in

the interconnect leading to the formation of voids, hillocks and mass pileups
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[9-16]. On the other hand, stress induced voiding occurs as a result of the

hydrostatic stresses that build up in Cu interconnects during thermal cycling,

due to a di�erence in the coe�cients of thermal expansion between Cu and

the underlying Si substrate [17-23]. As the Cu interconnect line width has

downscaled with each technology node, from the sub-micron to the nanometer

regime, the aforementioned reliability issues have become increasingly complex

owing to drastic variations in the Cu microstructure. Therefore, understanding

the impact of microstructure changes in Cu interconnects induced by scaling

is quintessential to the development of reliable future metallizations. While

numerous studies have been conducted to investigate the microstructure of

wide Cu lines [24-30], very limited information is available on microstructure

evolution in narrower Cu interconnects (≤ 120nm). E�orts in this direction

have largely been impeded by limitations in spatial resolution for determining

the statistical distribution of orientations from a large ensemble of nanocrys-

talline grains in an automated fashion. In this regard, the dissertation focuses

on the development of a novel high resolution electron di�raction technique

for automated orientation mapping of nanostructures, and its implementation

to investigate the e�ect of downscaling on the texture and grain boundaries in

nanoscale Cu interconnects.

The �nancial support for this work has been provided by the Semicon-

ductor Research Corporation (SRC) under the Global Research Collaborative

(GRC) initiative. The interconnect samples used in this work have been pro-

vided by Freescale Semiconductor, Inc. and Texas Instruments, Inc.
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Figure 1.2: Downscaling of local Cu interconnects
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1.2 The Approach

To perform orientation analysis with high spatial resolution (<5 nm), a

novel electron di�raction technique called Di�raction - Scanning Transmission

Electron Microscopy (D-STEM) was developed in a JEOL 2010F transmis-

sion electron microscope (TEM) / scanning transmission electron microscope

(STEM). The electron optics in the STEM con�guration were con�gured to

form a 1-2 nm near parallel illumination on the specimen which could be ac-

curately positioned at the nanoscale feature of interest on the image to obtain

sharp spot electron di�raction patterns. In order to enable automated ac-

quisition and indexing of the patterns, the lens con�guration of the D-STEM

technique was coupled with precession microscopy, using the ASTARTM sys-

tem from NanoMEGAS. The combination of the two techniques renders about

an order of magnitude improvement in spatial resolution over the electron back

scattered di�raction technique, conventionally used for automated orientation

mapping in a scanning electron microscope (SEM). To investigate the e�ects

of Cu interconnect downscaling on the microstructure, the precessed D-STEM

technique was employed to collect statistically signi�cant orientation data for

quantitative analysis of local texture in periodic Cu interconnects with line

widths varying from 1.8 µm - 70 nm. Subsequently, grain boundary misori-

entation and trace analysis was performed to comprehensively investigate the

types of grain boundaries present in the Cu interconnects as a function of line

width. Since the Cu interconnects are under hydrostatic stresses which arise

during thermal cycling, the in�uence of misorientations between grains on the
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local hydrostatic stresses in these lines has been analyzed by 2D �nite ele-

ment method (FEM) using the OOF2TM package. The grain structure around

the voided regions in dual damascene Cu interconnects a�ected by electro-

migration were also analyzed and preliminary analysis of the dependence of

�ux divergence during electromigration on grain orientations has also been

performed. Finally, as a further exploration of the capabilities of this tech-

nique, its application for phase and orientation analysis on nanomaterials with

non-cubic symmetry has also been demonstrated.

1.3 Dissertation Objectives and Main Contributions

1.3.1 Objectives

The speci�c objectives of the dissertation are:

1. To develop a high resolution electron di�raction technique in a TEM/STEM

for automated orientation and phase mapping of nanostructures.

2. To demonstrate the applicability of this technique for phase and orientation

analysis of nanomaterials with cubic and non-cubic symmetry.

3. To perform quantitative texture and grain boundary analysis on Cu inter-

connects ranging from 1.8 µm � 70 nm in width, and investigate microstructure

changes in Cu interconnects induced by scaling.

4. To investigate the grain structure, texture and types of grain boundaries

around voided regions in 70 nm wide dual damascene Cu interconnects a�ected

by electromigration.
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5. To use the crystal orientation data and simulate local hydrostatic stresses

in Cu interconnects using 2-D �nite element method.

1.3.2 Main Contributions

The main contributions of the dissertation are:

1. Development of a high resolution electron di�raction technique called D-

STEM to obtain orientation information from crystals smaller than 5 nm. The

technique results in a 1-2 nm near-parallel beam in a STEM con�guration that

can be scanned to obtain an image. Subsequently, the beam can be placed

at any nanoscale feature of interest on the image to obtain easily indexable

sharp di�raction patterns. Conventional electron di�raction techniques in a

TEM/STEM that can be used to obtain spot di�raction patterns are either

limited in terms of spatial resolution or the ability to position the probe easily

and accurately at the feature of interest. On the other hand, convergent beam

techniques results in complex disc patterns that are very di�cult to index for

determining crystal orientations.

2. Integration of the D-STEM technique with precession electron microscopy

using the ASTARTM system from NanoMEGAS for automated acquisition

and indexing of spot electron di�raction patterns. The combination of these

two techniques renders high resolution orientation and phase maps from an

ensemble of nanostructures, with an order of magnitude improvement in spatial

resolution over the electron back scattered di�raction technique in the SEM,

conventionally used for automated orientation mapping. The dissertation also
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discusses detailed routines for quantitative analysis of parameters describing

the overall microstructure.

3. Determining the e�ects of downscaling on the texture, grain boundaries

and grain structure in nanoscale Cu interconnects with line width ranging

from 1.8 µm � 70 nm. It is well known that variation in the microstructure

of Cu interconnects strongly impacts their electrical resistivity [31, 32] and

mechanical reliability [33-37]. In this regard, such comprehensive analysis of

the interconnect microstructure with statistically signi�cant data is critical

to enable microstructure control for improved device designs, materials and

processes in future metallization technologies.

4. 2-D microstructural FEM simulation of local thermal stresses in Cu in-

terconnects. In general, Cu interconnects fabricated by the inlaid damascene

process are under mechanical stresses arising during thermal cycling due to the

di�erence in thermal expansion coe�cients between the metallic interconnect,

substrate and dielectric. Previous work through experiments and simulations

have con�rmed this, and shown that the stresses are strongly in�uenced by

the aspect ratio of the Cu trench [38]. With increasing aspect ratios upon

downscaling, the stress state in the Cu lines changes from biaxial to quasi-

hydrostatic. However, these studies assumed the lines to be isotropic and

thus neglected the elastic anisotropy of Cu. They also did not account for

the microstructure of Cu interconnects, comprising numerous grains with dif-

ferent orientations. In order to investigate how the microstructure in�uences

local stress distribution within Cu interconnects, orientation data obtained
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using electron di�raction has been used to develop a model and local hydro-

static stresses have been simulated by microstructural FEM using the OOF2TM

package.

1.3.3 Organization of the Dissertation

Chapter 2 starts by discussing the hierarchical multilayer interconnect

structures found in modern integrated circuits. This is followed by an overview

of the damascene process used to deposit the Cu interconnect lines. Next, the

reliability issues associated with Cu interconnects are discussed with focus on

understanding the impact of microstructure on interconnect reliability. Then,

a description of the elements of the microstructure such as texture and grain

boundaries is presented. The section also includes a detailed review of the

mathematical techniques used to quantify the microstructure. The following

section reviews the experimental techniques for microstructure analysis, par-

ticularly at the nanoscale. The advantages and limitations of the individual

techniques are also discussed. Finally, a review on the research performed to

understand microstructure evolution in Cu interconnects is provided. All of

the sections in the chapter are supported by numerous references.

Chapter 3 is broadly divided into two sections, namely Materials and

Methods. The section on Materials discusses about the samples that were

analyzed through the course of the research. The section on Methods de-

scribes the experimental procedures required to accomplish the objectives of

the dissertation. In particular, the development of a high resolution electron
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di�raction technique for orientation mapping in the TEM is explained exten-

sively. The detailed procedure for data acquisition and analysis for extracting

relevant information is also described. Finally, model development to simulate

local stresses in Cu lines by FEM is outlined.

In Chapter 4, �rst, the experimental results of the microstructure char-

acterization in Cu interconnects performed using the novel TEM orientation

mapping technique are presented. Speci�cally, quantitative results for grain

orientations and grain boundary distributions are presented for Cu lines with

four di�erent line widths ranging from 1.8 µm - 70 nm. In addition to this,

the grain structure in these lines was also elucidated through high resolution

color coded orientation maps. The subsequent sections thoroughly discuss the

evolution of microstructure in downscaling Cu lines from the standpoint of

surface, interface, grain boundary and strain energy minimization. Later, the

implications of the microstructure observed in narrow lines on electromigra-

tion and stress induced voiding are discussed. In this regard, results of grain

orientation and grain boundary misorientation in the via region, and also close

to an electromigration induced void are analyzed. Finally, some diverse appli-

cations of the TEM technique in orientation mapping of Pt nanoparticles and

phase mapping of Ni structures are also included.

Finally, the general �ndings of the dissertation are summarized in Chap-

ter 5. The dissertation concludes with a discussion of possible future work.
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Chapter 2

Review of Microstructure Studies for Copper

Interconnects

2.1 Hierarchical Scaling

In very large scale integrated circuits (VLSIs), 'interconnects' refer to

metal lines connecting various electronic devices to carry current or transport

charge [39]. The resistance and capacitance of interconnects directly impact

the signal delay at the back end of the line (BEOL), commonly referred to

as the resistance-capacitance (RC) delay. It is known that with traditional

transistor scaling, the RC delay increases and becomes the major bottleneck

limiting the overall chip performance (Fig. 2.1). Therefore, to reduce the line

resistance, Cu (resistivity ~1.8 µΩ.cm) was proposed and �rst implemented by

IBM in 1998 [7] to replace the Al-based interconnects (resistivity ~3.3µΩ.cm).

Typical microprocessor designs utilize a multilevel interconnection lay-

out with hierarchical or reverse scaling metallization scheme. In such a layout,

interconnects can either be local, intermediate (semi-global) or global as shown

in Fig. 2.2. In general, local interconnects form the �rst level of the intercon-

nect structure and usually connect gates, sources and drains in metal oxide

semiconductor (MOS) technology and emitters, bases and collectors in bipolar
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technology. They have the smallest dimensions among the di�erent intercon-

nect levels and scale down in size with the active devices in each technology

node. The intermediate interconnects are larger than the local interconnects

and are used to connect devices within a block. The global interconnects,

commonly referred to as 'fat wires' have the largest dimensions amongst all

interconnects and are used as connections between individual blocks for power

distribution, grounding and clocking [40]. Although local interconnects have

a greatly reduced cross sectional area, the increase in their resistance is min-

imized due to their short length. Since the intermediate and global intercon-

nects have to travel relatively long distances within the chip, they are designed

to have a larger cross-sectional area to lower their resistance [40]. With de-

creasing conductor spacing, local interconnects also su�er from increased side-

wall capacitance and cross-talk. In order to mitigate the parasitic capacitance

issues, low permittivity (k) dielectric materials have been introduced to re-

place the traditional SiO2 dielectric [4, 41]. In addition to this, a crisscross

wiring layout across multiple levels is also employed. Thus, a combination of

improved materials as conductors/dielectrics coupled with hierarchical scal-

ing has prevented interconnect latency from overwhelming transistor delays in

current microprocessor designs.

2.2 Damascene Process

The introduction of Cu wiring in interconnects has brought signi�cant

processing challenges to the BEOL. Due to the unavailability volatile Cu com-
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Figure 2.1: Gate and interconnect delay with feature size [4]

Figure 2.2: Hierarchical multilayer structure in cross section [8]
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pounds at low temperatures, Cu cannot be patterned using the conventional

reactive ion etching (RIE) process that was used for Al metallization [42]. Wet

etching techniques are also unsuitable due to its isotropic nature, thereby mak-

ing it di�cult to yield uniform sub-micron wiring trenches. Unlike Al, which

has a native stable oxide layer (Al2O3) layer to passivate the surface, Cu oxi-

dizes easily and the unstable oxidization layer lacks the passivation function.

Cu also has a high tendency to di�use into the dielectric layers and eventually,

into the underlying silicon substrate, which degrades the device performance.

To overcome the aforementioned challenges, a new process scheme,

called the 'damascene' process was introduced. This process is fundamentally

di�erent from the subtractive RIE process used for Al interconnects. These

two patterning processes in Al-SiO2 and Cu/low-k system are compared in Fig.

2.3 (a-b) [43]. In the subtractive RIE process, a thin Al �lm is �rst deposited

then patterned using photolithography and RIE process to form the wiring

patterns. This is followed by a dielectric deposition step, forming an insulat-

ing layer between and on top of the Al wires. Following this, the chemical

mechanical polishing (CMP) process is employed to planarize the top dielec-

tric layer. Subsequently, the complete processing sequence is repeated until

the multilayered interconnect structure is fabricated.

In comparison, unlike the RIE process, the damascene process is de-

signed to only enable etching of the dielectric layer and avoid any etching pro-

cess of the metal while forming the trenches. Initially, a thin layer of dielectric

is deposited and patterned to form wiring trenches using photolithography and
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the RIE process. This is followed by the Cu metallization process to �ll in the

trench openings. The Cu metallization process starts with a deposition of a

very thin Ta-based di�usion barrier layer in the trench by physical vapor de-

position (PVD). The barrier layer is implemented to prevent Cu from di�using

into the dielectric. It also acts as a base layer for the subsequent process. The

next step is the deposition of a PVD Cu seed layer followed by a complete Cu

�ll in the trench by electroplating. The electrodeposited Cu is layered in thick

coatings above the trenches. The excess Cu is referred to as the overburden

layer. Subsequently, the Cu microstructure in the trench is stabilized by a

low-temperature annealing (150~250 oC) treatment. Following this, a CMP

process is applied to remove the Cu overburden and the excessive barrier layer

on the top surface. Finally, a SiNx or SiCxNy capping layer is deposited at

~400oC to passivate the wiring structure for one interconnect level. Addition-

ally, in a multilayer structure, the di�erent metal levels are connected by 'vias',

and once a metal line is fabricated, the connecting via is processed in a similar

manner. Such a process of fabricating the via and line separately is referred to

as the 'single damascene process'. However, in modern IC fabrication, a slight

modi�cation of the single damascene process is employed to pattern the via

and trench in a single step. This is called the 'dual damascene process'. The

di�erent approaches to the dual damascene process include the via �rst, trench

�rst or buried via. The detailed procedures for these approaches are outlined

in references [39, 44]. The advantage of this process is that only one metal

�lling step is required for both the via and trench structures in each level of the
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interconnect. This can reduce the via resistance and improve electromigration

reliability in comparison to the single damascene process. The disadvantage

of this process is the high aspect ratio of the via and trench structure, making

etching, cleaning, and Cu �lling processes more di�cult. This gives rise to

more challenges for material and process integration.
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Figure 2.3: Schematic diagram of (a) conventional RIE process (b) damascene
process [43]
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2.3 Interconnect Reliability

The continuing improvement in device density and performance has

augmented the complexity of the wiring structure for on-chip interconnects.

Concurrently, the increased current density in interconnect lines, implemen-

tation of novel materials at the BEOL with drastically di�erent physical and

mechanical properties and complex processing conditions impact reliability is-

sues in interconnects. Two major reliability issues in Cu interconnects are

Electromigration and Stress Induced Voiding.

2.3.1 Electromigration

Electromigration (EM) is a di�usion-controlled mass transport phe-

nomenon occurring by momentum transfer to the metal ions due to collisions

from the moving electrons [45]. The initial observations of EM were �rst re-

ported by Geradin in 1861 [Ho 1989]. However, EM was �rst identi�ed as a

serious reliability concern in Al-based ICs in 1967 [47]. Decades later, EM

remains a dominant reliability concern for modern ICs due to aggressive scal-

ing of interconnect dimensions and comparably aggressive increase of current

densities [8]. The electric �eld applied across an interconnect during operation

biases the net motion of metallic ions in the direction of electron �ow (from

cathode to anode). This net �ux of atoms occurs in response to the applied

electric �eld and is a�ected by two opposing driving forces: the electron wind

force which transfers momentum to the metal ions in the direction of the elec-

tron �ow, and a back stress that pushes the ions in the opposite direction.
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Thus, under EM, a void is created at the cathode end or a hillock is accumu-

lated at the anode end to induce EM failure. Fig 2.4 shows an example of EM

induced voiding which can lead to interconnect failure by open circuit. The

atomic �ux (J) for EM can be expressed as

J = −DC
kT

(Z∗eE − Ω
dσ

dx
) (2.1)

where D is the di�usivity, C is the concentration of atoms, k is the

Boltzmann constant, T is the temperature, Z* is the e�ective charge number,

e is the fundamental electronic charge, E is the electric �eld, Ω is the atomic

volume and dσ
dx
is the stress gradient along the line. The electric �eld can be

expressed as

E = ρj (2.2)

where ρ is the metal resistivity and j is the current density. Eqs. 2.1 and

2.2 show that the EM atomic �ux increases with increasing current density.

As shown in Fig. 2.5, the required maximum current density is increasing at

the intermediate level in operating conditions with future technology nodes [8].

This makes the EM problem more critical in shrinking interconnect structures.

2.3.1.1 E�ect of Microstructure on EM

Eq. 2.1 also shows that the mass transport during EM is strongly

dependent on the interconnect microstructure. During EM, metal ions have
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(a)

(b)

Figure 2.4: EM induced interconnect failure by (a) voiding leading to open
circuit (b) extrusion leading to short circuit [4]

Figure 2.5: Required maximum current density scaling at the intermediate
level in operating conditions [8]
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various di�usion pathways, including the top interface, grain boundary, barrier

interface, bulk, and the dislocation cores. Therefore, the e�ective di�usivity,

Deff , is a combination of contributions from each of the above pathways. De�

can be written as

Deff =
δN
h
DN +

δGB
d

(1− d

w
)DGB + δBN(

2

w
+

1

d
) + nBDB + ρdisld

2Ddisl (2.3)

where the subscripts N, GB, B, BN and disl identify the possible di�usion

pathways as the cap interface, grain boundary, bulk, barrier interface and

dislocation cores respectively. D is the di�usivity and δ is the e�ective width

for corresponding di�usion path. [48-51] The parameter h is the line thickness,

d is the average grain size, w is the line width, ρdisl is the dislocation density,

and nB is the fraction of ions di�using through the bulk of the line. Due to the

small dislocation core density, the mass transport through dislocations can be

neglected. Since the di�usivity along a particular pathway has an Arrhenius

dependence on the activation energy, the relative contributions from these

di�usion paths can be compared based on their activation energies. For Cu

interconnects, those activation energies have been measured to be 0.8-1.1 eV

for the Cu/SiCN interface [51-53], 0.7-0.95 eV for grain boundaries [54, 55],

1.1-1.8e V for Cu/Ta liner interface [56-59], and ~2.2 eV for the bulk [60]. In

comparison, di�usion through the bulk and Ta liner interface is small and can

be ignored. Therefore, the dominant di�usion pathways for Cu interconnects

are the Cu/SiCN interface and the Cu grain boundaries. Accordingly, the
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e�ective di�usivity term can be simpli�ed as

Deff =
δN
h
DN +

δGB
d
DGB (2.4)

However, for di�usion along the Cu grain boundaries, an additional

parameter to consider is the geometric factor de�ning the average orientation

of the grain boundaries relative to the current �ow direction. For instance, if

a grain boundary is aligned perpendicular to the direction of current �ow, the

component of momentum transferred to the Cu ions by the moving electrons

along the grain boundary di�usion path is zero. In contrast, if a grain boundary

is geometrically aligned in the direction of current �ow, the component of

momentum transferred along the grain boundary is maximum. Therefore,

equation 2.4 can be modi�ed to de�ne the parameter Z∗effDeff as

Z∗effDeff =
Z∗effDNδN

h
+
Z∗GBDGBfδGB

d
(2.5)

where f is the geometric parameter accounting for the inclination of the bound-

ary relative to the current �ow direction [50]. This parameter and d, the grain

size are statistical in nature, depending on the grain structure characteristics

in the Cu line. For small equiaxed grains, there will be a higher proportion of

grain boundaries aligned with the current �ow, so the value of the f
d
ratio will

be larger than that of a bamboo grain structure, where the grain boundaries

span the width of the line, and are aligned nearly perpendicular to the current

�ow direction [50].
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Although the aforementioned equations account for atomic �ux driven

by the EM driving force, for EM mass transport resulting in void formation,

it is necessary to have �ux divergence due to unbalanced �ow rate. Mathe-

matically, it can be represented by the continuity equation

dC = −∇J (2.6)

where C is the atomic density of the metal and J is the atomic �ux. The

�ux divergence for a given volume is equal to the atomic density change rate

within that volume. Under the 'electron wind' force, voids can nucleate at

�ux divergence sites and grow to cause EM failure [61]. The EM lifetime is

inherently statistical in nature and is related to the rate of damage forma-

tion at the various �ux divergence sites. In Cu interconnects, �ux divergence

sites are commonly located at the grain boundary triple points, grain bound-

ary/interface triple points, or the geometric discontinuity points. Apart from

the grain structure and grain boundary distribution, the orientation of the

grains normal to the Cu trench would a�ect the di�usivity at the Cu/capping

layer interface, thereby impacting the �ux divergence. Hu et. al [57, 62] and

Ho et. al [50] showed that in the case of EM void formation at the cathode

end of a single damascene Cu line with trench depth h, the EM lifetime τ can

be written as

τ =
(∆Lcr)hkT

Z∗NDNδNeρj(1 + fgh
d

)
(2.7)

where g =
Z∗GBDGBδGB

Z∗NDN δN
is the ratio of the mass transport via grain boundaries

vs. the cap interface.
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2.3.2 Stress Induced Voiding

Stress induced voiding (SIV) or stress migration (SM) is another major

reliability issue in Cu interconnects. SIV occurs due to hydrostatic stresses

generated in the Cu lines during thermal cycling at elevated temperatures

in the various IC fabrication processes [38]. The Cu lines, con�ned by the

dielectric material and deposited on a thick Si substrate are subjected to elastic

con�nement e�ects during thermal cycling due to a di�erence is the coe�cient

of thermal expansion (CTE) between Cu and the underlying substrate. The

average thermal stresses of a �lm deposited on a substrate can be expressed

in the form

σ0 =
Ef

1− νf
(αs − αf )∆T (2.8)

where Ef and νf are the Young's modulus and Poisson's ratio of the deposited

�lm, αsand αf are the coe�cients of thermal expansion of the substrate and the

�lm respectively, while ∆T is the temperature change. These thermal stresses

have been well investigated for Cu and the Al based interconnect structures

[63-75]. Initially when Cu was investigated for applications as interconnects,

the smaller CTE of Cu (16.6 ppm at 298 K) compared to Al (23.6 298 K)

was thought to be an advantage for reducing the thermal stresses. However,

the higher sti�ness of Cu (120 GPa) in comparison to Al (72 GPa) o�set this

advantage. The product of the biaxial modulus and the di�erence in the CTE

between Cu/Al and Si gives, -2.6MPa/oC for Cu and -2.3MPa/oC for Al [67].

This accounts for higher thermal stresses in Cu compared to Al for the same

thermal cycling treatment.
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2.3.2.1 Stress State in Films and Lines

A blanket �lm of Cu when deposited on a Si substrate (Fig. 2.6), upon

thermal cycling experiences stresses according to Eq. 2.8. However, the stress

state on the Cu �lm is isotropic biaxial where σx = σy and σz = 0. In the case

of unpassivated Cu interconnect, the isotropic biaxial stress state case changes

to an unequal biaxial condition due to drastic variation in the in plane (x-y)

dimensions of the interconnect, resulting in unequal magnitude of con�nement

in x and y directions. This can also be represented by σx 6= σy and and σz = 0.

Finally, in case of a passivated Cu line, elastic con�nement e�ects in all three

dimensions result in a state of triaxial stress on the line where σx 6= σy 6= σz

and σz 6= 0. It can be seen from the graph in Fig. 2.6 that with increasing

aspect ratio (thickness to width ratio) of the interconnect line, the magnitude

of stress along the trench normal (z dimension) increases and the stress state

becomes quasi-hydrostatic.

A change in the stress state from isotropic biaxial to quasi-hydrostatic

also changes the stress relaxation mechanisms. It has been shown previously

that while thin �lms undergo plastic yielding and relax stresses by disloca-

tion mechanisms [72, 76-78], the deformation behavior in narrow passivated

interconnect structures is largely elastic and occurs by void formation [79]. A

qualitative understanding of the same can be developed using the von Mises

criterion. For plastic deformation to occur, the von Mises stress (σv) given by
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Figure 2.6: Stress state in blanket �lms, unpassivated and passivated Cu lines
on Si substrate [6]
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σv =
1√
2

[(σx − σy)2 + (σy − σz)2 + (σz − σx)2] (2.9)

must exceed the yield stress (σY ) of the material. Here σx, σy and σz represent

the principal components of the stress tensor. In the case of a triaxial or quasi-

hydrostatic stress condition occurring in Cu/Al line structures, σx 6= σy 6= σz

and σz 6= 0, the von Mises stress is less than the yield stress, and therefore

yielding does not occur.

2.3.2.2 Factors A�ecting SIV

SIV failures in Cu interconnects result from the formation of a void by

di�usion and accumulation of vacancies. Vacancy motion leading to SIV is

controlled by the di�usional mechanisms active within the material. Ogawa

et al. [22] suggested three volumetric scales to de�ne this di�usional problem

from a mass transport perspective. The �rst is the interconnect volume within

which the damage formation occurs. The second is the di�usion volume avail-

able during the thermal cycling time that can supply the vacancies needed

to coalesce and form the void. The third is the stress gradient region which

provides the necessary driving force for the vacancies to to migrate towards

a speci�c voiding site. The interconnect volume is dependent on the physical

dimensions of the interconnect line. However, the concept of a di�usion vol-

ume is more complex, and depends on the active di�usion mechanisms present,

the thermal cycling temperature and time. Only the vacancies lying within

the 'active di�usion volume' would contribute to the voiding process. The
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presence of a su�cient number of vacancies to form a void is dependent on

the processing conditions. Vacancies are formed from either Cu grain growth

during annealing or by process induced defects during CMP, etching and Cu

trench/via �lling [9]. The di�usion component of the active di�usion volume

can be ascribed a characteristic di�usion length xD such that

xD =
√
Dt (2.10)

where D is the di�usion coe�cient and t is the bake time. The di�usion

coe�cient itself can be expressed by

D = D0e
−Ea/kT (2.11)

where D0 is the prefactor, Ea is the activation energy, k is the Boltzmann

constant and T is the temperature. The activation energy for di�usion is

strongly dependent on the overall microstructure, which includes grain texture,

grain boundary types and the grain size. Therefore, from the aforementioned

equations, it can be inferred that the active di�usion volume itself would be

strongly dependent on the interconnect microstructure.

Finally, the stress gradient region is strongly dependent on the geomet-

rical factors that de�ne the interconnect system, the material properties of the

interconnect metal (Cu), di�usion barrier layer and the dielectric. It is closely

dependent on the distribution of local stresses within the interconnect line

because the local stress gradients immediately a�ect the direction of motion

of vacancies. Ogawa et al. [22] experimentally observed in Cu based dual-

damascene technologies that the stress induced voids mostly formed under the
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via when the via was connected to a wide metal lead below it (Fig. 2.7(a)).

They inferred that a supersaturation of vacancies develops under the via in

the wide metal line (providing a relatively large interconnect volume) during

the grain growth process, prior to capping. This provides the required va-

cancy source. They also performed FEM calculations for hydrostatic stresses

and showed a region of high tensile stress existing under the via. Their FEM

analysis also revealed the presence of prominent stress gradients under the via

that could potentially drive the vacancies under the via towards its bottom

perimeter.
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Figure 2.7: (a) Void formation under a via placed over a wide metal lead (b)
Finite element analysis of dual damascene via placed over a wide metal lead
showing hydrostatic stress contours. The white circles represent vacancies and
the arrows depict their motion under the in�uence of local stress gradients
[22].
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As the interconnects are being scaled down and low-k dielectric mate-

rials are being integrated, it has also been observed that stress induced voids

form along the Cu line structure, in addition to the underside of vias connected

to wide metal leads. To understand such behavior, the concept of local stress

gradients and active di�usion volume can be extended to to the microstructure

level. Structurally, it is well known that Cu is elastically anisotropic with an

anisotropy factor

2c44

c11 − c12

= 3.2 (2.12)

where cij are the elastic constants. Consequently, the elastic modulus of Cu

is di�erent along di�erent crystal directions. For instance, the elastic mod-

ulus along the <111> is approximately thrice the elastic modulus along the

<001> direction. Fig. 2.8 shows the variation in elastic modulus as a function

of angular distance from the <001>. Therefore, the misorientation existing

between the individual grains could a�ect local stresses and local stress gra-

dients, thereby a�ecting vacancy motion and void formation. In addition to

this, the grain size and the types of grain boundaries present in such regions

of high stress gradients would play an important role in vacancy migration to

form a void.

From the above discussion on interconnect reliability, it is clear that

the microstructure of Cu interconnects strongly impacts EM and SIV induced

failures. Therefore, as the interconnects are downscaled with each technology

node, it is of paramount importance to understand the evolution of grain ori-

entations (texture), grain structure and grain boundary distribution in these
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lines to develop more reliable metallizations for future technologies.
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Figure 2.8: Elastic modulus of Cu plotted along di�erent crystal directions [6]
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2.4 Texture and Grain Boundaries

Before examining the evolution of texture and grain boundary distri-

bution in downscaling Cu interconnects, a discussion on texture and grain

boundaries is provided in this section to provide an insight into quantitative

understanding of microstructure.

2.4.1 Grain Orientations and Texture

The orientation of a crystal with respect to its environment is a rotation

on the three dimensional Euclidean space and can be represented by the group

of orthogonal matrices with determinant +1. Three parameters are required to

specify the crystal orientation. Parametrization for crystal orientations include

Euler angles, the Rodrigues-Frank vector and unit quaternion parametrization

[80, 81, 82]. The most commonly used description for rotation in three dimen-

sions in quantitative texture analysis is the Euler angle parametrization. A

general rotation transformation on three dimensional Euclidean space can be

written in terms of three angles (ϕ1, φ, ϕ2), known as the Euler angles and can

be understood geometrically in the following manner. Let x
′
be the image of

x after the rotation transformation O(z, φ2) and z
′′′
be the image of z after

O(x
′
,Φ)O(z, φ1) (Fig. 2.9). In the above notation O(n, θ) represents a matrix

specifying a rotation by an angle θ about an axis n. A general rotation g can

be decomposed as

g = O(z
′′
, φ2)O(x

′
,Φ)O(z,Φ1). (2.13)
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The sequence of rotations are represented in Fig. 2.9. The set of three angles

(φ1,Φ, φ2) is known as Euler angles for representing crystal orientation. The

set of Euler angles calculated using the sequence of rotations in Fig. 2.9 is

known as Bunge Euler angles and it is the convention used for the remainder

of the work. The relation between Euler angles and the three dimensional

rotation matrix is given as

g =

 cφ1cφ2 − sφ1sφ2cΦ sφ1cφ2 + cφ1sφ2cΦ sφ2sΦ
−cφ1sφ2 − sφ1cφ2cΦ −sφ1sφ2 + cφ1cφ2cΦ cφ2sΦ

sφ1sΦ −cφ1sΦ cΦ

 (2.14)

where c represents cosine and s represents sine of the angle in the

equation.
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In a polycrystalline material, crystals of various orientations occur at

di�erent frequencies. In some cases, particular orientations occur more fre-

quently and polycrystalline materials where this is observed are referred to as

textured materials. For an aggregate of crystals with di�erent orientations, it

is useful to de�ne a distribution function that gives the relative occurrence of

a particular orientation. Such a function is known as the Orientation Distri-

bution Function (ODF), de�ned as

4V4ξ/V =

´
4ξ F (g)dg´
ξ
F (g)dg

(2.15)

where ξ represents the orientation space and 4ξ is the particular orientation

of interest. 4V4ξ/V gives the volume fraction within the orientation 4ξ. The

ODF is usually given as multiples of random distribution where F = 1 repre-

sents the frequency of occurrence of a particular orientation if the distribution

of orientations is completely random [81]. Generalized spherical harmonics are

used as the basis functions to describe the ODF and can be mathematically

represented by

F (g) =
∞∑
l=0

l∑
m=−l

l∑
n=−l

Cmn
l Tmnl (g) (2.16)

where Tmnl (g) is the symmetrized spherical harmonics. The spherical harmon-

ics are expressed in the form of orthogonal Legendre polynomial functions,

and involve the crystal orientation information obtained in the terms of Euler

angles [81, 83]. This is mathematically given by the expression
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Figure 2.9: Euler angle parametrization of rotation on the three dimensional
Eucledian space.
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Tmnl (g) = eimφ2Pmn
l (Φ)eimφ1 (2.17)

where Pmn
l (Φ) are the associated Legendre polynomials. the The number of

terms needed in the series expansion to represent the ODF can be reduced by

accounting for the crystal and sample symmetries [81].

2.4.2 Grain Boundaries

A grain boundary is an interface that separates two crystals of the same

phase that di�er in their crystallographic orientation. Since this work is con-

cerned with boundaries in a single phase material, the use of the term grain

boundary refers to boundaries separating two crystals di�ering in their crystal-

lographic orientation. This chapter gives an introduction to grain boundaries

and their distribution in terms of the misorientation and the inclination of the

boundary normal. A brief discussion on Σ3 boundaries is presented. Detailed

accounts on the structure and properties of grain boundaries are available in

the literature [84, 85]. A general grain boundary can be described in terms of

�ve macroscopic parameters: three parameters to describe the misorientation

between the adjoining crystals and two parameters to describe the inclination

of the boundary normal (Fig. 2.10). For a complete description of the bound-

ary one also needs to specify the microscopic boundary parameters which are

required to determine the atomic level translations at the boundary. The mi-

croscopic description of boundaries is di�cult to realize experimentally and
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the discussion of grain boundaries presented here is limited to macroscopic

boundary parameters.
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Figure 2.10: Five parameter description of a grain boundary. The boundary
surface is discretized into a set of triangles with each triangle described by a
set of �ve parameters [86].
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2.4.2.1 Grain Boundary Misorientation

If gA and gB be the orientation matrices of two adjoining crystals A

and B, with respect to a reference orientation (Fig. 2.11). The misorientation

matrix 4g is given by

4g = gBg
−1
A . (2.18)

The misorientation matrix is the composition of the rotation that transforms

the orientation of crystal A to the reference orientation and the rotation that

transforms the reference orientation to the orientation of crystal B (Fig. 2.11).

In other words, the matrix represents the rotation necessary to transform the

crystal axes of crystal A onto those of crystal B. A useful description for

misorientation is by the axis-angle representation O(r, θ). The misorientation

in this representation is speci�ed by giving the common axis r in the two

crystals and the rotation angle θ, known as the misorientation angle, about

this axis needed to make the two crystals coincide with each other (Fig. 2.12).

The axis-angle representation for a given misorientation is not unique and the

smallest misorientation angle to specify a given misorientation is known as the

disorientation angle. The disorientation angle is obtained by accounting for

the various symmetry operations of the crystal. The misorientation matrix4g

is initially premultiplied by the each of the matrices representing the crystal

symmetry operations. In the case of a crystal with cubic symmetry, (neglecting

inversion symmetry), there are 24 such matrices [81, 87]. Subsequently, the

misorientation matrix with the smallest trace (4gm) is used to calculate the

disorientation angle and axis. Mathematically, the calculation for the smallest
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misorientation angle (θ) is given by

θ = cos−1(
tr(4gm)− 1

2
) (2.19)

where tr(4gm) is the trace of the matrix 4gm. If the individual elements of

the matrix 4gm are represented by aij(i, j = 1, 2, 3), the misorientation axis

(U : V : W ) is given by

U : V : W = (a32 − a23 : a13 − a31 : a21 − a12) (2.20)

The distribution of grain boundary misorientations is also important in the

quantitative studies of microstructure-property relationship. The Misorienta-

tion Distribution Function (MDF ) f(4g) is the probability density of �nding

a particular boundary within the space used to parametrize the misorientation

so that

4A/A =

´
4Ω

f(4g)dg´
Ω0
f(4g)dg

, (2.21)

where 4A is the total boundary area with a misorientation lying within the

range 4Ω in the misorientation space and Ω0 is the total volume of the misori-

entation space. For a random distribution of boundaries, the MDF has value of

1 everywhere. The MDF is given in units of multiples of random distribution

(MRD).
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Figure 2.11: Misorientation between crystals A and B is the net rotation that
transforms the orientation of crystal A to the orientation of crystal B.

Figure 2.12: Axis-angle representation of the misorientation between crystals
A and B. A rotation by θ about the axis r transforms the orientation A to
orientation B. r is the common axis in the two orientations.
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2.4.2.2 Grain Boundary Plane and Types

The orientation of the grain boundary plane (Fig. 2.10) can be de-

scribed by specifying the orientation of the normal to the boundary plane.

The set of all boundary normals can be represented as points on a unit sphere.

The inclination of the grain boundary plane normal n can be speci�ed using

the spherical polar coordinates (α, β) of the boundary normal with respect to

the crystal frame of reference (Fig. 2.13). For the particular choice of Euler

angle parametrization of the misorientation space and grain boundary plane

normals represented using spherical polar coordinates (α, β), a distribution f

of boundaries can be de�ned with respect to a volume element dV in the �ve

parameter space as

dA/A = f dV, (2.22)

where dA/A is the fraction of the areas of grain boundaries with parameters

in dV to the total area of the grain boundaries A. The volume element dV is

given by

dV = (32π3)−1 sinα sin βdαdβdϕ1dφdϕ2, (2.23)

where (α, β) are the spherical polar angles of the boundary normal and (ϕ1, φ, ϕ2)

are the Euler angles. The distribution de�ned in Eq. 2.22 is referred to as the

grain boundary character distribution (GBCD) and f = 1 is considered to be

a random distribution of boundaries.
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Figure 2.13: Spherical polar coordinates of the grain boundary plane normal n
with respect to the frame of reference of the crystal containing the boundary.

Figure 2.14: Coherent Σ3 boundary. Reproduced from Lu et al. [88].
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Twin Boundaries

Twin boundaries are special boundaries with speci�c orientation rela-

tionships between the grains such that the two adjoining lattices have a high

density of coincident lattice sites. Boundaries with a high density of coinci-

dent lattice sites are interesting because of good atomic �t and hence lower

energy. The crystallographic geometry of such boundaries is understood using

the coincidence site lattice (CSL) model [89]. According to the CSL model,

the boundaries are described using the Σ value, which is de�ned as the ratio of

the area enclosed by a unit cell of the coincidence sites, and the standard unit

cell. In other words, the Σ is the reciprocal density of coincident sites [87].

The Σ3 boundaries in Cu are of particular interest due to their frequent

occurrence and low energy [90]. In the axis-angle description, the Σ3 misori-

entation is a rotation of 60◦ about the <111> axis (In terms of Euler angles:

(45◦, 70.53◦, 45◦ )). In coherent Σ3 boundaries the grain boundary plane nor-

mal is oriented along the rotation axis resulting in a high degree of order in the

atomic arrangement at the boundary (Fig. 2.14). The {111} plane is the twin-

ning plane for the Σ3 misorientation. When the grain boundary plane for a Σ3

misorientation does not coincide with the twinning plane, then the boundary

is referred to as the incoherent Σ3 boundary. The properties of coherent and

incoherent Σ3 can be signi�cantly di�erent The special properties associated

with Σ3 boundaries such as low energy, low di�usivity and low mobility are

valid only in the particular case of coherent Σ3 boundaries. The incoherent Σ3

boundaries with any other boundary plane are incoherent and can be treated
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as regular high angle boundaries.
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2.5 Techniques to Determine Local Orientation and Grain
Boundary Texture

In general, X-ray di�raction and electron di�raction techniques in a

TEM or SEM are used for analyzing grain orientations and grain boundary

information in polycrystalline structures. The physical process of di�raction

refers to elastic and coherent scattering of waves from scattering centers. Co-

herency of the scattering process preserves the precision of wave periodicity

[91, 92]. In a crystal, atoms act as multiple scattering centers, and the emis-

sion of scattered waves by atoms of di�erent types and positions results in

constructive or destructive interference along di�erent directions. Such inter-

ference results in maxima and minima of intensities which provide a spectrum

of real space periodicity of the crystal [91]. The resulting pattern is called a

di�raction pattern. In a common di�raction experiment carried out for crystal

structure elucidation, the incident waves must have wavelengths comparable

to the atomic spacings in the crystal [91].

2.5.1 X-ray Di�raction

X-ray di�raction (XRD) is the most commonly employed technique

for determining texture information in polycrystals. In XRD, the oscillating

electric �eld of the incident X-ray moves the atomic electrons and their ac-

celerations generate an outgoing wave [91]. Experimentally, the intensities of

the X-rays after interaction with the specimen are collected and plotted for

various incident angles. As a geometrical construct, for a certain set of crys-
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tallographic planes in the structure, an intensity maxima is observed when the

incident angle angle satis�es the Bragg's condition.

2dhklsinθB = nλ (2.24)

where dhklis the interplanar spacing of the (hkl) plane, θB is the Bragg's an-

gle, λis the wavelength of the incident x-ray and n is an integer representing

the order parameter [93]. Analysis of the obtained data can provide a direct

measurement of the average texture in the material. XRD can also be used to

obtain strain related information in the structure and for accurate lattice pa-

rameter measurements [91, 93, 94]. Based on the peak width, x-rays can also be

used to obtain the average crystallite size. However, since X-rays do not carry

any charge, they cannot be de�ected/focused by electric or magnetic �elds

to sample individual nanoscale grains for local texture. Thus, although XRD

provides a wealth of quantitative microstructure information, other di�raction

techniques are required to image and characterize local texture from individual

nanocrystals in an ensemble.

2.5.2 Electron Backscatter Di�raction

The electron backscatter di�raction (EBSD) is a microstructure char-

acterization technique employed in the SEM to obtain individual grain orien-

tations, local texture, misorientations and phase identi�cations in bulk poly-

crystals. EBSD patterns are generated due to backscatter of a stationary high

energy electron beam from the di�erent planes in a crystal thereby generating
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Kikuchi bands [95]. The geometry of a Kikuchi pattern can be interpreted

as a gnomic projection of the crystal lattice on the screen with the point of

impingement of the primary beam on the specimen surface being the center of

projection. The set of di�racted beams in three dimensions form pairs of cones

oriented symmetrically about the di�racting planes [91]. Fig. 2.15(a) contains

a schematic showing the incident beam on the specimen resulting in di�raction

from a speci�c set of planes giving rise to backscatter Kikuchi di�raction. Fig.

2.15(b) shows a typical EBSD pattern taken from monocrystalline Si at 20kV

beam energy. When more than one Kikuchi band is considered, the angles be-

tween the projected plane normal orientations correspond to the interplanar

angles, and the angular width of the Kikuchi band {hkl}is twice the Bragg

angle. The extinction rules of the expected re�ections for the crystal structure

are determined by structure factor calculations.

EBSD analysis is carried out on a specimen which is tilted between 60o

and 70o from the horizontal, which is the optimum position for examining the

microstructure using backscattered electrons. Following such examination the

specimen is tilted to the EBSD operating position, and the di�raction patterns

are acquired on the phosphor screen. The pattern is either viewed through a

high sensitivity camera through a window from outside the specimen chamber,

or the phosphor screen is placed on a �ber optic bundle directly coupled to a

camera sensor. The acquired patterns are then indexed in an automated man-

ner using a template matching algorithm. Initially, during indexing, a Hough

transformation is applied to the EBSD patterns [96, 97]. After the transforma-

52



tion each Kikuchi line is mapped to a point in Hough space. Subsequently, the

transformed patterns are compared with precalculated templates using cross

correlation [97]. The match with the highest correlation index is considered as

the best solution. Since EBSD uses Kikuchi patterns which possess the actual

crystal symmetry, for orientation determination, it has a high orientation res-

olution of the order of ~0.1◦ [97], which can extremely valuable for extracting

quantitative microstructure and strain related information. The complete pro-

cess automation feature also allows for rapid and reliable orientation mapping

of polycrystalline structures.

However the EBSD technique possesses certain disadvantages as well.

Even while using a �eld emission gun (FEG) equipped SEM, the spatial reso-

lution of EBSD falls more than an order of magnitude behind the resolution

in conventional SEM imaging. This is because the inherent resolution of the

EBSD is not governed by the diameter of the beam spot at the point of inci-

dence on the sample surface, but primarily by the excitation volume i.e. the

fraction of the interaction volume of the primary electrons within the sample

from which the backscattered electrons leave the crystal (Fig. 2.16). There-

fore, reducing the probe size to below the diameter of the interaction volume

would not improve the resolution and in turn would adversely a�ect the beam

current. This interaction volume also increases for light materials and higher

beam voltages. Therefore, to improve the spatial resolution, EBSD is per-

formed by lowering the beam voltages to below 20 kV. However, this results in

signi�cant lowering of the beam brightness and consequently the pattern in-
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tensity collected on the screen. Thus, as a consequence of the steep sample tilt

and the elongated projection of the beam spot, the lateral spatial resolution

of EBSD at its best in a FEG SEM is about 25 nm for Cu [97].
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Figure 2.15: (a) Schematic of the di�raction plane with respect to the re�ect-
ing plane, specimen and the phosphor screen (b) Kikuchi pattern taken from
monocrystalline Si at 20 kV beam energy

Figure 2.16: Interaction and excitation volumes in EBSD
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2.5.3 Electron Di�raction in TEM/STEM

The existing electron di�raction techniques in a TEM/STEM are se-

lected area di�raction, nanobeam di�raction and convergent beam di�raction.

2.5.3.1 Selected Area Di�raction

Selected area electron di�raction (SAD) is the oldest and most common

technique employed for obtaining spot di�raction patterns from crystals. In

this process, a parallel electron beam is incident on the specimen. The electron

ray-path at such a setting is depicted in Fig. 2.17. A selection aperture called

the intermediate aperture is inserted coplanar with the image in order to al-

low only the transmitted and di�racted rays emanating from the selected area

to enter the remaining magni�cation system. Insertion of such an aperture

at the image plane, which is conjugate with the specimen creates a virtual

aperture in the plane of the specimen. Then, the intermediate lenses are ad-

justed to project the back focal plane of the objective lens onto the viewing

screen. Consequently, although all electrons from the specimen contribute to

the di�raction pattern formed at the back focal plane, only those from the

region of interest are allowed to contribute to the di�raction pattern formed

on the viewing screen/CCD camera [91]. The coherent incident illumination

in SAD results in the production of sharply de�ned di�raction spots. The

high resolution obtained in reciprocal space is particularly useful for perfect

crystals. However, the sample volume contributing to the di�raction pattern

is limited by the aperture size in the image plane and the aberrations in the
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objective lens. Since it is very challenging to make apertures smaller than

about 5-10 µm, and the demagni�cation back to the specimen plane is about

25X, the minimum area that can be selected is of the order of 0.2-0.4 µm [98].

This renders SAD unsuitable for obtaining di�raction information from indi-

vidual nanocrystals within an ensemble. Fig. 2.18 illustrates the aforemen-

tioned problem associated with SAD. It is evidently impossible to obtain a

spot di�raction pattern from an individual nanoparticle in the cluster because

of the large aperture size. Instead, the pattern obtained contains di�raction

information from the group nanoparticles encompassed by the aperture (Fig.

2.19).
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Figure 2.17: SAD and imaging mode in a TEM [Williams, 2008]
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Figure 2.18: Bright �eld TEM image of Ag nanoparticles. The circle depicts
the approximate area selected by the intermediate aperture

Figure 2.19: Typical selected area di�raction pattern obtained from a cluster
of nanostructures
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2.5.3.2 Nanobeam Di�raction

The nanobeam di�raction (NBD) technique was developed to obtain

spot patterns from individual nanosized crystals. In this technique, improve-

ment in spatial resolution compared to SAED has been achieved by limiting

the area of illumination on the specimen. The NBD technique uses a nano-

sized quasi-parallel illumination, which enables the formation of sharp spots

in the di�raction plane and subsequent easy indexing. A schematic of the

pre-specimen electron ray path in NBD is depicted in Fig. 2.20. In this mode,

excitation of the �rst condenser lens (C1) is stronger than in conventional

TEM/SAED illumination condition in order to achieve a greater demagnica-

tion of the electron source. This results in an e�ective reduction of the spot size

on the specimen. A small condenser aperture (10 or 20 µm) is also employed

to reduce the convergence angle of the beam. The cross over formed above the

front focal plane of the objective pre-�eld lens results in a quasi parallel illumi-

nation. Consequently, this results in sharp maxima at the back focal plane of

the objective lens. Although NBD results in the production of easily indexable

spot patterns, the reduced beam size a�ects precise positioning of the beam at

the nanostructure of interest. Frequent toggling required between TEM and

NBD modes may also result in beam shifts, which is undesirable. These limi-

tations makes this technique tedious for obtaining di�raction information from

a large number of nanosized grains. Furthermore, the inability to automate

this process makes this method extremely time consuming if attempted to be

used for characterizing numerous grains.
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Figure 2.20: Electron ray path in CBD and NBD
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2.5.3.3 Convergent Beam Di�raction

In the previously discussed SAD and NBD conditions, the incident

electron beam is a plane wave traveling in one direction, usually parallel to the

optic axis, represented by a single wave vector. In convergent beam di�raction

(CBD), the incident electron beam is a cone of electron waves impinging on the

sample over an angular range (semi-angle of convergence). This phenomenon

can be visualized in reciprocal space as a continuum of Ewald spheres rocking

about the origin over the same angular range [91]. This results in a di�raction

pattern consisting of discs instead of spots. In modern electron microscopes,

CBD can be performed in a TEM/STEM mode. From an optics perspective,

as depicted in Fig. 2.20, the �rst condenser lens is strongly excited to greatly

demagnify the electron source. Usually, in order to obtain a large convergence

angle at the specimen, a large condenser aperture (>40 µm) is used. Since,

the CM lens is deactivated, parallel rays following C3 set up a virtual source

at an in�nite distance for the objective pre-�eld lens. This results in a sharply

converged probe at the specimen, which is at the focal plane of the objective

pre-�eld lens. As a consequence of having incident electrons over a range of

angles, the di�raction pattern consists of disks. Some scattering vectors that

have larger components along the z-direction cause higher-order Laue zones

(HOLZs) to become visible in di�raction patterns, which makes di�raction in

CBD mode, a three-dimensional phenomenon. The obtained di�raction disks

carry a wealth of information regarding the structure of the specimen and can

be used to determine lattice parameter, point group and space group of the
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crystal [91, 98].

However, it is challenging to index the disks accurately, particularly for

local orientation determination due to possible disk overlaps and contrast vari-

ations within the disks. Furthermore, when operated in the TEM mode, CBD

like NBD requires frequent toggling between the image and di�raction modes.

This can be a potential cause for beam shifts, which is a signi�cant problem

a�ecting accuracy, especially while operating on individual nanostructures, of-

ten separated by just a few nanometers. In the particular case of CBD, the

STEM mode can also be employed. In this fashion, it is possible to obtain a

scanned image using a convergent probe, while acquiring di�raction patterns

without the need for switching between the image and di�raction modes. This

improves the accuracy with which a region can be selected. In addition, the

scanning of the beam reduces the risk for specimen damage, while beam shifts

can also be minimized. However, the presence of di�raction discs would still

pose problems during pattern-indexing.

2.5.3.4 Other nano-area di�raction techniques

With the growth of nanotechnology, other novel nano-area di�raction

techniques were developed to address the problems associated with conven-

tional electron di�raction techniques. Cowley et al. [99] showed that the use

of a convergent beam in the STEM mode, combined with the use of a small

aperture and optimum defocus of the electron beam on the specimen, reduced

the size of the di�raction discs, thereby reducing disc overlapping . Kolb et
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al. [100] used this approach in a Technai F-30 FEG TEM/STEM equipped

with a small condenser aperture (10 mm), to obtain a quasi-parallel beam for

coherent electron di�raction while in STEM mode. This technique generated

probe sizes between 15-50 nm at the specimen. Similarly, He et al. [101] devel-

oped a nano-area parallel beam di�raction STEM method on a Libra 200 FEG

microscope, using Kohler illumination. By altering the condenser defocus, a

quasi-parallel electron beam of 80 nm diameter was achieved on the speci-

men. Although these methods were capable of obtaining spot patterns from

individual nanostructures, the relatively large beam diameters still posed chal-

lenges for obtaining isolated di�raction information from a dense ensemble of

small nanosized crystals. In addition, problems associated with possible beam

shifts while switching between convergent and parallel illumination modes still

persisted.

2.5.4 Microstructure Changes in Downscaling Cu Interconnects

The aforementioned di�raction techniques have been used by numerous

researchers to understand the evolution of annealing textures in Cu intercon-

nects as a function of downscaling. Among these techniques EBSD and XRD

have been most commonly used. Lee et al [102] analyzed the texture changes

in electrodeposited Cu interconnect specimens ranging from 6µm to 0.2 µm

in trench width using EBSD. They found that the 0.2 µm wide lines had

a {111}<110> texture wherein the {111} grains grew normal to the trench

with a <110> orientation along the trench length. Minor textures of the
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twin components of {115}<110> and {115}<141> were also found. In the

wider lines, 0.5 µm - 2 µm in trench width, {111}<112> orientation dom-

inated with a weaker �ber component while the 4 µm and and 6 µm wide

lines showed mixed {111}<110> and {111}<112> component textures. The

texture evolution is discussed on the basis of stress and strain energy distri-

butions. They mention that when the polycrystalline deposit having a �ber

texture is annealed under balanced stresses, the resulting annealing texture is

always of a �ber character irrespective of whether the resulting texture di�ers

from the deposited one or not. They also account for the elastic anisotropy of

Cu and discuss that to minimize the overall strain energy of the system, selec-

tive growth occurs for the grains aligned with the minimum Young's modulus

direction along the direction of maximum stress. Similar �ndings have also

observed by Cho et al. [103] in electrodeposited Cu lines less that 2 µm in

width who observed{111}<110> texture and minor {115} type textures.

Kim et al. [24] also investigated the microtexture of 0.18 µm, 0.25

µm, 0.70 µm and 2 µm wide damascene Cu lines using EBSD. They observed

strong {111} textures for the 0.18 µm and 0.25 µm lines. Minor {114} and

{112} textures were also observed in the 0.18 µm and 0.25 µm wide lines

respectively. The 2 µm wide lines showed a relatively weak texture. A major

part of their work was directed towards addressing image drift issues during

EBSD analysis on their test specimens. They mention that while analyzing

specimens with multiple phases (capping layer, dielectric, metal line), di�erent

levels of charge accumulation can occur at the interfaces between the di�erent
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phases, and this can worsen drift issues. Therefore, they they shortened the

measurement time and employed a selected area mapping technique with Au

and C dual layer coating. The results of the orientation mapping with and

without the selected mapping technique is shown in Fig. 2.21 The details of

the technique can be found in the paper by Kim et al. [24].
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Figure 2.21: Orientation mapping of 0.18mm width Cu interconnect line along
normal direction, rolling direction and transverse direction. (a) Mapping of
whole interested area without coating shows signi�cant drift e�ects, (b) Se-
lected area mapping with gold and carbon dual layer coating shows signi�cant
reduction in specimen drift during acquisition of EBSD patterns[24]
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Besser et al. [26] also comprehensively investigated the microstructure

of inlaid electroplated Cu lines as a function of annealing conditions, post-

plating, and post-CMP using XRD and EBSD. The analysis was performed

on lines with widths ranging from 0.35 µm to 1.06 µm. Pole �gure analysis was

performed by tilting the sample to measure the entire population of a particu-

lar family of crystallographic planes relative to the surface normal. Pole plots

generated by XRD from 1.06 µm wide lines showed the (111) peak at 0oand

the (11-1), (1-11) and (-111) at 70.5o. Similar results were obtained in the

case of a blanket Cu �lm (Fig. 2.22). The lines also exhibited a reduction in

(511) intensity, suggesting a reduction in the twinning relative to the blanket

�lms. As the linewidth decreased from 1.06 µm to 0.35 µm, the (111) intensity

reduced and sidewall nucleated (111) grains were observed. The (11-1), (1-11)

and (-111) peaks also exhibited asymmetry (Fig. 2.23). These observations

were explained by the fact that for lines, the (111) grains nucleated and grew

from both the trench bottom and the sidewall. Therefore, the pole plot ob-

tained was the sum of these individual contributions from the trench bottom

and the trench sidewall. The (111) grains that nucleated from the trench bot-

tom were also found to have a [110] type texture parallel to the trench sidewall.

They also observed that the texture of 0.35 µm wide lines was not strongly

dependent on the presence of the overburden layer of Cu. In order to under-

stand the independence of the Cu line texture on overburden, they performed

cross-section analysis after post-plating anneal, prior to CMP. Their observa-

tions showed signi�cant grain growth in the Cu overburden, but the Cu grains
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in the overburden layer were not found to extend into the trenches. The (110)

and the (100) pole plots also revealed the absence of {110} and {100} type

textures in these lines (Figs. 2.24(a) and (c)) . However, the (110) pole plot

(Fig. 2.24(b)) also showed increased intensity of the sidewall nucleated (111)

grains at 90o tilt, suggesting a preferred in-plane orientation of [110] along the

trench bottom for the sidewall-nucleating (111). The authors explain that the

sidewall growing grains are a�ected by the presence of the trench bottom in

the con�ned structure, and that they minimize their total surface energy with

this in-plane orientation.
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Figure 2.22: Stereogram showing the crystallographic texture for an annealed,
blanket Cu �lm. The (111) pole plot shows that the Cu has a strong (111)
�ber texture and (511) twins [26].
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Figure 2.23: Stereogram showing the crystallographic texture results as a func-
tion of linewidth for inlaid Cu lines. The (111) pole plots for 0.35, 0.5, 0.7 and
1.06 mm show the lines are (111) oriented. The fraction of sidewall-nucleated
(111) grains increases with decreasing linewidth [26].
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Figure 2.24: (a) Stereogram showing (110) and (100) pole plots for 0.35 µm
lines. with no (110) or (100) oriented grains (b) Schematic drawings illustrat-
ing the development of (111) texture in lines and the in�uence of these texture
components on the pole plot. For lines with vertical sidewalls, (111) grains
grow from the trench bottom and sidewall. Sidewall growing grains show a
preferred [110] in-plane orientation [26].
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Recently, Legros et al. [29, 30], using TEM studies have studied mor-

phology evolutions on in-house fabricated Cu lines with line widths of 80 nm,

250 nm and 3 µm. Speci�cally, they have investigated the in�uence of the over-

burden layer on the �nal microstructure of the interconnect lines with di�erent

annealing treatments. They observed that the grain structure of wide (>250

nm) Cu lines was strongly connected to the grain structure of the overburden

layer. However, as the line width was downscaled to 80 nm, the invasion depth

of the overburden layer reduced. Even annealing treatments at 400oC only re-

sulted in a minor increase in the invasion depths. Furthermore, the propose

that other parameters, such as the line section, side taper of the trench geom-

etry, intrinsic stress states and chemical contamination of Cu grains can a�ect

this invasion mechanism.
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Chapter 3

Experimental Procedure

3.1 Materials

This section discusses the fabrication procedures of the materials inves-

tigated for orientation, phase mapping and also details of the sample prepara-

tion techniques for TEM observations.

Copper Interconnects

Sample fabrication: Periodic Cu interconnects with line widths of 1.8 µm,

180 nm and 120 nm were fabricated using the damascene process by Freescale

Semiconductor, Inc. The 70 nm wide periodic damascene Cu lines were ob-

tained from Texas Instruments, Inc. The thickness of the underlying Si wafer

was 750 µm. Flurorinated tetra-ethyl orthosilicate (F-TEOS) was deposited as

the interlayer dielectric (ILD) material for the 1.8 µm and 180 nm wide lines.

The 120 nm wide lines were embedded in a carbon-doped oxide (SiCOH) di-

electric, while the 70 nm lines were separated by a porous SiCOH dielectric.

Ta was used as the di�usion barrier layer for Cu. The electrodeposited Cu was

annealed at 250°C for 30 minutes before the chemical mechanical planarization

(CMP) process. Subsequently, the silicon carbon nitride (SiCN) capping layer

was deposited by chemical vapor deposition (CVD). The dimensional speci�-
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cations of the di�erent layers are shown in Table 1. A representative schematic

of the structure in cross section is shown in Fig. 3.1.
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Line Trench Capping Layer Aspect
Width (nm) Depth (nm) Thickness (nm) Ratio

1800 260 50 0.14
180 260 50 1.44
120 200 20 1.74
70 144 15 2.05

Table 3.1: Dimensional speci�cations of the Cu interconnect specimens with
varying line widths

Figure 3.1: Schematic of Cu interconnect sample in cross section
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TEM sample preparation for planar view observation: Electron transparent

samples for planar observations in a TEM were prepared using conventional

sample preparation methods. The sample preparation consisted of disc cutting,

mechanical polishing, dimpling and ion milling. A Fischione 150TM Ultrasonic

Disk Cutter was used to cut a 3 mm disc from the wafer. The disc was then

mechanically polished from the underlying Silicon side using a diamond lap-

ping �lm with grit sizes in order of 30, 15, 3, 1, and 0.5 µm to a thickness

of ~100 µm. The sample thickness during lapping was accurately controlled

by using a Gatan Tripod PolisherTM. The polished sample was dimpled to

a thickness of ~4 µm using a GatanTM 656 Dimpling GrinderTM. The sam-

ple was then ion-milled to electron transparent thickness with a Gatan 691

Precision Ion Polishing SystemTM (PIPS) using 3.0 KeV/3.0 mA beam at an

angle of <5o. To minimize changes in the microstructure during TEM sam-

ple preparation, the ion-milling process was carried out under liquid Nitrogen

conditions, primarily from the Si side. The top layer was milled for only a

few minutes at 2.0 keV/2.0 mA to completely remove the ILD layer on top.

It also ensured that the Cu grains in contact with the passivation layer were

kept intact. This is important since the Cu/passivation interface is the fastest

di�usion path during EM and SIV, and the orientation of the Cu grains in

contact with this interface signi�cantly a�ects the interfacial di�usivity.

TEM sample preparation for cross-section observation: TEM samples for cross-
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sectional observations were prepared by the focused ion beam (FIB) technique

using the FEI StrataTM 235 dual beam FIB equipped with a FEG. In FIB, a

Ga ion source is employed, and the resulting ion beam is rastered to sputter

the material from the target substrate. The instrument also possesses an elec-

tron gun inclined at an angle of 52o with respect to the ion gun that facilitates

regular SEM imaging during the milling process. The technique allows for the

precise fabrication of electron transparent specimens down to below 100 nm

in thickness. Speci�cally, the trench-bar technique (H-bar) was employed to

prepare the Cu interconnect samples [6]. The 3mm wide samples were ini-

tially thinned to ~100 µm. Subsequently, trenches were milled using the Ga

ion beam resulting in a thin TEM sample. Finally, cleaning was done with a

30 keV/10 pA beam to minimize damage to the target specimen.
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Figure 3.2: Schematic illustration of the dual beam FIB [An, 2007]
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Pulsed Laser Deposited Nickel Films

The pulsed laser deposited (PLD) Nickel �lms were fabricated at Sandia

National Laboratories and were analyzed for phase mapping (In collaboration

with Dr. S. Rajasekhara, Dr. J. Knapp and Dr. K. Hattar from Sandia Na-

tional Laboratories) 50 nm thick �lms were deposited on <001> NaCl crystals

by the pulsed laser deposition technique. A KrF laser (λ = 248 nm ), with

pulse width of 34 ns full-width half-maximum, a pulse rate of 35 Hz, and an

energy density of approximately 1-2 J/cm2 at the nickel target was used to

create a nickel plume that deposited on the NaCl substrate. The deposition

rate was approximately 0.25 nm/s. Subsequently, thin bar AtheneTM 300 mesh

TEM grids (Ted Pella, Inc.) were glued at the edges to the PLD Ni �lms using

a few drops of M-bond 610TM adhesive. To prevent sample heating, the epoxy

was cured at room temperature for at least one day. Later, the salt crystal

below the �lm/grid assembly was dissolved away in a bath of de-ionized water.

Finally, the remaining electron transparent �lm/grid assembly was carefully

lifted out and dried at room temperature to be used for TEM observations.

Platinum Nanoparticles

Nanosized Pt cubes were fabricated by re�uxing H2PtCl6 in ethylene

glycol in the presence of polyvinylpyrrolidone (PVP) and tetramethylammo-

nium bromide (TMABr). The synthesis was performed by C. Atkinson from

Prof. Stevenson's research group at UT Austin. 0.75mmol of TMABr was
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dissolved in 6mL of ethylene glycol and subjected to three cycles of vacuum

purge and nitrogen �ush. Using an oil bath and working under inert gas, the

stirred reaction vessel was heated to 180 °C. The platinum mixture was purged

with nitrogen and injected into the heated solution through a septum. The

vessel was held at temperature for 30 min after the solution turned black at

the onset of nucleation and allowed to cool. The platinum cubes were sepa-

rated from solution by centrifugation after adding acetone. The concentrated

particle precipitate was then re-dispersed in 8mL ethanol and �ltered through

Millipore Amicon UltraTM centrifugal �lter units. The dispersion/�ltration

cycle was repeated twice more with water, and the �nal rinsed product was

dispersed in 15 mL of water for storage. Subsequently, a few drops from the

solution were collected and deposited on Cu grids (300 mesh) covered with

lacey carbon for automated orientation analysis in the TEM.

3.2 Methods

3.2.1 D-STEM

In order to address the limitations of the existing electron di�raction

techniques like EBSD, SAD, NBD and CBD, a novel parallel electron di�rac-

tion technique called D-STEM (Di�raction Scanning Transmission Electron

Microscopy) was developed in a JEOL 2010F TEM/STEM instrument. In D-

STEM, the electron optics inside the microscope were modi�ed to obtain a 1-2

nm near-parallel illumination (<1o convergence) on the specimen in the STEM

con�guration [104]. This probe could be scanned to produce both bright-�eld
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and dark-�eld STEM images. Subsequently, the probe could be positioned

on the image at the nanostructure of interest, as small as 3 nm, to obtain

sharp spot di�raction patterns. A schematic representation of the ray path

in D-STEM is shown in Fig. 3.3. Furthermore, for automated acquisition of

sharp spot patterns in the STEM mode, the D-STEM technique was coupled

with the STEM Di�raction ImagingTM software from Gatan. The coupling of

the two techniques combined the rich information of electron di�raction with

the spatially resolved power of spectrum imaging (line and area scans) and

thereby enabled a fast pixel-by-pixel acquisition of di�raction patterns.
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Figure 3.3: Schematic representation of ray path in D-STEM [Ganesh, 2010a]
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Although the D-STEM technique can be used for automated di�rac-

tion pattern acquisitions, sometimes, crystals can be orientated o� a prominent

zone axis resulting in a quasi-two beam condition or a systematic row of re-

�ections. An example of such a case is shown in Fig. 3.4. In such situations,

it is impossible to index the crystal orientation accurately without signi�cant

specimen tilts in the microscope. This limits the automation features asso-

ciated with the technique. In order to address this limitation, the a novel

high resolution electron di�raction technique was developed by combining D-

STEM with precession electron di�raction using the ASTARTM system from

NanoMEGAS.
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Figure 3.4: Di�raction pattern showing a systematic row of re�ections
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3.2.2 Precession Electron Di�raction

The use of specimen rocking as a means to reduce strong dynamical

e�ects is well understood in X-ray di�raction [94]. By rocking the specimen,

the intensities of the Bragg peaks in X-ray di�raction are integrated over

various specimen orientations. This concept has been recently extended to

electron di�raction. However, in electron di�raction instead of rocking the

specimen, dynamical e�ects are reduced by precessing the incident beam about

the optic axis. In precession electron di�raction, the incident beam is tilted

with respect to the optic axis of the TEM, simultaneously rotated at a constant

angle and scanned on the sample to obtain di�raction intensities integrated

over the entire scan (Fig. 3.5). The use of precession in electron di�raction was

introduced by Vincent et al. in 1994 [105]. As the incident beam undergoes

de�ection and is scanned conically, on the specimen, the di�raction pattern

oscillates as well. To compensate for the movement of the di�raction pattern

and keep the di�raction pattern stationary, the di�racted beams are tilted

in a complementary manner. The net e�ect of such a scan-descan setup is

equivalent to precessing the sample about a stationary focused beam. Fig. 3.6

shows a schematic ray diagram for the precession di�raction.
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Figure 3.5: Block diagram of the set up for precession electron di�raction.
Reproduced from Vincent and Midgley [104].
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Figure 3.6: Ray diagram for precession di�raction, a double-conical beam
rocking system. G is the radius of the conical di�raction and C is the precession
angle [98].
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When precession is employed, the observed di�raction pattern is an

average of all the di�raction patterns within the precession cone. Since the

intensities are integrated over many crystal orientations which are o� zone

axis, fewer beams are strongly excited simultaneously. Therefore, zone axis

channeling and consequently, dynamical e�ects are reduced. Dynamical e�ects

are reduced as the incident beam is not exactly on axis and fewer beams are

excited simultaneously. Thus, precession di�raction can be used to achieve

quasi-kinematical conditions [105-109]. Also, the use of precession enables the

collection of higher order Laue re�ections, which are useful in eliminating the

ambiguities in indexing the spot di�raction patterns [107]. Additionally, it is

possible to obtain quite symmetric patterns even when the crystal is o� zone

axis by 1◦ when precession is employed and hence, o� zone axis patterns can

also be indexed in a reliable manner. Due to the aforementioned advantages,

the reliability of orientation solutions from patterns collected using precession

is much higher. As an example of the improvement in the pattern quality when

precession is employed, di�raction patterns from the same region acquired with

and without precession are compared in Figs. 3.7(a) and (b). The reduction

of dynamical e�ects with the use of precession can be observed by noting the

disappearance of the Kikuchi lines Fig. 3.7(b). Also, the presence of more

spots can be seen when precession is used.
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(a)

(b)

Figure 3.7: Di�raction patterns from Cu samples with (a) no precession and
(b) with a precession angle of 0.4◦. Note the presence of faint Kikuchi lines
when the di�raction pattern is collected without precession, which vanish with
the use of precession.
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3.2.3 D-STEM with ASTAR: The Instrumentation

The ASTARTM system comprises a dedicated unit called DigistarTM

for externally controlling the beam and image de�ector coils of the TEM (Fig.

3.8). Components from the DigistarTM unit were hardwired to the ampli�ers

of the individual de�ector coils. Such a setting enabled automated precession

and scanning of the incident electron beam. During precession, it also allowed

complimentary descan of the beam below the specimen plane for collecting

stationary spot patterns (Fig. 3.6). Initially, the D-STEM lens con�guration

was set up to achieve a 1-2 nm near-parallel illumination. Subsequently, the

precession of the beam was enabled and a high frame rate external optical

camera unit was mounted at an angle of 45o to the phosphor screen for rapid

acquisition of the di�raction patterns. During acquisition, the viewing screen

was tilted by the same angle so that the optical camera was aligned perpendic-

ular to it. The acquired patterns were automatically indexed using a template

matching software called ACOMTM. The following two subsections discuss

the alignment and operating procedures for reliable orientation imaging using

ASTARTM.
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Figure 3.8: Schematic of hardware setup for the ACOMTM system. (Courtesy:
E. F. Rauch).
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3.2.3.1 Alignment Procedure for Precession Using Digistar

The main objective of the alignment procedures is to to ensure that the

incident beam, di�raction pattern and image are laterally stationary during

precession. Speci�cally, the corresponding alignments can be categorized into:

(a) beam pivot point (b) descan and (c) image pivot point. Before carrying

out the alignments with a precessed beam, the basic TEM alignments like the

high tension alignment, voltage center alignment and the condenser aperture

alignments must be carried out with an unprecessed beam. The specimen of

interest should also be located at the eucentric position and the objective lens

excitation should be set to the reference value for the microscope. Usually a

precession frequency of 100Hz is chosen

(a) Beam pivot point alignment : The beam pivot point alignment is carried out

at the precession angle of interest to ensure that the incident beam is circular

and stationary while it rotates. This alignment is carried out in the imaging

mode by controlling the amplitude and phase of the external signal provided

to the lower set of beam de�ector coils in the X and Y directions (BDLX and

BDLY). The amplitude and phase options can be changed in the adjustment

panel of the GUI (Fig. 3.9(a)).

(b) Descan alignment : Descan of the beam refers to the complimentary tilt

and rotation given to the inverted cone of electrons formed during precession

below the specimen plane. The descan alignment ensures that the di�raction

pattern formed at the back-focal plane of the objective lens remains stationary

as the beam is precessed. This alignment is carried out in the di�raction mode

93



by controlling the amplitude and phase of the external signal provided to the

lower set of X and Y image de�ector coils (IDLX and IDLY) as shown in Fig.

3.9(b).

(c) Image pivot point : The image pivot point alignment is carried out to re�ne

the eucentric adjustment of the specimen thereby ensuring that the apex of

the precession cone lies on the specimen plane. In this alignment, the Z-height

of the specimen in the microscope is adjusted with a spread beam, to obtain

a sharp image. The combination of the beam pivot point and the image pivot

point ensures that there is no lateral motion of the beam on the specimen

plane as it precesses.
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(a)

(b)

Figure 3.9: (a) Screen-shots from Digistar control for (a) Beam pivot point
alignment (b) Descan alignment
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Compensation adjustments : It is known that conventional alignments

in a regular TEM can only correct up to 2 fold astigmatism. Sometimes, due

to additional inherent aberrations of the microscope, especially revealed while

precessing at high angles, the amplitude and phase adjustments can be insu�-

cient to form a stationary circular probe. In such conditions, the compensation

adjustment feature provided in the DigistarTM control panel can be employed.

Compensation adjustments provide the freedom to distort the conventional

sinusoidal waveform of the external signal supplied to the de�ector coils. The

signal can be divided into 10, 20 or 40 segments thereby dividing the wave-

form into sectors of 36o, 18o and 9o respectively. Subsequently, the default

sinusoidal signal to the de�ectors is superposed upon the compensating signal

to achieve a circular, stationary electron probe. The compensation feature is

provided for both the beam pivot point and descan modes. An example of a

situation requiring compensation adjustments is shown in Fig. 3.10(a) where

the precessed incident beam su�ers from a lacing e�ect. To correct the com-

plex beam distortions, initially, the beam is elongated along the Y direction

(Fig. 3.10(b)). Then, a compensating amplitude is provided to the signal in

the X direction (Fig. 3.10 (c)) to alter the beam shape to a pseudo-line (Fig.

3.10 (d)). The same process is repeated by elongating the beam along the X

direction and correspondingly shaping the beam to a pseudo-line along the Y

direction. Finally, the amplitude and phase controls in the adjustment panel

for the beam pivot point or the descan alignment can be used to form a circular

beam (Fig. 3.10 (e)).
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Figure 3.10: Examples from compensation alignment showing (a) lacing ef-
fect of the beam (b) elongation along Y direction (c) compensation adjust-
ment along X direction (d) resulting pseudo-line along the Y direction (e) well
aligned beam.
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3.2.3.2 Automated Indexing Using ACOMTM

As previously mentioned, the ASTARTM system comprises a software

called ACOM for automated indexing of di�raction patterns. Automated in-

dexing of the spot di�raction patterns is achieved in the following manner

[110, 111]. Initially spot patterns for a given material are generated for all

the Euler angles in the fundamental zone depending on the symmetry of the

crystal. Then every experimentally acquired di�raction pattern is converted

to a polar image and the intensity at each (r,θ) coordinate (where r is the

radius from the central spot and θ is the azimuth) is cross correlated with

the generated templates. The best match for a given template is found by

maximizing the correlation index Qi(x, y), which is de�ned for a pixel in the

orientation map with coordinates with (x, y) gives the degree of matching be-

tween the di�raction pattern from this point and the template i and is given

by the equation

Qi(x, y) =

∑m
j=1 P (xj, yj)Ti(xj, yj)√∑m

j=1 P
2(xj, yj)

√∑m
j=1 T

2
i (xj, yj)

, (3.1)

where P (x, y)and Ti(x, y) give the intensities of the points (x, y) for the di�rac-

tion and the template i [111]. The maximum value of Q, known as the image

quality or correlation index, for a given pixel corresponds to the best matching

template. the reliability index1 RQ of an indexing solution as

RQ =

(
1− Q2

Q1

)
, (3.2)

1The reliability index is also referred to as the con�dence index.
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where Q1 and Q2 are the correlation indices for the two highest maxima.

A vanishing RQ implies that there is more than one solution to the given

di�raction and it is not possible to specify a unique solution with the given

information. This would be the case for patterns where the spot intensities

is too low or the number of spots is not su�cient. This is also true for two

overlapping patterns which would be the case at the grain boundaries. The

reliability index is low for the patterns with the 180◦ ambiguity.

For the purpose of indexing, about 2500 templates were generated.

Template bank is the collection of all the di�raction patterns generated for a

given structure. For a template bank of this size, the disorientation between

two successive templates is less than one degree. The indexing routine involves

optimizing a number of adjustable parameters. Of the many adjustable param-

eters, optimizing two of the parameters was found to be critical for obtaining

reliable indexing solutions. These two parameters are the camera length and

the distortion correction. Each of these is discussed below.

Camera Length: Camera length is optimized by selecting the camera

length that maximizes the maximum correlation index Q for a given di�raction

pattern. For the purpose of camera length calibration, it is important to

select a di�raction pattern with many spots from the same crystal so that at

the correct camera length the correlation index has a distinct maximum (Fig.

3.11). Camera length was optimized for indexing each acquisition.

Distortion: Since the electron di�raction patterns are collected on a

plane inclined at 45◦ angle the di�raction pattern is always distorted. Without
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correcting for the distortion, the orientation solutions will be incorrect. The

distortion is corrected by stretching the image in the vertical direction and

compressing in the horizontal direction (Fig. 3.12 (a)). An example of a

di�raction pattern before and after distortion correction is shown in Figs. 3.12

(b) and (c). The distortion correction is determined by selecting a di�raction

pattern for which the correct solution can be identi�ed easily and then the

distortion correction is determined by maximizing the correlation index for

this solution. It should be noted that camera length and distortion should be

optimized in a iterative manner.
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(a)

(b)

Figure 3.11: (a) Variation of the maximum correlation index with camera
length. (b) Overlay of the best matching template with the observed di�raction
pattern.
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(a)

(b) (c)

Figure 3.12: (a) Distortion correction. (b) Di�raction pattern with distortion.
(c) Di�raction pattern corrected for distortion.
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3.2.4 π - Inversion Calibration of a Consistent Frame of Reference

It is important to consistently and unambiguously specify the frame of

reference for the orientation maps. Without the knowledge of the reference

system with respect to which the crystal orientations are speci�ed, it is only

possible to determine the relative orientation of a grain with respect to another

grain in an orientation map, while the orientation of a crystal with respect to

a �xed sample reference is ambiguous. Therefore, only the grain boundary

misorientations can be determined while it is not possible to determine any

information about the orientation of the grain boundary planes.

In ACOMTM, the positive x direction is given by the scan direction

and the direction parallel to the optic axis of the microscope is taken as the z

direction, where the direction from the sample to the gun is taken to be posi-

tive direction. The y direction is chosen to obtain a right handed orthogonal

coordinate system. However, it should be noted that the crystal orientation

is determined from the di�raction pattern and in a TEM the di�raction pat-

tern is rotated with respect to the image about the optic axis. Therefore,

to unambiguously specify the frame of reference it necessary to calibrate the

image rotation with respect to the di�raction pattern and the orientation of

the scanning direction.

To calibrate the image rotation with respect to the di�raction pattern

for the JEOL 2010F TEM, a specimen of α−MoO3 was used. Details of this

calibration procedure is discussed in the literature [98]. α−MoO3 is an or-

thorhombic crystal and forms asymmetric thin platelets with length along the

103



[001] direction. Fig. 3.13(a) shows the bright �eld image of an α−MoO3 crys-

tal. The di�raction pattern from the same crystal is shown in Fig. 3.13(b),

with the 100 and 001 re�ections identi�ed. The angle between the [001] di-

rections in the image and the di�raction pattern is nearly 6◦. To resolve the

180◦ ambiguity arising due to the symmetry of the di�raction pattern in Fig.

3.13(b), a defocused di�raction pattern was collected [98]. Comparison of the

bright �eld image in Fig. 3.14(a) and the defocused di�raction pattern in Fig.

3.14(b) shows that a rotation of 186◦ in the counter-clockwise direction of the

di�raction pattern is needed to make it coincide with the di�raction pattern.
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(a)

(b)

Figure 3.13: (a) Bright �eld image of an α−MoO3 crystal and (b) di�raction
pattern from the same crystal.
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(a)

(b)

Figure 3.14: (a) Bright �eld image of an α−MoO3 crystal and (b) defocused
di�raction pattern from the same crystal shows that there is a 180◦ inversion
between the bright �eld image and the di�raction pattern.
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(a)

(b)

Figure 3.15: (a) Di�raction pattern collected from an an α−MoO3 crystal
from the CCD camera and (b) the same di�raction pattern collected using the
optical camera.
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It should be noted that the di�raction pattern shown in Fig. 3.13(b)

for the purpose of calibration was collected using the Gatan CCD (Charge-

Coupled Device) camera installed on the microscope, instead of the optical

camera that is used in the ASTARTM system. It is important to note that the

di�raction pattern collected using the optical camera is always distorted and

therefore, should not be used for the purpose of calibration. The [001] in Fig.

3.15(b) (BC) is rotated by approximately 10◦ with respect to the [001] in Fig.

3.15(a) (AB)

As mentioned earlier, the direction of scanning is considered as the x

direction. Therefore, it is necessary to have a reference to specify the orienta-

tion of the scan direction. For this purpose, the scanning direction, from left

to right, that coincides with the horizontal direction in the image is considered

as the reference orientation, which was also set as the default scan direction

(Fig. 3.16). For a scanning direction oriented at an angle Θ with respect to

the reference direction, an active rotation of 186◦+Θ about the z direction in

counter-clockwise direction on the di�raction pattern is required to make the

di�raction pattern into coincidence with respect to the image.
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Figure 3.16: The coordinate system for the orientation maps with respect to
the scanning direction. OC is the orientation of the reference direction in the
di�raction pattern.
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3.2.5 Relation between TSLTM and ASTARTM Frames of Reference

The orientation maps generated by ASTARTM contains 3D orientation

information of each pixel in the microstructure and is expressed in terms of

Euler angles. However, for subsequent analysis, the TSLTM OIM data analysis

software developed by EDAXTM was used. Therefore, the orientation data

from ASTARTM was �rst exported to a .ang �le format. However, before

analysis of the exported data, it is important to have a consistent de�nition

of the frames of reference for TSLTM data analysis software and ASTARTM.

According to the notation used in TSLTM OIM data analysis, the x axis is

denoted as the Rolling Direction (RD), the y axis is denoted as the Transverse

Direction (TD) and the z axis is denoted as the Normal Direction (ND). Fig.

3.17 shows the presence of a 90◦ rotation between the reference systems. The

[111] pole �gure from a point in the orientation map from a Cu thin �lm in

the frame of reference used in ASTARTM is shown in the �gure. The [111]

pole �gure from the same point plotted using the TSLTM OIM data analysis

software is shown. The di�erence in the two pole �gures is due to the fact

that de�nitions of the reference systems for TSLTM OIM data analysis and

ASTARTM are di�erent and this is taken not into account when the data from

ASTARTM is exported to TSLTM OIM data analysis. This can be corrected

by applying a rotation of 90◦ in the counter-clockwise direction about ND to

the frame of reference used in TSLTM OIM data analysis. The pole �gure in

Fig. 3.17 after this correction is also shown.
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Figure 3.17: Comparison of the reference system used in ASTARTM and
TSLTM OIM data analysis.
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3.2.6 Finite Element Analysis for Local Stresses in Cu Intercon-
nects using OOF2

As previously discussed in section 2.3.2, stress induced voiding in Cu

interconnects depends upon three factors, namely, the source of vacancies,

driving force (stress gradients) and mass transport. Amongst these factors,

stress gradients and mass transport are dependent on the interconnect mi-

crostructure. Therefore, to correlate the local hydrostatic stresses and stress

gradients with the experimentally determined interconnect grain structure, a

microstructural FEM approach was employed using the Object Oriented Finite

Element (OOF2TM) package developed by the National Institute of Standards

and Technology (NIST). Unlike conventional FEM packages, OOF2TM rec-

ognizes that crystalline materials are composed of grains, and allows for the

input of individual crystal orientations. In this way, the stress simulations

for Cu interconnects can account for the elastic anisotropy of Cu (Eq. 2.12)

instead of assuming an average elastic modulus for Cu. It must be noted that

the OOF2TM can be used to perform 2D simulations. Although Cu intercon-

nect lines are 3D structures, the stress simulations at this scale could provide

critical insight into the local stress gradients in the microstructure.

Initially, the orientation map of the Cu interconnects obtained by elec-

tron microscopy was used to identify the individual grains. The orientation

information was extracted from each grain in the microstructure in the form of

Euler Angles. Subsequently, grains with the same orientation were color coded

in the Adobe PhotoshopTMsoftware. The color coded image was used as the
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model microstructure for FEM analysis (Fig. 3.18(a)). In the FEM model,

the dielectric surrounding the Cu was also assigned a unique color. The pixel

color groups thus created were were used by the OOF2TM program to identify

individual grains. Subsequently, the color coded grains and dielectric layers

were assigned the corresponding mechanical properties and orientation infor-

mation. The assigned mechanical properties of Cu and the dielectric material

are shown in Tables 3.2 and 3.3. The in�uence of the thin Ta di�usion barrier

(~10-15 nm) was neglected in the simulation.
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Figure 3.18: (a) Color coded FEM model containing orientation parameters
for each Cu grain (b) 2D mesh solved to obtain the stress solution
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Sti�ness coe�cient of Cu (GPa)

c1111 168
c1122 121
c2323 75

Table 3.2: Sti�ness coe�cients for Cu [112]

Material Young's modulus (GPa) Poisson's ratio

SiO2 72 0.2

Table 3.3: Mechanical properties of the dielectric [112]

115



After the creation of the model, and assignment of the material prop-

erties, displacement boundary conditions were applied in the x (along the

interconnect length) and y (along the interconnect width) directions. The

displacements along the length and width of the line were indirectly obtained

from the average stress and strain values along these directions experimentally

determined by Gan et al. [73] using XRD. The local hydrostatic stresses in

the Cu microstructure were computed at room temperature. After including

the relevant boundary conditions, a mesh was generated. Initially, a coarse

mesh consisting of quadrilaterals was generated. Subsequently, it was re�ned

to include triangular elements especially close to grain boundaries and inter-

faces. The �nal mesh was well re�ned to map the overall microstructure model

within computational limitations (Fig. 3.18(b)). After meshing, the software

was instructed to solve for the force balance equation represented by

−∇.σ = P (3.3)

where σis the stress and P is the total body force per unit volume. It must be

noted that the stress tensor is expressed as a product of the sti�ness tensor and

the strain tensor. However, since the sti�ness constants for Cu are along the

regular laboratory coordinate system, they were transformed into the crystal

coordinate system for the individual Cu grains using a transformation matrix

generated by the Euler angle representation of the individual Cu grains. This

transformation can be mathematically represented as
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cijkl =
6∑

m=1

6∑
n=1

6∑
o=1

6∑
p=1

αimαjnαkoαlpcmnop (3.4)

where α is the direction cosine matrix, cmnop is the sti�ness tensor and cijkl is

the transformed sti�ness tensor. Finally, after solving the di�erential equation,

hydrostatic stress contours were plotted.
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Chapter 4

Results and Discussions

4.1 Orientation Determination by D-STEM

The D-STEM technique was used to obtain orientation information

from individual nanoparticles from a cluster. The bright-�eld STEM image

in Fig. 4.1(a), taken under D-STEM conditions, depicts an agglomerate of

silver nanoparticles. To obtain the di�raction pattern from a single particle

in the agglomerate, the D-STEM probe was positioned on particle P1 (~4

nm in size). Figure 4.1(b) shows the spot di�raction pattern from particle

P1. Regular indexing procedure revealed that the orientation of particle P1

was near the [112] zone axis (Fig. 4.1(b)). In another experiment carried

out to demonstrate the spatial resolution of the D-STEM technique, di�rac-

tion information was obtained from an individual particle of cubic BN in an

ensemble of monodispersed BN particles. A bright �eld STEM image of the

particles shown in Figure 4.1(c). The dark particle P2 was speci�cally chosen

for di�raction analysis because dark features in a bright �eld image are un-

der strong di�racting conditions for the given incident beam direction. This

condition is essential to obtain proper zone axis patterns. The spot di�rac-

tion pattern obtained from P2 measuring ~3nm in size indicates a [001] zone

axis orientation of the particle (Fig. 4.1(d)). Thus, the acquired di�raction
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patterns from both the particles clearly demonstrate that despite the high par-

ticle density, it is possible to obtain crisp and easily indexable spot di�raction

patterns from individual nanoparticles up to 3 nm in size using D-STEM.
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`

Figure 4.1: (a) Bright-�eld STEM image of Ag nanoparticles (b) di�raction
pattern from P1 (~4 nm in size) along the [112] beam direction; (c) bright-�eld
STEM image of boron nitride nanoparticles (d) di�raction pattern from P2
(~3 nm in size) along the [001] beam direction.
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4.2 Automated Orientation Determination in Cu Inter-
connects using D-STEM and STEMDi�raction Imag-
ing

Although using the D-STEM technique, it was possible to accurately

position the electron probe at nanostructure of interest in the STEM image

and obtain sharp spot di�raction patterns, the process was still manual. In

order to acquire orientation information from hundreds of grains in a polycrys-

talline sample, it was deemed essential to develop a technique to automate the

pattern acquisition process. Therefore, the D-STEM technique was coupled

with spectral imaging using the Gatan STEM Di�raction ImagingTM software.

The combination of the two techniques enabled the automated acquisition of

di�raction patterns by performing line or area scans on the polycrystalline sam-

ple. This process is similar to the conventional line and area scans in EDS or

EELS analysis, with each pixel in the data set being mapped with a di�raction

pattern. In addition to pattern acquisition, indexing of hundreds of di�rac-

tion patterns obtained is extremely tedious and time consuming. Therefore,

the indexing software called Automated Crystallography for TEM (ACT) was

used to index the obtained di�raction patterns. This technique was employed

to obtain local orientation information in 120 nm wide Cu interconnects.

Fig. 4.2(a) shows a bright �eld STEM image of periodic 120 nm wide

Cu interconnects. A line scan was performed across the grains labeled 1-10 in

the image such that at each spatial position (user de�ned step size), di�raction

patterns were collected and stored before the probe translated to the next pixel
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location. Four of the representative spot di�raction patterns obtained from

grains labeled 1, 3, 4 and 6 are shown in Fig. 4.2(b-e).

The obtained di�raction patterns were indexed in ACT using a pattern

matching cross correlation algorithm given in Eq. 3.1. The results are gener-

ated in the form (hkl)[uvw ] where (hkl) represents the zone axis while [uvw ]

depicts the reciprocal space vector parallel to the transverse direction (TD) of

the di�raction pattern as shown in Fig. 4.2(b-e). Except for grains 1, 7 and

9, all other grains seemed to exhibit a {110} or a near {110} normal texture.

After rotation calibration of the di�raction pattern with respect to the STEM

image, it was found that grains with {110} normal texture were oriented with

the <112> and <111> directions aligned along the length and width of the CI

line, respectively [113]. Previous results of grain orientations in wide Cu lines

have shown the presence of Cu grains with a {111} normal texture. However,

the texture observed in the current work can be attributed to the sidewall

growth of {111} grains in narrow Cu lines, as evidenced by Besser et al. [26]

as well.
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Figure 4.2: (a) Bright �eld STEM image of 120 nm wide Cu interconnect lines
showing grain labeled 1-10. (b) Representative di�raction patterns obtained
from grains labeled 1, 3, 4 and 6 [113]
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4.3 High Resolution Orientation Mapping in Copper In-
terconnects (1.8 µm - 70 nm in width) using D-STEM
and Precession Electron Di�raction

The D-STEM technique combined with spectral imaging and ACT en-

ables automated acquisition and indexing of di�raction patterns from numer-

ous grains in the Cu interconnect structure. However, as previously mentioned,

some grains may be oriented far o� a prominent zone axis, resulting in a near

two-beam condition or systematic row of re�ections (Fig. 3.4). In such cases,

it is nearly impossible to index the crystal orientation accurately without sig-

ni�cant specimen tilts in the microscope. This severely limits automation of

the pattern acquisition process, making it di�cult to obtain statistically sig-

ni�cant orientation data from nano Cu interconnects. In order to address

this issue, a high resolution orientation mapping technique was developed by

coupling the D-STEM technique with precession electron di�raction. Using

this technique, microstructure evolution in downscaling Cu interconnects was

comprehensively investigated.

Figs. 4.3(a-b) show representative bright �eld TEM images of two sets

of periodic Cu interconnect lines, 180 nm and 120 nm in width respectively.

The bright �eld images show strong di�raction contrast from defects such as

dislocations. However, these defects mask the contrast from grain boundaries,

thereby making it very di�cult to identify the grain structure or grain size in

these lines. Identifying all of grains by TEM imaging would again require a

series of tedious specimen tilts. These examples also clearly show that conven-
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tional NBD and SAD techniques are unsuitable and impractical for obtaining

rapid and reliable orientation data from individual Cu grains.
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(a)

(b)

Figure 4.3: Bright �eld TEM images of periodic Cu lines (a) 180 nm wide (b)
120 nm wide
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4.3.1 Texture and Grain Boundary Analysis: 1.8µm wide Cu lines

Plan-view microstructure observations on 1.8 µm wide periodic dama-

scene Cu interconnect lines showed the presence of large micron-sized grains

with signi�cant twins. A representative color coded inverse pole �gure map

overlaid with the reconstructed grain boundaries is shown in Fig. 4.4. The col-

ors in the map depict normal orientations consistent with the color-coded stan-

dard stereographic triangle. In the standard triangle, the principal directions

namely, [001], [101] and [111] are colored in red, green and blue respectively.

For quantitative and statistical analysis of texture and grain bound-

ary distribution in the 1.8 µm wide lines, four di�erent sets of samples were

analyzed. As a standard notation in the thesis, RD and TD refer to the di-

rections along the length and width of the interconnect while ND refers to

the out-of plane normal direction (along trench normal). The schematic in

Fig. 4.5 illustrates these directions clearly with respect to the Cu trench. Fig.

4.6 shows the collective inverse pole plots obtained from these samples. The

textures in the inverse pole plots are quanti�ed and color coded to indicate the

frequency of occurrence of a particular texture. The numbers adjacent to each

of the colors are the ODFs (refer to section 2.4.1), and are expressed in units

of multiples of random distribution. The plots revealed a strong <111> �ber

texture // ND with a mixed <110> and <112> texture along the line length

(RD). This observation is consistent with the fact that crystallographically,

with the <111> texture // ND, the directions in the <111> zone are favored

along RD, and these lie along the great circle connecting <110> and <112>.

127



Figure 4.4: Color coded inverse pole �gure map from 1.8 µm wide Cu lines.
Color codes for orientations are represented in the standard stereographic tri-
angle.
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Figure 4.5: Schematic illustrating ND, RD and TD directions with respect to
the Cu trench
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Figure 4.6: Inverse pole plots along the Cu trench normal (ND), length (RD)
and width (TD)
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The orientation data collected was also used to quantify the fraction

of Σ3n (n = 1, 2, 3) type and non-CSL high angle boundaries. As mentioned

previously in section 2.4.2, Σ3 boundaries in Cu are of particular interest due

to their frequent occurrence. However, the special properties associated with

Σ3 boundaries such as low energy, low di�usivity and low mobility are valid

only when their grain boundary plane is of a {111} type. Such boundaries

are coherent Σ3 boundaries, also known as coherent twin boundaries. Σ3

boundaries with any other boundary plane are incoherent and can be treated

as regular high angle boundaries. The higher order Σ3 boundaries also have

other grain boundary planes for coherency, namely the {110} and {001} type.

To determine the fraction of coherent Σ3 boundaries, grain boundary trace

analysis was performed.

In trace analysis, to determine whether a Σ3 twin boundary is coher-

ent, the trace of the grain boundary plane is matched with the trace of the

{111} plane in both the crystals on either side of the boundary [114]. If the

boundary trace and the {111} traces are within a pre-de�ned tolerance, then

the twin boundary is considered to be coherent. In this thesis, the tolerances

for coherency have been set according to Brandon's criterion with a tolerance

of 8.7o for the misorientation and 10o for the trace deviation [115]. However,

it should be noted that the matching between the trace of the boundary plane

and the {111} is a necessary but not a su�cient condition for a twin boundary

to be coherent. This is because the trace of the boundary plane matches the

trace of all the planes whose normals are perpendicular to the boundary line
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segment. Therefore, when a boundary is classi�ed as a coherent boundary it

is ambiguous and the true fraction of coherent twin boundaries is always less

than or equal to the estimate from trace analysis.

Analysis of grain boundary misorientations from a data set of 8000

boundaries in 1.8 µm lines revealed that the fraction of Σ3 type boundaries

was about 42% (length fraction). Among these, more than 98% (by length)

were coherent in nature. In Fig. 4.4, the boundaries marked with thick lines

are coherent Σ3 boundaries while those marked by thin lines are non-CSL

high angle boundaries. The total length fraction of S9 and S27 boundaries

was about 6% while that of other CSL boundaries was negligible. Low angle

boundaries categorized by the Brandon criterion [31] accounted for about 5%

of the total boundary length. These results are consistent with EBSD and

XRD measurements carried out on 1.8 µm lines by Besser et al. [26] and Cho

et al. [116].

4.3.2 Texture and Grain Boundary Analysis: 180 nm wide Cu lines

Comprehensive characterization of texture and grain boundary distri-

bution was performed on 180 nm wide periodic Cu interconnect lines. A rep-

resentative color coded inverse pole �gure map overlaid with the reconstructed

grain boundaries is shown in Fig. 4.7. The colors in the map, consistent with

the color coded standard stereographic triangle, depict the normal orientations

of the grains. The grain structure these lines was di�erent from that of the 1.8

µm wide lines and was observed to be near-bamboo. By de�nition, a bamboo
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grain structure is one in which individual grains traverse the width of the line

and the grain boundaries are perpendicular to the line itself. In a near-bamboo

grain structure, one or more grains span the width of the line and majority of

the grain boundaries are nearly perpendicular to the line [117].

Quantitative texture analysis for these lines was performed using a

consolidated set of raw orientation data from 5 separate samples in order to

obtain statistically meaningful texture plots. Inverse pole plots shown in Fig.

4.8 reveal a prominent biaxial texture of {111}<110> (<110> // RD and

<111> // ND). Analysis of the grain boundary misorientations and traces in

these lines performed from a data set of 10000 boundaries revealed that the

length fraction of theΣ3 boundaries reduced to 25% when compared with 42%

for 1.8 µm. Among all of the Σ3 boundaries present, 97% were coherent in

nature. The coherent Σ3 boundaries are marked by thick dark lines in Fig.

4.7. Higher order Σ3 boundaries and low angle boundaries, each constituted

about 4% (by length) of the total boundary distribution. Neglecting the minor

fraction of other CSL boundaries, the remaining grain boundaries were non-

CSL high angle boundaries.
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Figure 4.7: Color coded inverse pole �gure map from 180 nm wide Cu lines.
Color codes for orientations are represented by the standard stereographic
triangle
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Figure 4.8: Inverse pole plots along the Cu trench normal (ND), length (RD)
and width (TD)
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4.3.3 Texture and Grain Boundary Analysis: 120 nm wide Cu lines

Similar microstructure analysis as mentioned in the previous two sec-

tions was carried out for periodically spaced 120 nm wide Cu interconnects.

A representative color coded orientation map overlaid with a reconstructed

grain boundary map is shown in Fig. 4.9 along with the standard color coded

stereographic triangle . The thick dark boundaries in the orientation map are

the coherent Σ3 boundaries. The grain orientations in these lines were found

to be signi�cantly di�erent from that of the previously analyzed wider line

structures. The 120 nm wide lines exhibited no normal texture and instead,

revealed a slight <111> texture // RD as shown in Fig. 4.10. This can be

attributed to sidewall growth of the {111} grains in narrow Cu lines, as also

observed by Besser et al. [26] Grain boundary characterization also revealed

that the length fraction of Σ3 boundaries decreased further to 18%, measured

from a data set of 10000 boundaries. The coherent twin boundaries comprised

more than 95% (by length) of all the Σ3 boundaries present. The higher order

Σ3 boundaries and low angle boundaries each accounted for less than 5% of

the grain total boundary length.

A closer examination of the microstructure (magni�ed region in Fig.

4.9) revealed a bamboo or near-bamboo grain structure in few regions. How-

ever, clusters of small grains were also observed in the vicinity of large bamboo

grains. Such a change in the microstructure of Cu lines with a reduction in line

width is similar to earlier observations on Al interconnects [118]. Grain bound-

ary misorientation and trace analysis performed near such cluster/bamboo
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segments revealed that almost all of the small grains were separated by non-

CSL high angle boundaries. The implications of such a microstructure will be

discussed in the later sections of the thesis.
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Figure 4.9: Color coded inverse pole �gure map from 120 nm wide Cu lines.
Color codes for orientations are represented by the standard stereographic
triangle
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Figure 4.10: Inverse pole plots along the Cu trench normal (ND), length (RD)
and width (TD)
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4.3.4 Texture and Grain Boundary Analysis: 70 nm wide Cu lines

To further investigate the e�ect of interconnect downscaling on the mi-

crostructure, 70 nm wide Cu lines (45 nm node technology) were analyzed. In

contrast to the 180 nm and 120 nm lines, the microstructure of the 70 nm Cu

interconnects was polygranular, as revealed in Fig. 4.11. By de�nition, a poly-

granular microstructure is one in which there are continuous grain boundary

paths along the length of the interconnect [119]. The crystallographic texture

of these lines analyzed by consolidating orientation data from multiple samples

was also found to be drastically di�erent from the wider Cu lines. A dominant

sidewall <111> texture with a strong brass component {110}<112> was ob-

served, indicating strong preference for sidewall {111} growth (Fig. 4.12). In

texture terminology, it is assumed that the �ber is aligned along the normal

direction (ND). Therefore, a brass-component refers to <110> texture // ND

with the <112> // RD.

In terms of grain boundary distribution in 70 nm wide lines, the length

fraction of coherent Σ3 boundaries (revealed by thick dark lines in Fig. 4.11)

further reduced in comparison with wider lines to 14%. The length fraction of

other CSL boundaries was less than 2% while low angle boundaries constituted

less than 5% of the total boundary length. Since Cu interconnects (< 120 nm

in width) were expected to show a dominant sidewall texture, transverse cross

section analysis of the structure was also performed. Orientation maps overlaid

with the reconstructed grain boundary maps for the same are shown in Fig.

4.13. The results revealed the presence of large clusters of small equiaxed
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grains at the bottom of the trench (highlighted by red ellipse in Fig. 4.13),

while larger grains were found to be closer to the top of the trench. Analysis

of the grain boundaries in the small grain regions revealed that almost all the

small grains were separated by high angle boundaries.
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Figure 4.11: Color coded inverse pole �gure map from 120 nm wide Cu lines.
Color codes for orientations are represented by the standard stereographic
triangle

142



Figure 4.12: Inverse pole plots along the Cu trench normal (ND), length (RD)
and width (TD)
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Figure 4.13: Orientation map in cross section showing clusters of small grains
at the trench bottom (highlighted by the red ellipse)
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4.4 E�ect of Downscaling on the Microstructure of Cu
Interconnects

Based on the aforementioned results, as the interconnect width is re-

duced from 1.8 µm to 120 nm, the <111>//ND �ber texture becomes weaker.

In fact, 120 nm CI lines exhibit no normal texture, but show a slight prefer-

ence for orientations where the {111} planes are parallel to the sidewalls, as

�rst noted by Besser et al [26]. Such a texture becomes more severe in 70 nm

wide lines, which can be attributed to dominant sidewall grain growth [26].

In addition to this e�ect, the 70 nm wide Cu lines have a strong preference

for orientations where the <112> directions are along the line length, as also

observed by Budiman et al. [120].

In addition to variations in texture, the downscaling of Cu interconnects

also results in changes to grain boundary characteristics and the overall grains

structure. The length fraction of coherent Σ3 boundaries has been found to

decrease with reducing line widths from 42% in case of 1.8 µm wide lines to

14% in case of 70 nm wide lines. Correspondingly, there seems to be an increase

in the percentage of high angle boundaries in the interconnect structure with

reducing line width. There is also a drastic change in the overall microstructure

in the lines. Wider lines seem to comprise a near-bamboo type grain structure

whereas narrower lines tend to have a grain structure composed of clusters of

small equiaxed grains near large grains. Most of the small grains have been

found to be separated by high angle boundaries.
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Figure 4.14: Variation of the percentage of Σ3 boundaries with Cu interconnect
line width
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4.5 Factors A�ecting Microstructure Evolution in Cu In-
terconnects

4.5.1 Overall Energy Minimization during Grain Growth

To understand such microstructure variations upon downscaling, it is

important to recognize that the Cu interconnect structure is a dimensionally

constrained system with multiple interfaces fabricated using complex process-

ing conditions. Therefore, during the Cu annealing process, grain growth

is governed by multiple factors, which may be mutually competitive. The

classical model assumes that during grain growth, all boundaries move with

velocities proportional to the average energy per unit area of the boundary

and its average curvature [121]. However, in Cu interconnect structures, the

grain growth process is more complex involving the surface energy, interfacial

energy and strain energy contributions as well. Mathematically, the e�ective

velocity of the grain boundary during grain growth can be written as

v = µ(κ+
∆γs/i
hγgb

+
∆Mε2

γgb
) (4.1)

where µ is the boundary mobility, κ is the grain boundary curvature, ∆γs/i

is the di�erence in the sum of the surface and interface energies for grains

on either side of the boundary, γgb is the energy of the grain boundary, ∆M

is the di�erence in biaxial moduli of grains meeting at a boundary and ε is

the strain. Therefore, the overall driving force for grain growth is dependent

on the minimization of the grain boundary energy, surface energy, interfacial

energy and the strain energy [121].
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4.5.2 Sidewall Interfacial Energy and Surface Energy Contribu-
tions

As the interconnects are downscaled, the surface and interface area

to volume ratio increases. Thus, the surface and interfacial energy contribu-

tions become increasingly important during grain growth. Furthermore, with

increasing aspect ratio (Table 1), the area of the trench sidewall interface in-

creases with respect to the trench bottom, which raises the in�uence exerted

by the sidewall on the Cu grain structure. This leads to preferential growth of

a sub-population of grains with crystallographically favorable orientations to

minimize the sidewall interfacial energy. It also explains the abnormal growth

of grains leading to regions of large and small grains in the microstructure.

Such an e�ect had been earlier proposed by Thompson et al. [121] and Harper

et al. [122].

To explore the favorable Cu orientations that minimize the total interfa-

cial energy, it is important to recognize that the Ta di�usion barrier in contact

with Cu is deposited by the PVD process and is the metastable phaseβ-Ta

with a Tetragonal crystal structure. This has been experimentally con�rmed

through XRD by Wong et al. [123]. With theβ-Ta phase, Cu shares a hetro-

epitaxial relationship such that Cu [2-20] on the (111) is parallel to the Ta

[330] on the (002) plane [123]. Therefore the growth of {111} Cu minimizes

the energy of the Cu/Ta interface. In wider lines with lower aspect ratios,

�ber textured grain growth with <111> along the trench normal minimizes

the interfacial energy at the trench bottom. In narrower lines though, the
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growth of the {111} grains growing perpendicular to the trench sidewall is

favors minimization of sidewall interfacial energy.

From a surface energy standpoint, for typical fcc metals such as Cu,

the {111} surface energy (γ111) is the lowest, with the ordering generally being

γ{111} < γ{100} < γ110 for low miller index planes [124]. This has been shown by

a simple unsatis�ed surface bond analysis as well [125]. Considering the case

for the Cu interconnect trenches that have the bottom surface and sidewalls

(with a Ta barrier) at 90o to each other, multiple scenarios can be derived for

the combined minimization of surface energy and interfacial energy. From an

energetics perspective, the ideal scenario for the same would be a {111}/{111}

type. However, crystallographically it is impossible to have two {111} planes

perpendicular to each other. With the crystallographic limitations, the best

grain orientation would be a {111}/{110} type. Therefore, the grains growing

with <111> oriented along the trench normal would tend to align <110>

along the trench sidewall to minimize both the surface and interfacial energy.

This is consistent with our observations in wider lines. Similarly, the {111}

grains growing normal to the trench sidewalls would have the {110} planes

perpendicular to the trench normal. This is also consistent with the observed

texture in narrow lines.

4.5.3 E�ect of the Overburden Layer

In wide lines (250 nm in width and above), it has been observed pre-

viously that during annealing, the grain growth process initiates in the over-
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burden layer and propagates into the damascene trenches [126]. Therefore,

the texture of the Cu grains in the trench is shown to be strongly dependent

on the overburden. In some cases, almost complete invasion of the trench

by the overburden has been observed, while in the other cases, twin bound-

aries have been shown to form where the invading grains from the overburden

intersect the {111} grains growing bottom-up along the trench normal [30,

6]. However, in narrow lines, the invasion of the overburden layer into the

trench is restricted by the growth of sidewall {111} grains. The resulting mi-

crostructure is thus composed of clusters of small grains in the vicinity of some

large grains. This phenomenon becomes more severe with reducing line width,

thereby resulting in a polygranular structure as observed in 70 nm wide lines.

In addition to these factors, in narrow lines, due to mutually perpendicular

growth directions, the {111} grains growing bottom-up are restricted by the

sidewall {111} grains. With increasing interface area to volume ratio, preserv-

ing both the con�gurations is important to minimize the overall interfacial

energy. However, due to the increasing dominance of the trench sidewall at

higher aspect ratios, and under the constraint that no two <111> directions

in Cu can be perpendicular, clusters of small nearly equiaxed grains growing

bottom-up remain trapped at the trench bottom.

Thus, in narrow Cu interconnects, the thermodynamically driven grain

growth phenomenon is constrained by kinetics involving growth of sidewall,

bottom-up and overburden grains. Subject to the aforementioned constraints,

although the system tries to attain a grain structure with the minimum total
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energy, it is composed of local energy minima and metastable states as well. To

develop a more comprehensive understanding of the microstructure evolution

in narrow Cu lines, grain growth models based on the experimental results

obtained need to be developed and studied.

4.5.4 Topological E�ects

The observation that small grains present in the interconnect microstruc-

ture seem to have nearly equiaxed structures separated by high angle bound-

aries instead of low energy coherent twin boundaries may be explained by

topological e�ects restricting grain rotations [127]. For the nearly equiaxed

grains sharing boundaries with many other grains, speci�c rotational changes

to form speci�c low energy boundaries cannot occur in isolation since it may

raise the total energy of the other system by increasing the energy associated

with the other shared grain boundaries. Such reduction in the fraction of Σ3

boundaries with more equiaxed grain structure has also been observed and

predicted in the past by Gleiter et al. [128], Randle [127] and Pande et al.

[129]. Therefore, such small equiaxed grains are mainly found to share high

angle boundaries

4.5.5 E�ect of Stresses

From 4.1, it is clear that reducing strain energy is important towards

minimizing the overall energy of the system. The Cu interconnects fabricated

by the inlaid damascene process are also under mechanical stresses arising be-
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cause of the di�erence in thermal expansion between the metallic interconnect

and the substrate/dielectric that rigidly con�ne it, with the magnitude of these

stresses being highest along the line length [26, 73]. Therefore, to minimize the

elastic strain energy, the Cu grains orient themselves in such a way that the

lowest elastic modulus direction is aligned along the maximum stress direction.

As Cu has high elastic anisotropy (Eq. 2.12), the elastic modulus is di�erent

along di�erent crystallographic directions. From Fig. 2.8, it is clear that the

elastic modulus is highest along the <111> direction (E111 = 192 GPa) and

lowest along the <100> direction (E100 = 67 GPa). The elastic modulus along

any arbitrary direction < hkl >can be computed as

1

Ehkl
=

1

E100

− 3(
1

E<100>

− 1

E<111>

)(α2β2 + β2γ2 + γ2α2) (4.2)

where α, β, γ are the direction cosines of < hkl >.

However, crystallographically, <100> directions cannot not lie on {111}

planes. Therefore, the {111} grains align the two lowest elastic moduli direc-

tions present on the {111} planes, which are <112> and <110> along the

directions of maximum principal stresses, namely the length and width of the

CI line, to minimize the strain energy. The resulting textures in copper inter-

connects obtained by minimizing the total energy is consistent with our results.

In the speci�c case of sidewall growth of {111} grains, the alignment of the

<112> along the length of the line minimizes the strain energy. At the same

time, this con�guration results in a <110> normal texture that minimizes the
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surface energy as well.

4.6 Impact of Observed Microstructure on Electromigra-
tion and Stress Induced Voiding

4.6.1 Electromigration

It has been well investigated that in Cu interconnects with a bamboo-

type microstructure, the mass transport during EM is dominated by di�usion

at the Cu/SICN interface. However, with downscaling lines, as the microstruc-

ture becomes more polygranular, the combination of grain boundary di�usion

and interfacial di�usion needs to be considered while evaluating EM mass

transport [130]. It has been discussed in the previous sections that as the

interconnect lines are downscaled, clusters of small grains separated by high

angle grain boundaries are observed in the vicinity of large grains (Figs. 4.9

and 4.11). The presence of such small grain clusters increases the number of

triple junctions and potential �ux divergence sites. The presence of high angle

boundaries would also provide fast di�usion paths for mass transport thereby

a�ecting EM reliability. In addition to this, the normal orientation of the Cu

grains intersecting the surface would also in�uence the interfacial di�usivity

at the Cu/SiCN interface.

Microstructure Around EM Induced Void

To investigate the e�ect of the microstructure on EM �ux divergence in

further detail, the high resolution orientation mapping technique was used to
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obtain grain orientations and grain boundary around a voided region in EM

test structures. (This work has been carried out in collaboration with Prof.

Ho at the University of Texas at Austin). The single link EM test structures

were capped with low-k, SiCN consisted of a three level interconnect structure

with the second level (M2, 72 nm in width, 144 nm in thickness and 200 µm

in length) being the test line. Details pertaining to the EM test performed in

Prof. Ho's lab are mentioned elsewhere [131]. Cross section TEM observation

was employed to investigate the microstructure of the interconnect line after

the EM test

An EM induced void was observed at the Cu/SiCN interface. The TEM

image of the interconnect line with the void is shown in Fig. 4.15(a). From the

TEM image, the grain structure around the void is unclear. However, using the

high resolution orientation mapping technique in the TEM, the microstructure

around the void was resolved. The color coded inverse pole �gure map overlaid

with the reconstructed boundary map around the voided region is shown in

Fig. 4.15(b). The colors signify the orientations normal to Cu trench. The

misorientation parameters of the grains close to the void were individually

identi�ed. Among those grains, the misorientation angle between the <211>

and <301> (Fig. 4.15(b)) oriented grains adjacent to the cathode end of the

void was calculated to be 58° about the <122> misorientation axis. Such

high angle boundary can serve as the a di�usion path for EM mass transport.

Preliminary analysis was also performed to calculate the �ux divergence at

each of the triple points labeled A, B and C in Fig 4.15(b), assuming that
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before the void nucleated, the grains close to the void extended all the way up

to the interface. The inclination of the grain boundaries to the direction of

current �ow was also accounted for. Details of the calculation are mentioned

elsewhere [131]. The calculations revealed that indeed, the maximum �ux

divergence occurred at the triple point A, where the maximum misorientation

was observed.
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(a)

(b)

Figure 4.15: (a) Bright �eld TEM image of the EM test line (b) Color coded
inverse pole �gure map (orientations along trench normal) of voided region
with reconstructed boundaries. Points A, B, C have been assumed to be
potential �ux divergence sites before the void formation.
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Microstructure Under the Via Region

The microstructure of the via (V2) connecting the second and third

metal levels (M2 and M3 respectively) in the EM structure was also analyzed

using the precessed D-STEM technique. Fig 4.16 shows the color coded inverse

pole �gure map of the structure in cross section, with the colors representing

the orientation of the grains normal to the Cu trench. The grain boundaries

marked in red are coherent Σ3 boundaries while those marked in yellow are

Σ9 boundaries. The remaining boundaries in black are non-CSL high angle

boundaries. The microstructure of the via seems to be composed of several

small grains aggregated near a few large grains. These small grains were found

to be separated by high angle boundaries. Some of the large grains in the line

M2 and M3 seem to share coherent Σ3 boundaries as well. The presence of

such small grains separated by high angle boundaries adjacent to a large grain

sharing a coherent Σ3 boundary can enhance �ux divergence to potentially

form slit voids at the interface eventually resulting in early EM failure [132].
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Figure 4.16: Color coded orientation map of the via (V2) connecting M2 and
M3. The colors represent grain orientations along the trench normal. Grain
boundaries in red are coherent Σ3 boundaries while those in yellow are Σ9
boundaries.
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The aforementioned examples clearly show that the high resolution pre-

cessed D-STEM technique can be used to obtain quantitative microstructure

information that can be employed for �ux divergence analysis to correlate the

interconnect microstructure with EM reliability. The technique can be used to

resolve the microstructure near the via region of narrow dual damascene struc-

tures. Thus, the �ux divergence calculations performed can also be extended

to the via-line region. For more statistical data on the �ux divergence sites in

via/line structures, the quantitative microstructure information obtained can

also be used in conjunction with FEM to generate �ux divergence contours.

4.6.2 Stress Induced Voiding

OOF2 Simulations for Local Hydrostatic Stresses

The orientation information obtained from the Cu interconnect lines

was used to simulate local hydrostatic stresses. Fig. 4.17(a-d) shows the

sequence of steps in the simulation along with the results of the 2D stress

simulation. The stress simulations clearly show that the hydrostatic stresses

are redistributed within the polycrystalline Cu interconnect microstructure

according to local misorientation between grains, thereby creating regions of

high and low stresses (Fig. 4.17(d)). The highest hydrostatic stress observed

at room temperature was 675 MPa. Most of the high stress regions were

observed close to the triple junctions where the Cu grain boundaries intersect

the barrier interface. Misorientation parameters were also analyzed close to

regions of high stresses. Fig. 4.18 shows the misorientation angle/axis pairs
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in some of the high stress regions. The results show that high stresses exist

between grains separated by a large misorientation. Some of these regions

would also include grains separated by a Σ3 misorientation. Although such

grains are indeed highly misoriented, their special properties arise due to the

low di�usivity boundaries separating them, that do not aid vacancy motion.

It is essential to note that the driving force for SIV is the stress gradient

(∇σ), but the formation of a stress induced void (assuming there is a vacancy

source), would be an interplay between the driving force and available di�usion

paths. The corresponding �ux divergence for mass transport in SIV can be

mathematically represented by

Q = ∇.(−D∇σ) (4.3)

where D is the di�usivity. Thus, in order to completely correlate the mi-

crostructure with �ux divergence for SIV mass transport, the stress contours

obtained by the FEM analysis need to be mapped into stress gradient contours

and the corresponding di�usivity values for the interfaces and grain bound-

aries need to be included. Such simulations would be able account for the

special properties of coherent twin boundaries, thereby providing a more re-

alistic understanding of the impact of microstructure on SIV. However, these

features are currently not available in the OOF2TM package. Therefore, e�orts

are underway to build such a model in the very recently launched COMSOL

MultiphysicsTM v4.2a FEM program that provides the necessary options to

de�ne and include various di�usivity parameters for the microstructure.
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For via/line structures as well, where SIV is most probable [22], such

analysis for local stress gradients and microstructure dependent �ux diver-

gence can be performed. In the case of a via/line microstructure as shown in

Fig. 4.16, a microstructure comprising small grains separated by high angle

boundaries would provide fast di�usion paths for vacancy motion. Such dif-

fusion paths in the presence of a su�cient vacancy concentration and driving

force can be expected to lower the stress migration reliability.
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Figure 4.17: (a) Orientation map (b) FEM model with color coded grains (c)
2D mesh (d) Hydrostatic stress contours
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Figure 4.18: Local misorientations in regions of high hydrostatic stresses
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4.7 High Resolution Orientation and Phase Mapping

Nanoparticles

To explore the power of the precession technique in terms of spatial res-

olution, orientation mapping was carried out Pt nanoparticles. Pt was chosen

because of its role in emerging green energy technologies such as hydrogen or

ethanol fuel cells. In this technology, it is of particular interest to tailor and

assess particle surface geometry of the particles. This is because the selectivity

and e�ciency of Pt nanoparticles toward many reactions is very site-speci�c.

However, until now, there are limitations in terms of techniques available for

determining orientations from a large number of nanoparticles in an automated

manner.

To address this issue we have used the precession technique with a 1-2

nm near parallel probe to analyze orientations from ~100 nanoparticles of Pt,

about 6 nm in size. Fig. 4.19 shows the reconstructed virtual dark �eld image

of the Pt particles distributed on the grid. Fig. 4.20 shows the color coded

orientation map obtained. The colors signify the normal orientation of the par-

ticles. The total time of acquisition and pattern indexing was approximately

15 minutes, which is a signi�cant improvement over existing TEM di�raction

techniques that would have taken days to accomplish the same. These results

also demonstrate that it is possible to acquire rapid, high quality orientation

maps by precession from samples sensitive to beam damage by optimizing the

acquisition conditions.
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Figure 4.19: Virtual dark �eld image obtained during precession
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Figure 4.20: Color coded orientation from Pt nanoparticles
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Nanocrystalline Ni Films

Research in nanocrystalline Ni �lms has been of interest recently since

they have been shown to exhibit abnormal grain growth. In particular, in-

situ TEM heating experiments on Ni �lm structures deposited by the pulsed

laser deposition (PLD) process have demonstrated the presence and growth

of large hcp phase Ni grains (> 100 nm) within a matrix of nanocrystalline

fcc Ni [133, 134]. However, it is currently unknown whether nanoscale hcp Ni

grains are present in as-deposited �lms due to the limited spatial resolution of

conventional characterization techniques for phase mapping. To address this

issue, a Di�raction-Scanning Transmission Electron Microscopy (D-STEM)

type lens con�guration combined with precession electron di�raction has been

used to determine the distribution of fcc and hcp nickel phases, as well as the

grain size distribution of nanocrystalline nickel �lms.

The bright-�eld TEM image of a representative region from the 50

nm PLD Ni �lm is shown in Figure 4.21. Although several nanoscale grains

are visible in this image, the presence of defects severely limits the overall

interpretation of the nanostructure. In contrast, after performing precession

electron di�raction analysis, the obtained reliability map distinctly revealed

the grain structure and boundaries (Fig. 4.22(a)). When overlaid with the

phase maps, the morphology of the hcp-Ni and fcc-Ni phase grains in the �lm

was also clearly visible (Fig. 4.22(b)). The fcc phase grains were colored in

red while the hcp ones were assigned a cyan color. The di�raction data used

to obtain a phase map can also be used to obtain texture and grain boundary
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information from the each of the phases present. This example clearly shows

that the high resolution orientation mapping technique in the TEM using

precession is a versatile technique to characterize texture, grain boundaries,

phases and grain size distributions in nanocrystalline materials.
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Figure 4.21: Bright �eld TEM image of PLD Ni �lm
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(a)

(b)

Figure 4.22: (a) Reliability map obtained after precession analysis (b) Colored
phase map overlaid with the reliability map.
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4.8 Ambiguities in TEM Orientation Mapping

The reliability of orientation solutions by indexing spot di�raction pat-

terns was discussed by Ryder and Pitsch in 1967 [135]. The issue of the

reliability of indexing di�raction patterns using automated procedures espe-

cially important due to the fact that a solution is always generated while the

solution can be correct or completely incorrect. Particularly, the most impor-

tant issue regarding the indexing of spot di�raction patterns is the so called

180o ambiguity. For di�raction patterns with a symmetry that is not crys-

tal symmetry, there is no unique indexing solution and therefore, the solution

is ambiguous. The reliability index as de�ned in subsection 3.2.3.2, for such

patterns is zero [136]. This issue can be shown for Cu using the following

example (Fig. 4.23). The zeroth order Laue zone for [112] pattern is given by

the condition h+ k+ 2l = 0 and has two fold symmetry about the microscope

axis (180o about the [112]). This can be represented using the rotation matrix

M as

M =
1

3

 2 1 2
1 −2 2
2 2 1

 (4.4)

The �rst order Laue zone for this orientation is represented by h+ k+

2l = 1. However, the set of re�ections satisfying this condition contain both

odd and even numbers. Since these re�ections are missing due to systematic

extinctions for fcc structures, spots from the �rst order Laue zones are missing

in the di�raction pattern shown in Fig. 4.23. Therefore, the pattern contains
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only the spots from the zero order Laue zone and has the two fold symme-

try represented by M. Thus, if O is an orientation solution to the di�raction

pattern in Fig. 4.23, then MO is also a solution. However, M is not a crystal

symmetry operator and hence, O and MO are physically distinct orientations.

The situation just discussed is not unique to [112] patterns in fcc structures.

For example, similar situation is also for encountered in fcc [013] patterns and

[111] patterns in bcc structures. For a quantitative understanding on the re-

liability of indexing spot patterns, the reliability index for Cu is plotted as

function of beam direction in the crystal frame of reference (Fig. 4.24). [112],

[110] and [103] orientations are low reliability regions in Fig. 4.24.
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(a)

(b)

Figure 4.23: (a) Simulated [112] di�raction pattern from Cu and (b) experi-
mental pattern from Cu close to [112] zone axis [136].
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Figure 4.24: Reliability index for Cu as a function of the beam direction in the
crystal frame of reference. Dark regions show regions of low reliability [136].
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It should be noted that such ambiguities in such situations just men-

tioned cannot be eliminated by reducing the accelerating voltage or incident

beam precession as spots from higher order zones are missing due to system-

atic extinctions. To illustrate this point more clearly, example of a di�raction

patterns from Cu acquired using the ASTARTM system with precession of 0.4o

is shown in Fig. 4.25(a). The two orientation solutions were obtained using

the cross-correlation algorithm with identical correlation index. In terms of

Euler angles the two solutions are (26o, 17o, 180o) (Fig. 4.25(b)) and (6o,

160o, 260o) (Fig. 4.25(c)), respectively. The misorientation between the two

solutions is approximately [1 0 3] 180o.

One of the solutions to tackle the issue of reliability due to the 180o

ambiguity is to use the average information from a neighborhood of points.

Small orientation changes are possible within a grain due to the bending or de-

formation of the thin specimens. Because of small orientation changes within

a grain, there are patterns in the neighborhood of high symmetric patterns

which are o� axis. The reliability index for the solution to the o� axis pattern

is higher. An example of such a situation is given in Fig. 4.26. The reliability

index for the pattern in Fig. 4.26(a) is zero while it is 0.17 for the pattern

shown in Fig. 4.26(b). The indexing solution from the pattern Fig. 4.26(b) is

shown in Fig. 4.26(c). It is possible to use this information to obtain reliable

orientation information. One way to remove boundaries resulting from ambi-

guities is to exclude boundaries with specimen misorientations characteristic

of the ambiguity and assign the orientation of the point with higher reliability
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index in the neighborhood [107].
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Figure 4.25
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Figure 4.26: (a-b) Di�raction pattern from neighboring points (c) Indexing
solution
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Chapter 5

Conclusions and Future Work

5.1 Conclusions

The accomplishments of this thesis can be broadly classi�ed into (a)

Technique development for high resolution orientation mapping in a TEM

and (b) Implementation of the novel technique to investigate the e�ects of

downscaling on the microstructure of nano Cu interconnect lines with the

intent to establish correlation with interconnect reliability. Speci�cally, the

following major conclusions can be derived:

1. The D-STEM technique coupled with precession electron di�raction us-

ing the ASTARTM system from NanoMEGAS can be used to perform

automated orientation mapping of nanostructures in a TEM with a spa-

tial resolution of <5 nm. In case of multi-phase materials, the technique

can also be used to resolve individual phases and orientations of the in-

dividual phases in the microstructure. In the thesis, the high spatial

resolution of the technique has been demonstrated by obtaining orienta-

tion maps from Pt nanoparticles ~6nm in size. The high resolution phase

mapping feature has been demonstrated by identifying metastable hcp

phase grains (< 10 nm in size) in a polycrystalline PLD Ni �lm sample.
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2. Quantitative microstructure information can be derived from the ob-

tained orientation data after following the π- inversion and frame of

reference calibration routines outlined in the thesis.

3. Implementation of the orientation mapping technique to Cu interconnect

structures with widths ranging from 1.8 µm - 70 nm showed that inter-

connect downscaling brings about drastic changes in the microstructure

of the Cu lines. 1.8 µm and 180 nm wide lines showed a dominant <111>

�ber texture consistent with the growth of {111} grains along the trench

normal. However, the narrower lines, 120 nm in width did not show a

dominant normal texture. Instead, a slight <111> texture normal to

the trench sidewall was observed. Similar analysis on narrower lines,

70 nm in width, revealed a strong <111> texture normal to the trench

sidewall and a strong <110> texture normal to the trench bottom. The

dominant <111> texture along the sidewall normal in narrow lines has

been attributed to the dominant growth of sidewall {111} grains.

4. Quantitative analysis of grain boundary character in the aforementioned

lines showed a decrease in the fraction of coherent twin boundaries in

Cu lines upon downscaling. The results also showed a corresponding

increase in the population of non-CSL high angle boundaries. Analysis

of the grain structure of the interconnect lines based on the obtained

orientation and reconstructed boundary maps showed a variation with

decreasing line width. While the microstructure of the 1.8 µm and 180
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nm wide lines comprised large micron sized and near-bamboo type grains

respectively, the microstructure of 120 nm wide lines comprised clusters

of small grains separated by large bamboo or near-bamboo type grains

while the 70 nm wide lines showed a polygranular grain structure. It

was also analyzed that the small grains in the cluster were equiaxed in

morphology and the grain boundaries separating them were non-CSL

high angle boundaries. Cross section analysis performed on the 70 nm

wide lines also showed the presence of small grain clusters at the trench

bottom. Almost all the small grains at the trench bottom were also

found to be separated by high angle boundaries.

5. The microstructure evolution in narrow Cu lines is driven by thermody-

namics, but is constrained by the kinetics involving growth of sidewall,

bottom-up and overburden grains. Subject to the aforementioned con-

straints, although the system tries to attain a grain structure with the

minimum total energy, it is composed of metastable states with local

energy minima. The total energy of the system includes surface energy,

grain boundary energy, interfacial energy and strain energy. With reduc-

tion in line width, the surface/interface area to volume ratio increases.

Thus, the surface and interface energy minimization begins to dominate

the volumetric energy minimization. In narrow lines, the invasion of the

overburden layer into the trench is restricted by the growth of sidewall

{111} grains. The resulting microstructure is thus composed of clusters

of small grains in the vicinity of some large grains. This phenomenon
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becomes more severe with reducing line width, thereby resulting in a

polygranular structure, as observed in 70 nm wide lines. The preferen-

tial growth of {111} grains occurs along the normal to the trench sidewall

with speci�c <110> orientations along the trench normal to minimize

the interfacial and surface energies. The subsequent orientation of the

<112> along the line length also minimizes the strain energy. The com-

peting sidewall and bottom-up growth in narrower lines results in small

grain clusters at the trench bottom.

6. Analysis on narrow via/line structures fabricated for EM tests, also re-

vealed the presence of small grain clusters in the via in proximity to

large grains. The small grains were found to be separated by high angle

boundaries. The presence of such small grains separated by high angle

boundaries near large grains sharing twin boundaries can increase �ux

divergence and increase susceptibility to EM. Misorientation and �ux

divergence analysis around an EM void also showed that maximum �ux

divergence existed at the triple junction where two Cu grains separated

by a high misorientation intersected the SiCN capping layer.

7. 2D microstructural FEM analysis performed to investigate local stresses

revealed the presence of high and low stress regions in the Cu microstruc-

ture. Unlike conventional FEM simulations performed on Cu lines, the

microstructural FEM analysis accounts for the polycrystalline nature of

the Cu lines, and also the elastic anisotropy of Cu. The results revealed
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that high hydrostatic stress regions seem to be close to Cu grains sep-

arated by high misorientations. The stress contours obtained showed

evidence of sharp stress gradients in the microstructure. Since hydro-

static stress gradient is the driving force for SIV, such analysis could

provide key insight into the potential �ux divergence sites for SIV. How-

ever, to establish such a correlation, the FEM analysis needs to modi�ed

to couple stress gradient contours with mass transport parameters such

as di�usivity of the surfaces, bulk and grain boundaries. A recently de-

veloped FEM package with this novel feature is currently being pursued

for performing such studies.

5.2 Future Work

For future research, my suggestions are as follows:

1. From the perspective of electron microscopy technique development: to

improve the speed of acquisition of precession electron di�raction pat-

terns by an order of magnitude by optimizing exposure and using im-

proved phosphor and direct camera in the TEM.

2. To investigate texture, grain structure and grain boundary distributions

in as-deposited interconnect structures and subsequently study the ef-

fects of various annealing conditions on the grain growth characteristics

and subsequent microstructure evolution in Cu interconnects.

3. To investigate microstructure changes in Cu lines deposited with di�erent
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barrier/seed layers.

4. Performing 2D and 3D FEM simulations on Cu lines by coupling stress

gradients and mass transport parameters (di�usivity of bulk, interfaces

and grain boundaries) to generate a microstructure dependent spatial

distribution of �ux divergence for SIV.

5. Performing similar FEM analysis to obtain a microstructure dependent

spatial distribution of EM induced �ux divergence
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