
INFORMATION TO USERS

This manuscript has been reproduced trom the microfilm master. UMI films

the text directly trom the original or copy submitted. Thus, sorne thesis and

dissertation copies are in typewriter face, while others may be trom any type of

computer printer.

The quality of this reproduction is dependent upon the quality of the

copy submilted. Broken or indistinct print, colored or poor quality illustrations

and photographs, print bleedthrough, substandard margins, and improper

alignment can adversely affect reproduction.

ln the unlikely event that the author did not send UMI a complete manuscript

and there are missing pages, these will be noted. Also, if unauthorized

copyright material had to be removed, a note will indicate the deletion.

Oversize materials (e.g., maps, drawings, charts) are reproduced by

sectioning the original, beginning at the upper left·hand corner and continuing

from left ta right in equaJ sections with small overlaps.

ProQuest Infonnation and Leaming
300 North Zeeb Raad, Ann Arbor, MI 48106·1346 USA

800-521·0600





•

•

•

THE INFLUENCE OF TEXTURE ON THE RELIABILITY OF

ALUMINUM AND COPPER INTERCONNECTS

Sy

Kitae Lee

Department of Nlining and rvletallurgicaI Engineering.

rv1cGill University. Montreal. CANADA

December. 2000.

A thesis submitted ta the Faculty of Graduate Studies and Research in partial

Fulfillment of the requirements of the degree of Doctor of Philosophy.

© Kitae Lee. 2000.



1+1 National LJbrary
of Canada

Acquisitions and
Bibliographie Services
395 WeIingIDn Street
oeta_ON K1A0N4
Canada

Bibliothèque nationale
du Canada

Acquisitions et
services bibliographiques

385. rue wellington
0IIawa ON K1 A 0N4
c.nada

The author bas granted a non­
exclusive licence aIlowing the
National Library ofCanada to
reproduce, loan, distnbute or sell
copies of this thesis in microform,
paper or electronic formats.

The author retains ownership ofthe
copyright in this thesis. Neither the
thesis nor substantial extracts from it
MaY he printed or otherwise
reproduced without the autbor's
pemnSSlon.

0-612-70075-5

Canadl

L'autem a accordé une licence non
exclusive pennettant à la
Bibliothèque nationale du Canada de
reproduire, prêter, distribuer ou
vendre des copies de cette thèse sous
la forme de microfiche/film, de
reproduction sur papier ou sur format
électronique.

L'auteur conserve la propriété du
droit d'auteur qui protège cette thèse.
Ni la thèse ni des extraits substantiels
de celle-ci ne doivent être imprimés
ou autrement reproduits sans son
autorisation.



•

•

•

ABSTRACT

Texture 10 tilms develops during deposition processes and annealing of pattemed

waters. Recent studies show that texture influences the performance and reliability of

both alun1inum and copper interconnects. To improve the CUITent understanding of this

marrer. the influence of texture on reliability was studied.

The influence of texture on electromigration and stress-induced failures in aluminum

interconnects \vas studied since these are the most often responsible for failures

observed in aluminum interconnects. Results obtained showed that a strong : Ill}

texture in aluminum interconnects improves their median time-lO-failure. The grain

boundary character distribution and percentage of coincidence site lattice (CSL)

boundaries. was quantified using orientation imaging microscopy. It was found that the

median time-lO-failure of specimens increased as the number of low angle and CSL

boundaries increased. These boundaries are kno\\-TI to have low diffusivity. Il was also

demonstrated that while the investigated specimens had grains of comparable size. the

grains of similar orientations were clustered in the specimens having the stronger {111 }

texture. This phenomenon contributed to the longer median time-ta-failure of the

interconnects by reducing the frequency of high angle grain boundaries. The

experimental data obtain~d shows that the residual stress in films decreases as the

intensity of the ~ Ill: texture increases. A model based on Monte-Carlo simulation of

texture fonnation during the deposition of aluminum film was proposed to suggest the

optimum conditions for a grov.th of a strong {III} texture component. A law

deposition rate and a high mobility of atoms on the surface. which corresponds ta a high

substrate temperature. can strengthen ~ 111 J texture.

Copper has been recently used as an interconnecting material because of its good

electromigration resistance and low electrical resistivity. One of the major problems of

copper as an interconnecting material is that it easily oxidizes at relatively low

temperatures. The fonnation of oxide degrades the electrical and mechanical properties



•

•

•

of copper interconnects. The intluence of substrate texture on the oxidation kinetics

was studied to suggest methods to reduce copper oxidation. Copper single crystals

having (100). (110). (113). (3 14). (lI 1) and (311) orientations were oxidized at 200°C

in air. Only the Cu~O phase was fonned during oxidation. The oxidation of the (100)

single crystal substrate was much tàster than that of the others. This is attributed to a

large nunlber of fine oxide grains on the (100) crystal in the initial stages of oxidation.

Il is recomnlended that the: 100: texture in copper interconnects should be avoided in

order to reduce oxidation rate. A quantitative model was proposed to predict the

oxidation kinetics of copper from the texture of the specimens. Reasonable agreement

was obtained comparing the model predictions and the experimental results obtained

from the test of oxidation of polycrystalline copper specimens. HO\\iever. further

impro\'ement of the model can be done if more data from single crystal experiments are

obtained.
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RÉSUMÉ

La texture dans les couches minces se déroule durant les processus de déposition et de

recuit des waters. Des études récentes ont montré que la texture influence la

performance et la fiabilité des interconnections de cuivre et d'aluminium. Atïn de

comprendre ce phénomène. l'influence de la texture sur la tïabilité des couches minces

a été etudiée.

L' intluence de la texture sur l' électromigration ainsi que l'application de contraintes

dans les interconnections d'aluminium ont été étudiées puisque celles-ci sont les

facteurs le plus souvent responsables de rupture observées sur les interconnections d'

aluminium. Les résultats obtenus ont montré qu'une forte texture : Ill} améliore la

résistance à la rupture pour les interconnections en aluminiunl. La distribution des joints

de grains et le pourcentage de la superposition de joints de grains spéciaux. ont été

quantifiés à l'aide d'un OINt (Orientation Imaging Microscope). Il a été découvert que

la résistance à la rupture des échantillons augmente quand le nombre de sous-joints de

grains et que la superposition de joints de grains spéciaux augmentent. Ces joints de

grains sont connus pour ayoir une tàible diffusivité. Il a notamment été démontré que

dans les échantillons analysés possèdant une taille de grain conlparable. les grains ayant

une orientation similaire étaient amassés dans les échantillons ayant une texture: III :

la plus forte. Ce phénomène contribue a la résistance à la rupture des interconnections

en réduisant b fréquence des joints de grains fortement désiorientés. Les données

expérimentales obtenues montrent que la contrainte résiduelle dans les couches minces

décroît lorsque l'intensité de la texture dans la famille de plan {lll}- augmente. A l'aide

du modèle de Monte Carlo. un modèle de simulation concernant l:l formation de la

texture durant la déposition d'un tïlm d'aluminium a été proposé pour prédire les

conditions optimales de la croissance d'une forte texture {Ill} dans l'échantillon. Une

faible vitesse de déposition et une grande mobilité des atomes à la surface~ ce qui

correspond à une haute température du substrat. peuvent renforcées la texture {Ill} .

iii
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Le cuivre a récemment été utilisé comme matériel d' interconnection dû à sa bonne

résistance à l' électromigration et à sa tàible résistivité électrique. LI un des problèmes

majeurs du cuivre est le fait que celui-ci s' oxide à très faible température. La formation

d' oxide diminue les propriétés mécaniques et électriques des interconnections de

cuivre. L'influence de la texture du substrat sur la cinétique d' oxidation a été étudiée

atin de proposer des méthodes pour réduire l' oxidation du cuivre. Des monocrystaux de

cuivre ayant les orientations suivantes: (100). ( 110). ( 123). (314). ( III ) et (311 ) ont été

oxydés à 200 oC à 1air. Une unique phase de Cu:!O a été formée durant l' oxidation. L'

oxidation du monocr)·stal ayant l' orientation (100) était plus rapide que les autres. Ceci

a été attribué à la présence d'un large nombre d' oxides de grains très tins durant les

premiers stades d'oxidation. Il est recommendé d'éviter la texture {I 00 J dans les

interconnections de cuivre afin de réduire la vitesse d' oxidation. Un modèle quantitatif

a été proposé pour prédire la cinétique d' oxidation du cuivre à partir de la texture des

échantillons. Une corrélation raisonable entre les résultats expérimentaux et le modèle

théorique a été obtenue sur les tests d' oxidation des échantillons polycristallins de

cui\Te. Cependant. des améliorations sur le modèle peuvent être éffectuées si des

données supplémentaires sur les expériences de monocristaux sont obtenues .

IV
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Chapter 1

Illtroduction

A modern integrated circuit (lC) is composed of 108 or more electronic devices. These

devices form a circuit by metallic films pattemed into strips. which function as \vires to

interconnect de\'ices. The wires are usually simply referred ta as interconnects. ln an

[C occupying a surface area of 1 cm2 Si substrate. there can be more than 10 m of total

interconnect Iength. This length is in the form of more than 108 line segments

contacting pairs of devices and different segments of the circuit. This enormous

number of wires is made possible by their small widths. [nterconnect widths as small as

0.2 /lm are cUITently used in commercial circuits. and circuits and processes leading to

smaller and smaller widths are continuously being developed (Figure 1.1 & Figure 1.2).

Since interconnects occupY a large fraction of the total area. reducing the average

interconnect width a110\\"5 an increase in the packing density of the devices in a circuit.

Aiso. by reducing interconnect width (and therefore circuit dimensions). the

transmission distances are reduced and thus operation speed can be increased.

Consequently. there is tremendous incentive to produce designs with interconnects that

carry higher and higher CUITent density. During the operation of an [Co interconnects

carry CUITent densities as high as 5x 105 A/cm2
. [n comparison. the maximum CUITent

density aIlo\ved for house wiring is of 102 A/cm!.
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C/wpter/: Introduction

Unfortunately. the ability to impkment the designs that increase the packing density

and the operation speed is currently limited by reliability concems. such as

electromigration-induced and stress-induced failures.

Aluminum has been used as a popular interconnecting material. An important

mechanism of failure in aluminunl interconnects is electromigration failure. Many

factors intluence electromigration lifetime of interconnects. including texture [4. 5. 6].

The texture in interconnects develops during such deposition processes as e\·aporation.

sputtering. chemical \"apor deposition. and electrochenlical deposition: it also develops

during the annealing of pattemed waters. In tàct. it is rather dit1icult to deposit a

sample without inducing texture. Recent studies show that the activation energy for

e1ectromigratian is texture-dependant and that a strong {Ill: texture in aluminum

intercannects improves the electromigration lifetime [7. 8]. Another important tàctor

which causes tàilure of interconnects is the stress due to thermal expansion mismatch

between the Al metallization layer and the Si substrate or the dielectric layer of Si02 [9.

10]. Not much work has been don~ to correlate the texture and stress-induced tàilures.

although it is speculated that comrolling the local orientation could minimize stress­

induced failures [1 1].

Copper has recently been the new I11l.:tallization material for ultra-large scale integration

(ULSI) devices and electronic packaging due ta its low electrical resistivity and good

dectronligration resistance [12. 131. One of the disad\'antages of copper as an

interconnect material is that this dement is easily oxidized at relatively low

temperature. Unlike the oxidation of alurninum. the oxidation rate of copper is fast and

no self-protecti\"e oxide layer forllls 10 prevent further oxidation. The formation of

oxide degrades the electrical and n1l.:chanical properties of copper as interconnection

materia!. The study of copper o:\idation kinetics and the development of means to

prevent copper oxidation are important to the application of copper as an

interconnection material in ULSI lI.:chnology. Many researches have focused on the

oxidation of copper in the 50's allli 60·s. ft \vas found that copper oxidation is an

....
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out\vard oxidation that is strongl~ dependent on oxidation ternpcrature and oxygen

partial pressure [14]. In the 90·s. the study of copper oxides intensified due to the

interest in using copper as an int~rconncction rnaterial. Sorne rnethods have been

suggested ta proteet the oxidatil111 of copper interconnects. One such method is

passi\"3.ting copper with a protection layer such as Si3N.; [15] and another one is adding

alloying dements [16]. However. lh~re has not been much work related to the intluence

of the texture and the microstructure of copper substrate and oxide on the oxidation

kinetics of copper.

The main objectin~s of this study ~lr~:

1) to impro\'e the understanding l)( the influence of texture on e1ectromigration and

stress-induced failures in Al inll:r(()nnects.

2) to suggest a quantitati\'e modd tl) obtain optimum texture \vhich \\'ould minirnize

the reliability concems of Al inli..TCOnnects.

3) to understand the oxidation kint:tics of copper and the influence of substrate texture

on oxide gro\\lh and suggest a l1l~thod ta reduee Cu oxidation.

-+) to propose a quantitati \'e modt:1 ll) (orrelate the texture 0 f substrates with the oxide

gro\\lh.

To understand the intluence of texture: on the reliability of thin tilm interconnects. it is

necessary to re\'iew the basics on li.>: texture and failure mechanisrns of interconnects.

In addition to a general review ~)11 texture. details on the reliability concems are

described in Chapter 2. A bri~r review on integrated circuit technology and

metallization in integrated circuits is aiso provided in Chapter 2. Chapter 3 describes

the techniques and the equipments llsc:d ta characterize the texture and morphology of

specimens. for example the textur~ goniometer. atomic force microscopy (AFr..1).

orientation imaging microscopy (01\1) and 50 on. Il is to note that a thermal

gra\'imetric analyzer (TGA) was uSèd for the study of copper oxidation. The results of

the intluence of texture on the reIiability of AI interconnects are described in Chapter 4.
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A quantitative model 10 obtain l)ptimum texture~ which mlmmlzes the reliability

concems of aluminum interconnecb~ is presented at the end of Chapter 4. In Chapter 5.

the intlu~nce of substrate texture on o\:idation kinetics at 200°C is presented along \Vith

the mode! to correlate the texture of substrates with the oxide gro\\lh. Chapter 6 then

presents the conclusion of the work~ a list of the contribution to original knowledge. and

recommendations for future work.
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Literature Review

This chapter consists of four sections. It stans with a review of the literature and

terminology relevant to understanding texture. The second section provides a brief review

of integrated circuit teclmology by giving a historical background of the evolution of

integrated circuit (lC) technology and an introduction to the fabrication process of

integrated circuits. The basic properties of a silicon wafer and processes of the wafer

treatment are also described in this section. The follo\\iing section co'/ers more details on

the le manufacturing process and. in particular. on the metallization process. The last

section describes the reliability concems of metallization during the fabrication procedure

and the actual use of le chips.
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2.1. A REVIEW OF TEXTURE

Many technicaIly imponant materials such as metals and ceramics are polycrystaIline.

One of the most important quantities in describing the internai structure of a

polycrystalline material is the distribution of its crystaIlites (grains). It is quite unusual for

the grains in such materials to have a random distribution of orientation. Texture is a tenn

used to describe the presence of preferred crystallographic orientations of the crystallites in

polycrystalline material. Texture is develaped at virtually ail stages of the manufacturing

process such as defonnation. annealing. solidification. and phase transformation [17]. The

mechanism of texture development is a very complex function of the mechanical and

thennal processes as \vell as of the materiaI itself. Texture plays a very important l'ole in

understanding the physical. chemicaI. and mechanical properties of materials. such as

elastic modulus. Poisson's ratio, strength, duetility. toughness, magnetic penneability, and

the energy of magnetization.

Various methods are used for describing texture. One standard method is using pole

figures. The term 'pole' is defined as the normal to particular crystallographic plane.

~hkl~. In a textured sheet. the pales. D:hkJ:. from all grains are not evenly distributed in the

specimen reference frame and cluster in certain directions depending on the crystal

symmetry and texture. The (hkl} pole figure represents the variation of {hkl} pole density

as a funetion of the pole orientation within the sheet referenee frame. Pole orientation is

usually specified by the azimuthal (jJ) and polar (a) angles of spherical-polar eoardinate

systems defined in the RD-TD-ND referenee frame of the sheet where RD represents the

roHing direction. TD is the transverse direction and ND is the nonnal direction. A specifie

pole density is then eompletely described as P{hkl}(a. P). The standard presentation of the

pole figure is a stereographie projection of the hemisphere of pole density data onto the

RO-TD plane. Figure 2.1.(a) shows how the sheet is eonsidered to sit at the center of the

stereographie sphere. The orientation ofa single grain in the sample can be represented by

ploning its three {1 OO} poles at the appropriate angular positions relative to the reference

directions and its stereographie projection, as sho\\TI in Figure 2.1.(b).

7
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NO

(a) Cb)

TC

•

(c)

TD

(d)

10

•

Figure 2.1. The presentation of pole figure: (a) projection sphere and reference frame

of the sheet. (b)projection ofpoles for a single grain. (c) projection 0fpole

from textured grains. (d) pole figure with iso-density contour lines [17] .
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For a polycrystalline sample. all grains must be considered and aH of their respective

.: 100} poles must be plotted. The poles tend to cluster together in certain areas of the pole

figure in textured materials as sho\\'TI in Figure 2.1.(c). Iso-density contour lines

connecting the projected data are usually ploned to produce the pole figure as shown in

Figure 2.1.(dl.

The fully quantitative method is based on a description of the orientation of crystallite. [n

order to describe the orientation of individual crystallites, a rotation g, which transforms a

sample-fixed coordinate system into a crystal-fixed coordinate system. must be defined.

Figure 2.2 shows both the sample-fixed coordinate system KA and the crystal-fixed

coordinate system KB. ln 1755. Euler introduced the "three rotation concept". one of the

most \\idely used methods in describing the orientations of crystals. It is defined by

assuming that. initially. the axes of the crystal coordinate system are parallel to thase of

the sample coordinate system.

\' KE
:..--...~

I.--~z
x

TD
~

Z(\D l Y( TD) l \'
Â ~ ~ .. KB

KA X•
XIP-Dl

Ka
z
.~,.
.--J .'\.

\"

•

Figure 2.2. The sample-fixed coordinate KA and the crystal-fixed coordinate

system KB in the sheet.

The Euler angles are then introduced bl' describing the rotation of one around the other.

First of aIl. the crystal coordinate system is rotated around the Z'-axis through the angle tp/,

then around XI-axis through t:P and finaII)' around the l'-axis again through the angle tp2 as

9
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illustrated in Figure 2.3.

(a)

l

t

(h)

l

J

•

•

z

x x

(e) (d)

Figure 2.3. The definition of the Euler angle rp l, cp, qJ2: (a) the crystal coordinate

system Ks(X'Y'Z') lies parallel to the sample coordinate system KA(XYZ),

(h) the crystal coordinate system is rotated around the l'axis through the

angle qJ 1. (c) the crystal coordinate system is rotated around the X' axis

through the angle cP. (d) the crystal coordinate system is rotated around the

l' axis through the angle qJ:! [18].
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The rotation gis thus represented by the three Eulerian angles ({}J. CP, qJ:.

(2.1 )

•

AIl possible ranges of these Euler angles are as follows.

One of the standard methods used in quantitatively describing a texture is the orientation

distribution function (ODF). The ODF is a statisticaI measure of distribution that

describes the volume fraction of individual crystallites as a function of their orientation g.

Assuming dT' is the volume of aIl the e1ements of the sample that possess the orientation g

\\ithin the infinitesimal range of orientation dg and that V is the volume of the entire

sample. then the ratio dr·V defines the ODF functionf{gJ by the equation (2.2) where dg

is defined as equation (2.3).

dVv= f(g)dg

1 .
dg = -,sm <Il d <p ,d<IldCP:

8 ir-

(2.2)

(2.3 )

A function fig) can be represented by the series of an expansion of generalized spherical

hannonics [18. 19].

:>: 1 /

j{g} =I l IC~nr~n(g)
1 (J m ./ n ··1

(2.4)

•
crn are constants quantifying the contribution of individual generalized spherical

hannanics rrn ta the value of the function as a whole.

Depending on the lanice symmetry, the crystal reference system can be chosen among

Il
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severa! equivalent possibilities. In the case of a cubic system. there are 24 different

representations for the same crystallite. These are related to one another by the rotations

that fonn the rotational subgroup of the crystal symmetry. Each orientation g is associated

\\ith 24 symmetrically equivalent ones defined by 24 different sets of Euler angles. In

addition to crystal symmetry. the sample can also exhibit elements of statisticaI symmetry.

For example. a l'oUed sheet generally exhibits mirror s)'mmetry in the planes defined by

the sheet normal and roHing directions. and the sheet normal and transverse direction.

Considering these crystal and sample symmetries. the generalized spherical harmonics

rtn
can be summed into a linear combination and symmetrized to Tf" and the limits of

the 111 and 11 summation can be reduced. As a consequence. the equation (2.4) is modified

to equation (2.5).

• where.

:x: .\/(/; .\'fl)

f{g)= LLLCj"Tj"(g)
1 () J.l l" 1

1 /

T,U1 (g) = L L A~u A;\' Trn(g)
m ·f" ./

(2.5)

(2.6)

•

The coefficients Ar~ and At'" are chosen to fuI fi Il the crystal and sample symmetries.

respectively. and the coefficients cï\' are the coefficients ofODF that are symmetrized for

the calculation of the texture of rolled sheet materials, Because the ODF is a function of

the three Euler angles. it can be represented as a function defined al each point in a

Cartesian space defined by the axes (jJ/. CP, (jJ:. The Euler angles defining the ODF within a

space are confined by 0° < qJl. cP, (jJ2 < 90°. Figure 2.4 shows the ODF of the typical

recrystallized ARMeO iron in the Euler space.

The ODF is also represented by one-dimensional plots of f(g) along certain lines. called

tibers. in the Euler space. The alpha fiber contains orientations where ({JI = 0° and f/J2 =

45°. while cp changes from 0° to 90°. These orientations have their (110) crystallite

directions paraUel to the roHing direction (RD). The gamma fiber contains orientations

where cp == 55°. CP2 =45° and lpl goes from 0° to 90°. Orientations along the gamma fiber

12



•
Chapter 2: Literature Review

have {Ill} planes parallel to the sheet of the plane. The eta fiber contains the orientations

where f{JI = 0°. qJJ = 0° for the range of 0° < eIJ < 90°. The (100) directions along the eta

fiber are parallel to the rolling direction. The rpl =0° and qJ2 =0° sections of the ODF are

generally used to describe these fibers and sorne ather important orientations. Figure 2.5

shows u. y. and 11 tibers and sorne Iow index orientations on the rpl = 0° and qJ: = 45°

sections of the üDF.

•
Figure 2.... The ODF of the

typical recrystallized

ARMCO iron.

,-. --.... 90°

- ..... 50°

90 ;f:-----------~

((OOlfOIOI((01)(0101
/lfpJ 1~l)lvl

0 30 45 60 90 0 30 45 60 90
0 cp 0 ({JI

IOOUIÎOI (0011(0101 (001(1101

.- a-fibre

,'CiJIHïJI ... /111~lïol y·fibre
.;5 45

•
1112~IlOl IIIIlf1101 55

90

• Figure 2.5. Location of fibers and sorne low index orientations on the (a) ({JI =0°,

(b) qJ: := 45° sections of the üDF.
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2.2. INTEGRATED CIRCUIT (IC) TECHNOLOGY

2.1.1. Historical Background

The microelectronics industry began in 1947 with the invention of the transistor by

Bardeen and co-\vorkers [20]. The planar silicon technology had developed in the late

1950s and this enabled active devices, such as transistors, and passive devices, such as

resistors. te be integrated on the same silicon substrate. Since then, the growth has been

remarkable, \Vith the number of components. which can be accommodated on a single

silicon integrated circuit virtually doubling every year [21]. The result is that

microelectronic devices. \vhich not so long ago were concentrated in the domain of

expensi\'e specialized equipment. now form the basis of a whole range of products

which are widely available in the street. Advances in microelectronics have had a major

impact on the size and cost of computer hardware. The continually increasing capacity

of semiconductor memories has resulted in cheap, efficient means of accessing and

storing large amount of information. whilst the ability to integrate a central processing

unit on a single chip has resulted in completely new industries based around personal

and home computers. The information technology revolution, which is now occurring.

compares \Vith previous industrial revolution and threatens to have a major social.

commercial and political impact on the way we live.

The 1947 discovery that led to the invention of the transistor occurred \vas somewhat

accidentaI. John Bardeen and Walter Brattain [20] of the Bell Telephone Laboratories

were in\'estigating the potential distribution in the vicinity of the rectifying contact

associated with point contact "eafs Whisker' diodes. To do this, they placed another

contact on the surface close to the 'eafs Whisker· and noticed that the signal which

appeared at this contact \vas an amplified version of the original signal. A fellow

scientist. Shockley [22]. at Bell Telephone Laboratories refined the operation principles

of this 'transfer resistor· or ·transisto(. The tenn "transfer resistor' refers to the transfer

of current from a fOl"\vard biased circuit with a low resistance to a reversed biased
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circuit with a high resistance. This transfer of CUITent enabled the transistor to be useful

again. The three Bell Laboratories' workers later shared the Nobel Prize for their

discovery.

The concept of the integrated circuit was first proposed by Harwick Johnson of the

RCA Corporation and was later extended by Dummer of RRE (now the Royal SignaIs

and Radar Establishment) in the UK. The tirst commercial devices appeared in the

early 19605 becau5e of the subsequent US Govemment funding for research and

development in the emerging semiconductor companies. It was in fact Fairchild Inc.

that conceived the planar technology from which today's integrated circuits have

developed. The growth of the electronics industry has been extremely rapid following

this development. Initially, the drive was concentrated on applying this new technology

to military systems under funding from the US Department of Defense. with

commercial manutàcturers of computer and communications equipment preferring ta

use hybrid circuits built from discrete components. This emphasis started to change

towards the end of the 1960s when companies such as DEC recognized the importance

of incorporating complete digital functions on a single chip. This led to the

development of a \vhole series of relatively cheap microcomputers and paved way for

the commercial exploitation of microelectronic technology. The processing of ICs

advanced rapidly and the exponential increase in transistor count per chip during the

t\VO decades (1959-1979) followed fairly closely Gordon Moore's prediction of 19605,

in which he foreca5t that the function density per chip would double every year [21].

Until the late 19605. the microelectronics industry was dominated by bipolar

technology. Metal-ûxide-Semiconductor (MûS) technology did not really emerge until

later because of material problems associated with making high quality gate oxides.

MûS has become the primary technology for fabricating integrated circuits because of

its intrinsic low power consumption, moving from a small percentage (12%) of aIl ICs

manufactured in 1982 to 82% by 1996. Bipolar ICs are reserved for special

applications, which demand their superior speed. The success and evolution of MûS
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are directly the result of intense industrial competition. particularly in the US and Japan.

to increase the capacity of semiconductor memory circuits.

The growth of microelectronic industries over the last two decades is more dramatic. In

the early 1970s, sales of les reached $ 1 billion; in the year 2000, digital MûS lCs are

projected to dominate a market worth about $ 100 billions. Likewise. the broader

market for electronic equipment is expected to climb up to near a trillion dollars (Figure

2.6). The number of component per le chip has been increased dramatically, too.

Commercial chips with less than 0.2 flm of their minimum device size and with more

than 108 devices per chip are produced these days.
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1990 200019801960 19'70
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•
Figure 2.6. Sales of electronics in the United States.

(a) Factory sales of electronics, Cb) lntegrated circuit market [23, 24].
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2.2.2. Fabrication Process of Integrated Circuit

The fabrication of integrated circuits is now a well-established process. and even though

developments are still taking place. the basic processes arc not changing greatly. Figure

2.7 shows a brief le manufacturing process flow.
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Figure 2.7. Integrated circuit manufacturing process flow [25].

•
The main semiconductor is silicon while gallium arsenide (GaAs) is being used

increasingly for very high-frequency applications. The production of silicon is usually

separate from the manufacture of integrated circuits, and the majority of le
manufacturers purchase the silicon in the form of wafers sorne 100-200 mm in diameter.
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These wafers are approximately 1 mm thick. are highly polished and are ready for

processing. A wafer may be n-type or p-type depending on whether the silicon has been

doped with n-type or p-type elements during the production process. The most

commonly used dopa'1t elements for silicon are boron for p-type wafers. and

phosphorus or arsenic for n-types. These dopant elements are distributed unifonnly

throughout the thickness of the wafer and the amount determines the resistivity of the

silicon. The more elements are present, the lower the resistivity, and vice-versa. One of

the major advantages for the use of silicon in fabricating [Cs is ils ability to grow a

natural oxide (silicon dioxide). Silicon dioxide (SiG;!) is a good dielectric with a

reiatively high dielectric constant (- 4). and high breakdown voltage. It is also

impervious to the ingress of moisture and it acts as a barrier to the diffusion of

impurities. Silicon dioxide is formed by heating the silicon wafer in an atmosphere that

contains either oxygen or water vapor. This takes place in a furnace inside a quartz tube

at the temperature between Il DODe and 12000e and may take a few minutes to many

hours depending on the thickness of oxide that is required. Oxide thickness may range

from 50 nm for the gate oxides for MûS transistors, to 1.5 /lm for oxide isolation

regions \vhere the increased thickness reduces interelectrode capacitance between the

metai interconnections and the silicon substrate. which forros a ground plane.

To construct devices and circuits on the surface of the silicon wafer, the transfer of the

layollt pattern onto the wafer is required. The patterns describe the location of further

doping. insulating layers. metal interconnections. etc. The build-up of a functional

circuit requires the definition of many such layers on top of each other. The layer

patterns are usually computer generated, based on the position and interconnection of

the basic building blocks in the circuit. The alignment of one layer on top of the other is

of crucial importance to the success of the circuit fabrication.

[n order to transfer the layer patterns on to the wafer, the first step is to transfer each

pattern onto an actual-size plate that consists of areas that are transparent and opaque.

These plates are called masks and usually consist of a glass plate with the pattern
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defined in a metallayer. \\'here metal is present~ the area is opaque~ and where there is

no metal. the mask is transparent. The next stage is to cover the entire wafer with a

chemical layer in which the pattern \vill be transferred from the mask. The chemical is

sensitive to light and is called photoresist; il is an organic material with chains of

molecules. When expose to light~ the resist either polymerizes. making even longer

chains of molecules and hardening. or the molecules break up and the material softens.

These two types of resist are termed negative and positive respectively, and require

inverse mask patterns to provide the same pattern of resistive layer. Whether positive or

negative, the photoresist cornes in a liquid form. After the application of light through

the mask. the soft areas of resist have ta be washed away. This leaves just the

polymerized areas of resist protecting certain area of the wafer. In order that the

remaining resist can \vithstand the next processing stage such as doping and etching, the

resist is thoroughly dried and hardened by baking in a fumace. Once the subsequent

process has been completed and the resist has served its purpose. it is stripped away.

The brief process of photolithography is illustrated in Figure 2.8.

The basic watèr can have a certain amount of dopant introduced into it at the

puritication and crystallization stage, and higher-doped active layers can be obtained by

providing a thin epitaxial region on the top of the basic wafer. However~ these

processes are global. in that the entire wafer is doped. For certain parts of the process. it

is required that areas are selectively doped in conjunction with the photolithography

process. As photoresists cannot usually tolerate the high temperature in which the

doping process is performed. the ·protection· layer must be a dielectric layer. Dopant

elements may be added at several points in the re manufacturing process. As

mentioned before. the most commonly used dopant materials for silicon are baron for p­

type \vafers. and phosphorus or arsenic for n-type wafers. There are two basic

approaches for introducing the dopant material into the wafer, diffusion and ion

implantation.
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Figure 2.S. Stages in photolithography [26] .

Diffusion is the original process by which ail selective doping used to be introduced.

The basic approach is to expose the area to be doped to a source of the dopant materiaL

and then by elevating the wafer to high temperatures, the material diffuses into the

semiconductor. The diffusion can either be done in a one-stage process or a two-stage

process. the latter being used more popularly to achieve maximum control. A two-stage

process consists of a lower temperature "deposition' stage. after which the dopant

source is eut off. followed by a higher temperature "drive-in' stage. The first of these

stages is termed continuous source. as a fresh supply of the dopant is continuously

available. The second is termed limited source, with which the desired depth of

diffusion is achieved. These two diffusion processes are used at different stages of IC

fabrication depending on the profile requirements of the various doped areas. Diffusion

takes place in temperature-controlled fumaces and the normal temperatures for

diffusion are typically 1000°C-1400°C. The dopant material must he introduced in a
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gaseous form. although the original source of the dopant may be of solid. liquid or

gaseous form. An example of the diffusion system is sho\vn in Figure 2.9.

FUrMCetube

__ Ventld
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Platinum w.... in boat
boat

(a)

•

Figure 2.9.

Boron diffusion system.

(a) Solid diffusion source

system.

(b) Liquid diffusion source

system.

ec) Gaseous diffusion source

system [27].
~~..-guO~O=Q~>

(C)

•

[on implantation is increasingly being used to introduce impurities into silicon. The

\vafers are placed at the end of an acceleration tube in a high vacuum and ions are

accelerated and directed to the \vafer. The high kinetic energy of these atoms means

that they can penetrate into the surface of the semiconductor. The faster they are 'shot'

at the wafer. the deeper they \vill penetrate. so control of the doping profile is achieved

by the speed of the dopant material. The mechanism for 'shooting' the dopant material

is to accelerate it through an electric field. To do this. the material must be charged. As

such. this process is termed ion implantation since the dopant material consists of

charged ions. Figure 2.10 shows a brief schematic system of the ion implantation. As

the implanting effect will cause much mechanicaI damage to the surface region of the
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\vafer. it is necessary to pass the wafer through an annealing process. This consists of

raising the wafer to a temperature of around 600°C. and this has two effects. Firstly, the

semiconductor wafer can re-align ilS crystal structure back to the single crystal. which is

important for efficient device operation. Secondly. it allows the dopant material to fit

substitutionally into the crystallattice. The great advantage of ion implantation over the

diffusion process is that the fonner is a lo\v-temperature process, so unwanted diffusion

of impurities is greatly restricted. Another advantage is that dopant materials can he

penetrated through a thin oxide. Either n-type or p-type dopants can be implanted

through the gate oxide. Thus. by means of ion implantation, it is possible to fahricate

several different types of MaS transistors on the same watèr. However, the ion

implantation equipment is much more expensive than a diffusion fumace system~ and as

the operation has to he performed in an evacuated system. the throughput of wafers is

n~ry lo\\' .
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Figure 2.10. Ion implantation system [28] .
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The processes on tàbricating silicon wafer have been explained 50 far. The next step in

the le manufacturing process is the formation of the metal interconnects. When aIl the

high temperature steps have been completed and when aIl the silicon is once again fully

covered with oxide. a photolithography step is used to create windows in the oxide to

form contacts. The complete surface of the wafer is then covered with a thin layer of

metai and photolithography is again used to define the metal tracks and to allow the

surplus metal to be removed. This process is repeated to obtain multi-Iayered circuits.

Details of this process. dubbed metallization. are explained in the following section.

As the tinal step of chip tàbrication has been completed, each individual chip, aiso

called a die. is eut from the wafer. This die is then mounted in a package that normally

consists of a frame with a number of metal leads connected to "legs', which will fonn

the connections that can be soldered on to the circuit board. Once the electrical contacts

are completed. the chip is hermetically sealed into the package to provide a further layer

of protection from contamination or mechanicai stress that may cause premature failure

of the device. The usuai forms of the packaging are a plastic compound that is molded

around the bonded chip. or a ceramic package that is more expensive but provides better

stability and greater thermal range. The packaged chip goes to a test line in which

defecti \'e products are screened and eliminated.
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2.3. METALLIZATION FOR THE INTEGRATED CIRCUITS

Metals have been kno\Vn te carry electric currents from the source of its generation to

the point of its use. [n microelectronics. metals are basically used in a similar fashion as

a means of supplying power and transmining information from one place to another.

The application of metals and metal-like Iayers during integrated circuit fabrication is

called metallization. As microelectronics technology progressed from the sixties to the

nineties. the demand on the properties of useful thin films as interconnection Iayers and

their materials has progressively increased. This trend is expected to continue into the

t\venty-first century. Such demands are reflected not only in the fundamental

characteristics of the thin-film materials but aiso in their processing. Thus the demands

on the progressive integrated circuit and on microelectronics technology are aiso placed

on metallization. At the present lime the development of new metallization schemes

has becorne the key to the success of continued miniaturization of devices and circuits

and also to the success ofthree-dimensional devices and circuits in the future .

Figure 2.11 shows a cross section of a metallization scheme of a typical metal-oxide­

semiconductor field effect transistor (MOSFET). The central region is called the gale.

In this region. the substrate silicon is isolated from the metal electrode by an insulation

layer. a die/eclric layer. which is generally a thin thermally gro\vn SiÛ:!. The metal

electrode. generally a heaviIy doped polysilicon layer that serves as a metai. is called

gale e/eclrode. It contraIs the on-off working properties of the MOSFET. The two

regions adjacent to the gate region are called the source and the drain. Ali metais

involYing direct contact \Vith the semiconductor surface are called contacts. The

structure of integrated circuits used for electronics these days is much more complicated

than the structure sho\\n in Figure 2.11. Figure 2.12 shows a schematic of a cross

section of a multilevel metallization structure. Il has five metal Iayers with tungsten

plugs (\VI-W4). \vhich connect different Ievei of metallayers. This pug is also called

via. [nterlevel dielectric layers (ILD l-ILD4) are used to electrically isolate one Ievei of
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metal interconnects from another. The chip \\111 be connected to a package through

solder bumps or wire bonds.

•

Figure 2.11. Schematic cross

section of typical

MOSFET [29].
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Figure 2.12. Schematic cross section of a muitilevei metallization structure [30] .
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There are a variety of requirements for any metallization scheme to satisfy when used

for integrated circuits. It supposes 10 have lo\v resistivity and good adherence to silicon

and silicon oxide. It must be easy to fonn and etch. It should be stable throughout

oxidizing and other processing~ especially it must not react with packaging materiais or

the wires used for bonding. Additionai properties are required for the metallization

used in power devices and circuits operate at temperature as high as 250°C. At such

temperature metallurgicai reaction can readily occur. Therefore~ the most important

requirement is the stability of the metallization throughout the le fabrication procedure

and during th~ actual use of the finished product. For better stability. metallization does

not interact \\ith other contacting materials and must have strong resistance ta

electromigration and thennal stress induces failures such as voids and hillocks. More

specifie requirements of the various metallization such as contacts, gate metai. interlevel

interconnects and via filling metais are listed in Table 2.1. It should be pointed out that

these requirements of the metallization are not fulfilled yet. A lot of research and

de\"elopment has been done ta satisfy these requirements.

Table 2.2 shows sorne of the rnetallization schemes that are being used and being

in\·estigated. As mentioned before a heaviIy doped polysilicon is used as gate materiaI.

Aluminurn or silicide is usually used for this purpose. Aluminum or aluminurn alloys

are the most popularly used as interconnecting materials. Recently. copper is being

substituted for aluminum because of its 10\\' electric resistivity. Tungsten. aluminum or

copper is usually used as the materials for via. however. tungsten is the most popular

among those. Interconnecting materials. such as aluminum and copper. are readily

diffuse 10 dielectrics especially at high temperature. Therefore, a certain layer is

necessary to prevent a metallurgical or chemical reaction that rnight lead to electrical

failure in the circuit. TiN. Ti\V. TiC. Ta or TaN is commonly used as a diffusion

barrier.
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Table 2.1. Specified requirements for the various metallization.

•

Metallization
Gate Metal

Contact Metal

Metal Interconnects

Via FiII Metal

Requirements
Low resistivity
Stability throughout high temperature processes
No needs for diffusion barrier when contacting

\Vith upper level of metals
Law contact resistance
High electromigration resistance
No/minimum consumption of silicon
No interaction with oxide wall
No needs for diffusion barrier when contacting

\Vith upper level of metals
Low resistivity
High resistance to electromigration and stress
Compatible. chemically and electrically. with

the dielectric
Low contact resistance \\iith underlying and

o\'er layer metal
Planarizable
Low resistivity

Table 2.2. !\1etallization schemes being used for IC fabrication.

•

Application
Gate Metal

Contact ~1etal

Metal Interconnects
Via Fill Metal
Diffusion Barrier

Metallization
Doped polysilicon with or without silicide
(\VSb. TiSh. CoSi:!) on top
Al. Silicide (CoSi2 or TiSb)
Al or Cu
W. Al oreu
TiN. TiW. TiC. TaN, Cr or Ta
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~Ietals are deposited by a variety of techniques but principally by physical vapor

deposition (PVD) or by chemical vapor deposition (CVD). The most common forms of

PVD are evaporation. e-beam evaporation. plasma spray deposition and sputtering.

Evaporation and e-beam evaporation were used extensively in earlier generations of

medium scale integration (MSI) and large scale integration (LSI). 1960s - early 19705.

but have since been replaced by sputtering. Sputtering is the most popular deposition

technique being used for the IC fabrication these days. Sputtering prevailed over other

techniques because of (1) high deposition rate, (2) the capability to deposit complex

allo)" compositions and refractory metals. (3) the capability to maiotain well-controlled,

uniform deposition on \\rafers. and (4) the capability, in multichamber system. to clean

the contact before depositing metai. No other deposition technique can offer aIl of these

advantages for AI alloys and contact metals.

Sputtering takes place in a vacuum chamber as shown in Figure 2.13. The mechanism

of sputtering is quite simple. The argon (Ar) plasma is introduced into the chamber.

which contains the wafers and the target. The particular material to be sputtered is

nlade into a disc that is thermally bonded ta the cathode. The Ar ions from plasma are

charged positi\·e1y while the target is maintained at a negative potential. The positive

ions accelerate towards a target. lead to an impact. and knock off sorne of the target

atoms. The ejected atoms fly through the plasma and land on the wafer. The Details of

basic sputtering techniques can be found in Refs. 31 and 32. Quite a large amount of

power is supplied to the Ar plasma to maxinlize the sputtering rate (in the range of 3kW

to 20kW). Most of momentum of the Ar ions transfers to the target. which needs to be

cooled through thermal contact with the cathode. Usually. the cathode is water-cooled.

A number of metals and metal compounds can be deposited by chemical reaction or

thermal decomposition of precursors. [n the CVD method, a chemical (in the gaseous

state) containing atoms of the material to be deposited is introduced into the system

reaction chamber. The desired material can be formed as a nonvolatile solid film on a

substrate by the reaction of the chemical \Vith another vapor-phase chernicals. Usually
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the v.:afer needs to be heated ta 100 to soooe to provide the initial thermal energy to

o\'ercome the reaction barrier. CVD metal can aIso be deposited in plasma [33]. The

ad\'antage of plasma decomposition is that the energy required ta overcame the initial

reaction banier can be supplied by the plasma. and the depositian temperature can be

reduced. This reduction is especially important for metai or metal compounds used for

vias and multilevel interconnects since their tolerance for high temperature is Iimited.

CVD techniques for depositing Al. Cu. \VSi2• TiN. and W. have aIl been developed and

applied to devices and/or prototype circuits [34 - 38]. However. except for WSÏ:! used

on top of gate polysilicon and W used as a contact plug. CVD metals are not \videly

used yet because of immature process and equipment development. The techniques of

film deposition are being challenged evef)·day. Lots of efforts have been done to

improve the deposition process and the equipment.

• MagndS
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Figure 2.13. Schematic of simplified dc-magnetron sputtering system [3] .
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2.4. RELIABILITY CONCERNS IN METALLIZATION

In modem electronics industry. the progress is usually measured by how small you can

make a device and ho\\" many devices you can fit onto a single chip. Since

interconnects occupy a large fraction of the total area., reducing the average interconnect

width allo\vs an increase in the packing density of the devices in a circuit. Aiso. by

reducing interconnect width (and therefore circuit dimensions), the transmission

distances are reduced and thus operation speed is increased. Consequently. there is

tremendous incentive to produce designs with interconnects that carry higher and higher

CUITent density. Unfortunately. the ability to implement these designs is currently

limited by reliability concems. Reliability is a measure of failure-free operation of a

component or circuit under a set of stated operating conditions. It is not a precise

measurement of how long the component will operate but. rather, a measure of the

probability of successful operation over a recognized period of time. AIl devices,

whether electrical or mechanicaL have a finite lifetime. For an integrated circuit the

lifetime is closely related to the manufacturing process plus its final operating

conditions. In this section. sorne important reliability concerns in metallization such as

electromigration-induced fai 1ures and stress-induced failures are explained. A

discussion of overall product reliability and performance reliability is described in

various sources [3.39,40].

2.4.1. Electromigration in Thin Films

Electromigration is the migration of metal atoms along metallic conductors carrying

large direct CUITent densities. This phenomenon was observed in liquid metal alloys

weIl over a century aga and is the primary mechanism responsible for the failure of

tungsten light-bulb filaments. Bulk metals approach the melting point when powered

with CUITent densities (j) of about 1O~ A/cm2
. On the other hand, thin films can tolerate

densities of 106 A/cm:! without immediate melting or open-circuiting because the Joule

heat is effectively conducted away by the substrate, which behaves as a massive heat
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sink. In a very large scale integrated (VLSI) circuit chip containing severaI million

devices. these are connected by polycrystalline aluminum interconnects that are

typically less than 1 J.lm wide and 1 flm thick. Under high CUITent densities, mass­

transport effects are manifested by void formation, hillocks, cracked dielectric film

overlayers_ grain boundary grooving and thinning near the contacts. GeneraIly. open

circuiting tenninates the life of the conductor. For these reasons, electromigration has

been recognized as a major reliability problem in integrated circuit metallizations. The

model of electromigration damage in thin films is illustrated in Figure 2.14.

•

-~.ELECTRON flOW

+

Figure 2.14. Model of electromigration damage in a thin film strip [39].

At a fundamental leveL electromigration involves the interaction between current

carriers and migration atoms. The mechanism of this interaction is not entirely

understood. but it is generally accepted that electrons streaming towards the anode

through the stripe can impart sufficient momentum to metal atoms upon impact to

propel them inta neighboring vacant sites. Thin film damage is caused by a depletion or

accumulation of atoms, which is defined by either a negative or positive value of dC/dt,

respectively. For one-dimensional diffusion, the value ofdC/dl can be written as,

•
ac =_~(CDZ'qpJt:)_~(CDZ'qpJr:JaT
al ax RT aT RT ax
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where C is the concentration of the diffusing atoms (atoms/cm3
), D is the diffusivity of

the atom. R is the universal gas constant, T is the absolute temperature, q is the

fundamental charge. p is the resistivity of the metai. Jf! is the current density. and Z· is

an 'effective charge', which is usually empirically detennined for polycrystalline films.

When de/dt < O. mass depletion occurs and voids fonn. On the other hand, mass

accumulates in hillocks when dC/dt> O. The tirst tenu on the right-hand side reflects

the isothermal mass flux divergence due to film structure while the second tenn

represents mass transport in the presence of a temperature gradient. The resulting

transport under these distinct conditions can be qualitatively understood with reference

to Figure 2.14, assuming that the atom migration is confined solely to grain boundaries

and in the direction to the anode. Let us tirst consider electromigration under

isothermal conditions. Because of varying grain size and orientation distributions. local

mass flux divergences exist throughout the film. Each cross section of the strip contains

a lesser or greater number of effective grain boundary transport channels. If more

atoms enter a region. such as a junction of grains, than leave il. a mass pile up and

grov.1h can be expected. A void develops when the reverse happens. At highly

heterogeneous sites. \vhere. for example, a single grain extends across the strip width

and neighbors numerous small grains, the mass accumulation and depletion is

accelerated. For this reason. uniform grain size distribution is desirable.

In addition to the influence of microstructure, there is the added influence of the

temperature gradient due to non-uniform temperature distribution that develops at

various sites within device structures. The resulting damage pattern can be understood

by considering the second term on the right-hand side of Equation (2.7). As sho\\l11 in

Equation (2.7). aIl tenns in parentheses are positive and CqpJ/RT is roughly

temperature-independent. whereas DZ· increases with temperature. Therefore, de/dt

varies as -dT/dr. Voids will thus more likely fonn at the negative electrode, where

dT/dr> O. and hillocks will grow at the positive electrode, where dT/dx < O. Physically,

the drift velocity of atoms at the cathode increases as the temperature increases. Thus,
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more atoms then exit the region than tlow into il. At the anode, the atoms decelerate in

experiencing lower temperatures and thus pile up there.

The reliability of a metal interconnect is most commonly described by a lifetime

experiment on a seL of interconnect lines to obtain the median time ta failure (MTF).

The data for the actual time to failure of each line are plotted on a lognormal graph, and

the value of Tso (time for 500/0 of the lines to fail) is extracted. The stress experiment

involves stressing the lines at high current densities (usually from 106 ta 3 x 106 A/cm2
)

at temperatures ranging from 150 ta 250°C. The failure criterion is typically an

electrical open for nonbarrier (non-passivated) interconnect lines or about a 200/0

increase in line resistance for barrier (passivated) lines. Analysis of extensive

accelerated testing that has been performed on interconnections has led ta the following

general relationship between film median Lime to failure (MTF) and the CUITent density,

ft! [41 J:

(2.8)

As with virtually aH mass-transport-related reliability problems, damage is thermally

activated. For Al thin films. the metal-dependent constant n is typically 2 to 3, and Eu,

the activation energy for electromigration failure. ranges from 0.5 ta 0.8 eV [42].

depending on the grain size. In contrast. an energy of 1.4 eV [43] is associated with

bulk lattice diffusion 50 that lo\v-temperature electromigration in thin films is clearly

dominated by grain boundary transport. The constant A depends on film structure and

processing. k is the Boltzmann's constant. This equation plays a llseful role in

designing metallization: for example. no more than lOS A/cm2 is recommended for strip

widths of about 1.5 J,!m.

Since electromigration in thin films is dominated by grain boundary transport, the

influence of microstructure is very important. Al and Al-alloy thin films generally have

columnar microstructure in which most of the grain boundaries extend from the bottom
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to top of the film (Figure 2.15.(a»; these produce long and continuous grain boundary

paths for electromigration (Figure 2.15.(b». However, if the width (ltl) of the line is less

than or about equal to the average grain diameter (d), as shown in Figure 2.15.(c), sorne

of the grains will span the line. interrupting and shortening paths for grain boundary

ditfusion due to electromigration. As the ratio w/d is decreased, the average length of

the grain boundary diffusion paths decreases. For very small wld. sorne lines will not

have any paths of length greater than the critical length «() so that electromigration­

induced tàilures will then only occur by other slower mechanism such as diffusion

along the Al/Si interface and diffusion through the grain lattices. This results in an

increase of the median time to tàilure.

(a)

(b)

Figure 2.15. Schematic illustration of (a) a thin film grain structure, (b) a wide line

\vi th width. U'. greater than average grain diameter. d, (c) a narrow

line where width, w, is less than or about equal to d.
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If the film is annealed after it has been pattemed into lines, grain growth leads to an

evolution toward a bamboo structure as shown Figure 2.16. As this evolution occurs.

bamboo and non-bamboo segments develop. where the non-bamboo segments cao be

described as polygranular clusters. As the evolution toward fully bamboo structures

continues. the average length of these polygranular clusters decreases 50 that it becomes

less and less likely that a line will have a cluster longer than t. Post-panemed grain

growth therefore also leads to increased lifetime of thin films due to the loss of grain

boundary diffusion paths. The numbers and average lengths of polygranular clusters are

expected to decrease with increased initial grain size in the unpattemed film, with

decreased line width, and with increased post-patteming anneal times and temperatures.

1 Q(t\J ')j=QJ;: M1
l

IQ?\J &3 1 \0
1

Figure 2.16. The effect ofpost-patteming annealing on the grain structure of

interconnects.
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2.4.2. Stress-Induced Voids in Thin Films

Stress-induced failures in Al interconnect were first reported around 1984 - 1985 by a

number of investigators [44 - 46]. Unlike the void formed by electromigration, stress­

induced voiding is due to tensile stress gradients produced by thermal expansion

rnismatch between the passivating dielectric layer of Si02 and the Al interconnects.

Nurnerical values of thermal expansion coefficients for sorne materials of interest are

given in Table 2.3. Note that the thermal expansion coefficients for aIl the metals are

rnuch larger than the coefficient of silicon and silicon oxide.

Table 2.3. Thermal expansion coefficients tor sorne materials.

Materials AI Cu Ag Au Si Si02

Thennal
Expansion
Coefficient 23.0 16.6 19.0 14.2 3.0 0.55
( 10-6 /K)

At the dielectric deposition temperature (typically 400°C), the metal will be soft and

virtually stress free. After the deposition, during the cooling to room ternperature, the

rnetal will be subjected to large tensile stress because its coefficient of thermal

expansion is rnuch larger than that of the silicon and dielectric. The metal tries to

relieve itself of this large tensile stress by plastic deformation. However, it cannot be

defonned since the metal line is strongly adhered to the encapsulating dielectric layer.

It is generally believed that the major relaxation of stress oceurs by diffusional or

power-Ia\v creep. which causes void formation and growth. Thus, voids are created and

grO\\iTI as a by-product of stress itself. Smaller voids migrate toward grain boundaries

and agglomerate into larger voids to reduce the total free energy of the system, and
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finally. a void can be large enough to sever the metal line. Experimental data for Al

lines show that the maximunl stress-induced failure generally occurs in the temperature

range bet\\"een 150 and 200°C [44. 47]. This can be explained by noting that the driving

torce due to stress decreases as temperature increases in thermal creep~ but the vacancy

diffusion rate increases exponentially with temperature. The product of these two

driving forces gives a maximum sornewhere bet\veen 150 and 200°C. Note that the

temperature reaches up to 250°C by Joule heating and cools down to room temperature

during the operation of po\ver devices and circuits. It means that the stress-induced

tàilures not only occur during metallization process but also during operation ofcircuits.

Two types of stress-induced voids are reported [48]; a slit-like void and wedge-shaped

\'oid at the edge of the interconnection. Figure 2.17 schematically explains the

tormation of the t\VO types of voids. The wedge-type void is produced by vacancy

migration along the grain boundaries. The slit-like void is formed by lattice diffusion of

vacancies to a grain boundary perpendicular to the interconnection length Ce.g.. in

bamboo type grain structure).

@) vacancy

\
Wedge Shaped Void

F-...

•
Figure 2.17. Vacancy flow mechanisms generating wedge-shaped or slit-like

void [49] .
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Hillock Gro\\1h in metai interconnects can occur aiso by stress [49]. Aithough the

metal tilms on Si or SiO! are in general under tensile stress, there are localized pockets

where a compressive stress develops during deposition. especially in the near-room­

temperature deposition. Any rise in wafer temperature aiso initiates a compressive

stress in metai film. This stress induces grain boundary sliding and rotation. \vhich

excludes hillocks from the film surfilee. thereby causing the relaxation of the

compressive stress. The process is depicted in Figure 2.18.(a). which shows a cross

section of a typical columnar film structure. The arrows directed aiong grain

boundaries describe the grain boundary shear stresses that result from the compressive

stress. Figure 2.I8.(b) shows the extruding grain and the lateral motion of neighboring

grains that results in stress relaxation. Such grain boundary sliding is dependent on

grain boundary diffusivity. Grains tend to lock along steps and triple points and

uniocking requires diffusive mass transport. Thus, resistance to hillock gro\\th is

induced by the addition of diffusion-inhibiting elements such as copper. tin and indium.

Compr•••lv•..

Edrudlng Gr.'n

Motion
Il

Figure 2.18. Grain boundary sliding model of hillock growth.

(a) typical columnar grain structure, (b) laterai

motion of neighboring grains for stress relaxation.
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The main factor in the stress-induced voiding problem is the reduction in line width. As

long as the line width is large relative ta the thickness. bending of the dielectric above

the line could relieve much of the stress and reduce the driving force for voiding. As

the line \vidth is reduced. the stress and the risk of voiding inevitably increase. Recent

\vork [50] shows that the maximum stress occurs when the line width and line thickness

are approximately equal.
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Experimental Techniques

The techniques and equipment used to characterize the texture and microstructure of the

specimens are described in this chapter. In the beginning. the methods to obtain the

film texture and residual stress are explained. For the grain boundary character

distribution and the film microstructure such as grain size and grain orientation

clustering. orientation imaging microscopy (OIM) \Vas used. Details on this equipment

and data available are also explained. One of equipment for surface morphology is

atomic force microscope (AFM). A brief explanation on AFM follows with an

explanation on scanning electron microscope (SEM). Near the end of the chapter, the

thermogravimetric analyzer used for the study of copper oxidation is introduced.
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3.1. X-RAY DIFFRACTOMETRY

3.1.1. Texture Measurement using X-ray Diffraction

This section provides a brief description of how x-ray diffraction is used to obtain

information on material texture. The Bragg la\v~ shown beIow. formally describes the

conditions required for diffraction ta occur in crystalline materials,

11).. = 2d, hkl' sin ()B
l , (3.1)

•

•

where 11 is the order of reflection: it may take on any integer number consistent with sin

{} not exceeding unity and is equal ta the number of wavelengths in the path difference

between ray scanered by adjacent planes. ;. is the x-ray wavelength, d{hkl} is the

interplanar spacing of the diffracting plane and (JB is the diffracting angle. The

diffracted intensity. !"hkl,'. depends on the volume of crystallites satisfying the Bragg

lav... which are il!uminated by the x-ray beam.

The brief schematic of the x-ray diffractometer is shawn in Figure 3.1. A specimen C is

located on the table H. which can be rotated about an axis 0 perpendicular to the plane

of the drawing. The x-ray source is S~ it is the line focal spot on is the target T of the x­

ray tube. S is also nonnal to the plane of the dra\ving and therefore parallel ta the

diffractometer axis O. X-rays diverge from this source and are diffracted by the

specimen ta fonn a convergent diffracted beam that cornes to a focus at the scatter slit F

and then enters the counter G. A and B are divergence and receiving sIit respectiveIy,

which define and collimate the incident and diffracted beam. The receiving slit and

counter are Iocated on the carriage E. which can be rotated about the axis 0 and whose

angular position 2e can be read on the graduated scale K. The supports E and H are

mechanically coupled so that a rotation of the counter through certain degrees is

automatically accompanied by rotation of the specimen through haIf of those degrees.

This coupIing ensures that the angles of incidence on, and reflection from, the flat
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specimen will always be equal to one another and equal to half the total angle of

diffraction.

Figure 3.1. Schematic of x-ray diffractometer [51 l.

[n textured materials. as the specimen is tilted or rotated \vith respect to the incident and

diffracted beams. the volume of the crystallites satisfying Bragg law changes. Figure

3.2 presents schematic diagrams for a vertical-axis texture goniometer. in which the

four rotation axes. ê~ .ê) . Xand ~ ,are defied; the scattering plane. defined by the

incident ( il) and diffracted ( Id) beams. is always horizontal in this type of

goniometer. The ê:! axis is perpendicular to the scattering plane and rotates the

detector ta select the diffracting plane of the pole figure being measured. The ê l axis is

coincident \Vith the ê:! axis~ and rotated the Eulerian cradle - the mechanism, which

produces the two specimen rotations, 11 and X. The i axis tilts the specimen normal,

ND. out of the scattering plane about an axis perpendicular the Eulerian cradle. The ~
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axis rotates the specimen about its nonnal. The four rotations combine to moye the

detector and specimen such that the pole figures can be measured.

A standard pole figure measurement for the {hkl} family of planes consists of planes

consists ofrotating the è1 and Ê>I axis to: 8 2/2 = 8 1 = Balhkl: is the Bragg angle: data

is then acquired by stepping the X and Tl rotations in 2.5° or 5° increments through the

ranges. 0° P X P 800 and 00 P Tl P 355°. The intensity measures at each step is

proportional to the volume of crystallites within the specimen that have their poles,

n:hkl:. paralleI to the angular bisector of the incident and diffracted beams. The

variation of the diffracted intensity from one complete scan can be written as !{Jzkl} (a. fi),

where. a and fi are the polar and azimuthal angles describing the orientation of the

scattering poles in the RD-TD-ND reference frame of the specimen.

The diffracted intensity measurements are not absolute measure of the specimen's

texture because they contain the etTects of systematic errors and have not been

normalized. Typical systematic errors are caused by background and absorption

variations and defocusing effects. In standard texture measurements, the background

and defocusing effects vary with the specimen tilt angle only. and are corrected using

measurements made on a randomly-oriented specimen of the same chemical

composition and density~ theoretical corrections are used ta correct for the absorption

effects. After the error corrections, the intensities are normalized using the integrated

intensity of the entire pole figure. The correction and normalization produces values.

P,'lzkl/ fa. [J). in the traditional ·times-random· unit of the pole figure. The standard

presentation of the pole tigure is described in Chapter 2.1 .
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Figure 3.2. Schematic diagrams of (a) a vertical-axis texture goniometer,

(b) the specimen rotation angles [52] .
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3.1.2. Measurement of Residual Stress by X-ray Diffraction

The residual stress of the films can be measured by the X-ray diffraction method~ which

is nondestructive and very practical. The method is based on the measurement of lattice

plane spacing "cr at various tilts. When a polycrystalline material is deformed

elastically in such manner that the strain is unifonn over relatively large distances, the

lattice plane spacings in the constituent grains change from their stress-free value to

new value corresponding to the magnitude of the applied stress. From the changes in

the lattice plane spacings of several orientations. which correspond \vith the various tilts

of the specimen. the strain in the crystal lattice is measured and the residual stress

producing the strain can be calculated.

For thin surface layers. a biaxial state of stress within the plane of the layer is usually

assumed. In other words. the stress acting perpendicular to the surface is relaxed

because x-ray diffraction oeeurs only in the surface layer. Then. the elastic lattice strain

along a direction perpendicular to the diffraction plane~ Grp'l" in a direction defined by the

Euler angles cp and '1/ with respect to the specimen reference frame (Figure 3.3) is

detennined as

(3.2)

where tp is the rotation angle \vithin the plane of the layer, and '1/ is the angle between

the nonnal to the diffracting set of the lanice plane and the nomlal to the specimen

surface. d/)'I' is the lattice spacing of planes in the direction defined by rp and '1/. and dn is

the corresponding stress-free lattice spacing. Elastic theory for an isotropie solid shows

that the strain, Gr)';J. is

•
(3.3)
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where E is the modulus of elasticity and v is the Poisson's ratio. The value of v ranges

from about 0.25 to about 0.45 for most metais and alloys.

Substituting this value inta equation 3.2 reduces to.

d ç", - do 1+ v .:! V
---=--O'.... sm '/'--(0'11 +0',.,)"0 E'" 'f' E --

(3.4)

•

•

For a homogeneous stress distribution. Ucp is constant for aIl fil tilts and can be

determined from the slope of the (dcp'll-dn)ldnversus sin2'1' plot.

specimen
surface

Figure 3.3. Definition of Euler angles lf/ and t/J with respect to the overall

state of stress.
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3.2. ORIENTATION IMAGING MICROSCOPY

Orientation lmaging Microscopy (OIM) is a technique enabling the researcher to

analyze local texture and grain boundary structure of polycrystalline materials. By

rapidly capturing and processing electron backscaner diffraction patterns (EBSPs) from

bulk samples in the scanning electron microscope (SEM). an OIM system can produce

thousands of orientation measurements in a matter of minutes. linking local lanice

orientation \\ith grain morphology.

Early exploration of the electron backscatter diffraction (EBSO) technique \Vas in work

by Alam et al. [53]. where it is referred to as wide-angle backscatter Kikuchi diffraction

(BKD). They used a specially constructed instrument consisting of an electron source

targeted as a stationary beam onto a single crystal specimen. Il was found that contrast

in the diffraction patterns increased with decreasing angle of incidence of the electron

beam. haying the imaging plane inclined a\vay from the vertical towards the horizontal

10 capture the forward scattered electrons. Application of the technique to the SEM

originated \-vith the \vork of Venables and co-workers [54. 55]. They describe

comprehensi\'ely the experimental basis of the method. Experiments were conducted

using both a standard tungsten electron source SEM and a field emission microscope.

Using the latter instrument. they were able to demonstrate that the resolution limit might

he as high as 20 nrn laterally and 60 nm along the specimen surface in the direction of

the incident beam. The difference between these t\\'O figures is due to the elongation of

the dectron probe along the steeply inclined specimen surface. Dingley and co-workers

[56. 57] contributed to the technique by introducing online computer methods for

pattern indexing. They then pioneered its use for local texture measurement~ phase

identification and plastic strain and plastic strain measurement. This led to the eventual

adoption of the technique as a general metallographic tool. The schematic of the OIM

system is provided in Figure 3.4.
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Figure 3.4. Schematic description of the Orientation Imaging Microscope.

The sample is placed in the SEM and examined tirst in normal secondary electron

imaging or backscatter imaging (BEI) mode to seek the area from which

crystallographic infonnation is sought. The beam is collimated and positioned on the

an~a of interest. When an clectron beam of narrowly defined energy (such as that

fomled in a SEM) strikes a crystal with an inclined surface (-70°). the electrons

disperse beneath ilS surface and subsequently diffract in a systematic manner. A

phosphorous screen placed approximately 40 mm from the specimen, and a pattern

composed of intersecting bands is formed by the diffracted electrons on the

phosphorous screen. The bands in the pattern are termed Kikuchi bands and are

representative of lattice planes in the diffracting crystal. The width and intensity of the

bands are directly related to the spacing of atoms in the crystal planes, and the

symmetry 0 f the crystal lattice is reflected in the pattern. Thus, information regarding

the structure of an unknown crystallattice can be gained from such patterns.
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High quality electron backscatter diffraction patterns (EBSPs) are obtained using a low

light camera such as a silicon-intensified target (SIT) or a charge-coupled deviee (CCO)

camera. A digital signal processor is capable of averaging a variable number of video

images. The choice is usually dictated by the quality of the EBSPs. and is a function of

atomie number. strain level in the sample. and the quality of the sample preparation.

This averaged pattern is enhaneed by flat fielding using a stored background image

obtained by seanning over a large number of grains on the surface. This flat fielding

removes intensity gradients in the image that were not fully rernoved by the camera

control unit and enhances contrast.

EBS Ps are used ta determine the orientation of the crystal lattice with respect to sorne

laboratory reference frame in a material of known crystal structure. To obtain the

orientation from a diffraction pattern~ the pattern must be indexed. Electron backscatter

diffraction patterns are made up of many bands at ditTerent angles and positions. Given

the angle and position of three or more bands in a diffraction pattern, the software can

determine the orientation. The angles between the bands are compared against the

theoretical angles stored in a look-up-table for the given material being examined to

identify the (hkl) of the reflecting plane associated with the digitized bands. [f the (hkl)

of two bands can be determined. a corresponding orientation can be calculated. The

angles in the look-up-table are caIculated for a set of user-specified planes. The planes

used are the strong reflecting planes. which produce the higher contrast bands in the

diffraction patterns. The angles between the bands digitized by the user will usually not

precisely match the theoretical ones in the look-up-table. Therefore, sorne deviation is

allo\ved when matching the theoretical angles to the measured ones. This may lead to

more than one solution being obtained for a set of bands. For each possible triplet of

bands in the set. ail possible solutions are tracked. The solutions are ranked according

to how often they appear for the different triplets. The highest-ranking solution is

recorded to file. An example of an indexed pattern is shown in Figure 3.5.
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Figure 3.5. Aluminum EBSP indexed using OIM.

The image is displayed in a video window of the computer workstation. Sophisticated

crystallographic software analyzes the image and automatically indexes the diffraction

pattern. The follo\\ing data are calculated and stored: three angles defining the

orientation of the crystal. (x. y) coordinates giving the position where the data was

obtained on the specimen. a quality factor defining the sharpness of the ditTraction

panern. a "confidence index" indicating the degree of confidence that the indexing is

correct. and the phase of the material. This process can be repeated to collect large

amounts of crystallographic data from the specimen with the positioning of the electron

beam on the specimen under manual or automatic control. When under automatic

control. the beam can be positioned sequentially on the points of a grid to caver

completely the area of interest on the specimen. An alternative (and possible

complement) to automatic beam control is automatie stage control. A sample holder is

fixed upon a mechanical x-y stage. which is mounted such that the outward normal of
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the sample makes an angle of approximately 70° from the vertical line of the electron

beam. The flat sample surface is stationed parallel to the plane of motion of the stage

such that x-y motions remain in eucentric focus.

The stored data (location, orientation. and image quality) can be processed to create

Orientation Imaging Micrographs, enabling a visual representation of the

microstnlcture. Each location is represented by a pixel, to which a color or gray scale

value is assigned on the basis of the local details of lattice orientation or the quality of

the corresponding EBSP. Figure 3.6 shows an example of an image that has been

generated from OIM data obtained on a sample ofa recrystallized nickel alloy.

_____ b'lund:rr( Il!'fl!l:s: :'IllA IS."·

21• .0 101111 - 30 step; Sh.~cd \Q 21... 1G:i

Figure 3.6. OIM map of a recrystallized nickel alloy.

ln addition to the visualization of microstructure, many tools are available for

performing quantitative analysis of the orientation aspects of microstructure. This is the
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area \vhere OIM provides a wealth of insight that traditional microscopy techniques are

simply not capable of providing. OlM can be used to investigate preferred orientation

(or texture) in polycrystals similar to conventional x-ray and neutron diffraction pole

figure techniques. However. since electron diffraction provides point specifie

orientation measurements. üIM can be used to investigate the misorientation between

points in the microstructure. Thus, the preferred misorientation or grain boundary

texture can he investigated using OlMo As an example of the use of OlM to investigate

the distribution of orientation. sample discrete and shaded (100) pole figures measured

in a sample ofrecrystallized aluminum are shown below in Figure 3.7.

RD

RD

TD 1
max 14.56
10.00
6.31
3.98
2.51

c·,-: .• 1.58
,:~~:~ 1.00
~0.53

-min 0.00

•
Figure 3.7. Discrete and shaded (100) pole figures for recrystallized aluminuffi .
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3.3. ATOMIC FORCE MICROSCOPY

Very precise morphology of a sample surface can be obtained by using an atomic force

microscope (AFM) that can give nanoscale morphology of sample surface.

Prior to the invention of AFM. the scanning tunneling microscope (STM) was invented

in the early 1980s by G. Binnig and H. Rohrer. It scans over the sample with an

atomically sharp tip and senses the tunneling CUITent between the sample and the tip.

Untortunately. the STM is limited to conductive samples. To circumvent this limitation

by G. Binnig, C. Gerber and C. Quate invented the atomic force microscope in 1985

[58]. AFM relies on the precise scanning of the tip over the sample surface like STM;

hawever. it operates by the repulsive force between the tip and the sample surface

unlike STM. which leads ta the reproducing of the image of conducting samples. This

invention was made possible thanks ta the production of a flexible cantilever \vith a

very low spring constant. With this cantilever that induced forces smaller than

interatomic forces. the topography of the sample could be obtained \vithout displacing

the atoms. Even though the contact forces are very small, the tip may damage a soft

sample. The non-contact AFM was developed by Martin et al. [59] to surmount this

problem. In non-contact AFM, the tip is scanned over sample surface while the

attractive forces such as Van der Waals forces between the tip and the sample surface

are sensed. The cantilever is vibrated and brought near the sample surface. The force

gradient due to the interaction between the tip and the sample surface then modifies the

spring constant of the cantilever and changes its resonant frequency. The shift in the

cantilever's resonant frequency changes the cantilever's response to the vibration source

in a detectable way. If the cantilever is designed appropriately, the amplitude of the

cantilever oscillation can be used to track the frequency shift. The control system maps

the sample surface by adjusting the piezo height to maintain constant vibrational

amplitude. Application of the non-contact AFM is Iimited due to sorne fundamental

drawbacks inherent to the technique. The tip must be vibrated close to the sample

surface with low energy because Van der Waals forces are relatively weak. Therefore,
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moving the vibrating tip doser to the surface increases the chances of getting stuck in

the contamination layer. especially the water layer. which covers the surface of samples.

exposed to the atmosphere. Trapping the tip in the water layer severely degrades the

image quality.

The typical contact AFM was used for this study. A schematic of the sensing system of

the AFtvt is illustrated in Figure 3.8. A micro-fabricated silicon nitride cantilever \vith a

sharp tip is lowered onto the sample surface with a tip force of Iess than 10-9 Newton.

As the tip is brought dose to the sampie. it is tirst attracted to the sample surfàce. As

explained before. a variety of long range attractive forces, such as Van der Waals

forces. are at \vork when the tip gets very close to the surface. the electron orbital of the

atoms on the surface of the tip and the sample start ta repel each other. As the gap

between the tip and sample decreases. the repulsive forces neutralize the attractive

forces and become dominant. The beam from a laser diode is focused onto the back of

the cantilever and retlected onto a multiple-stage photodiode. The amplified differential

signal between the upper and Iower photodiodes provides the sensitive measure of the

cantilever deflection. A computer processes output signaIs and generates a three­

dimensionaI image of the sample surface.
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Figure 3.8. Schematic of the sensing system of AFM.•
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3.4. THERMOGRAVIMETRIC ANALYSIS

Thermal gravimetric analysis has been used in many fields of studies and is the one

most commonly used technique for the analysis of oxidation kinetics [60 - 62]. During

this analysis. the mass of the sample in a controlled atmosphere is recorded

continuously as a function of temperature or time during heating. The amount and the

rate of weight gain or weight loss at elevated temperatures are then analyzed and related

to the structure and composition of the given sample.

The themogravimetric analyzer (TGA) from Cahn Instruments Inc.. TG-171, was used

to analyze the oxidation kinetics of copper in this thesis. It provides a means for

measuring weight changes of samples with a sensitivity of one microgram. The

maximum operating temperature is 1700°C and the maximum weight allowed is 100g.

The furnace temperature and gas atmospheres are controlled by a computer attached to

the instrument. Time. weight and temperature data are acquired by the computer at

defined time intervals and stored on its hard disk. A schematic representation of the

TGA is illustrated in Figure 3.9. A sample is hanged on an extension wire connected to

the microbalance and located inside the fumace as shown in this figure. The fumace

elevator control buttons provide up and do\vn movement of the fumace. which allow's

easy access for sarnple loading without handling the reactor tube. A thermocouple is

located just under the sample and detects the CUITent temperature. The standard type B

thermocouple is used for temperatures higher than Il oooe and a type K thermocouple is

used for the 25°C to 1100°C ranges. The current temperature is also shown on the

temperature display. The cooling fan removes the heat generated by the fumace. The

fan. along with the thermal shield under the balance, prevents thermal drift in

microbalance reading. A wide range of heating and cooling ramps and isothermal

segments can be selected by the computer controlling the TGA system. The

temperature rates are adjustable from 0.1 oC/min up to lOOoe/min depending on the type

of the test performed and the results that are required. However, the typical rates are in

the range of 5°C/min to 20oe/min.
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Figure 3.9. A schematic of the TGA (TG-171) from Cahn Instruments Ine.
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Chapter 4

The Influence of Texture on the Reliability of

Aluminum Interconnects

The influence of texture on the reliability of aluminum thin film interconnects 1S

discussed in this chapter. This chapter is organized into eight sections. It starts \vith the

general introduction of the work that has been done sa far to understand the role of

texture. The experimental procedures for this study are outlined in section 4.2. The

discussion on the results obtained starts from section 4.3. The influence of texture and

grain boundary character on the film reliability is discussed in section 4.3 and 4.4,

respectively. In section 4.5. the discussion on the influence of microstructure is

proYided. FolIo\ving this section. the correlation between the texture of the films and

their stress-induced failures is presented. A quantitative model to obtain the optimum

deposition conditions for strong {Ill }. texture in the film is suggested in section 4.7 and

a summary of chapter 4 is given in section 4.8.
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.&... INTRODUCTION

Aluminum has been popularly used as an interconnect material because of its low

electric resistivity and good adherence to SiO:!. Other advantages of using aluminum as

interconnects include the fact that this material is easily formed and etched.

As thin film multilayer interconnects are becoming smaller and more complex. various

types of failures due to the increasing sophistication in multilayer interconnect

structures of integrated circuit chips have been induced. One of the important reliability

concems is the electromigration-induced failure. Texture. which is developed during

the deposition processes and annealing [4-6]. is one of the factors influencing the

electromigration-induced failure of thin film interconnects. Recent studies sho\v that

the activation energy for electromigration is dependant on texture and that a strong

{l11l- texture in aluminum films improves the electromigration lifetime of

interconnects [7. 8] .

Grain boundary character distribution (GBCO), which is related to texture, is also

important since the electromigration takes place primarily along the grain boundaries. lt

is well kno\\TI that diffusivity along grain boundaries is different. depending on whether

they are lo\\" angle boundaries or high angle boundaries. During the last few years.

research conducted on the properties of the special grain boundaries such as coincidence

site lattice (CSL) grain boundaries has intensified, because they have been sho\Vll to be

linked to special physical properties of materials [63-65]. Specifically. the

electromigration failure depends on the grain misorientation distribution and, therefore.

links the grain boundary structure to the mass transport primarily along the grain

boundaries. Ho\vever. the role the CSL boundaries play in electromigration failure

remains relatively unclear. There have been few systematic studies of the effect that

CSL boundaries have on electromigration failure in thin films interconnects [66] .
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Another important tàctor that causes the failure of thin film interconnects is the stress

due to thermal expansion mismatch between the aluminum metailization layer and the

silicon substrate [9. 10]. Not much work has been done to correlate the texture and

stress-induced failures. although il is speculated that controlling the local orientation of

grains could minimize stress-induced failures [Il].

Although the influence of grain size on the reliability of interconnects has been weIl

established [4. 67. 68]. very little work has been done to determine the relationship

bet\veen other microstructural properties such as grain clustering and surface

morphology. and their reliability.

The purpose of this chapter is to improve the understanding of how texture. grain

boundary character distribution. CSL boundary distribution and microstructure affect

the reliability of aluminum thin film interconnects. The results on the influence of

texture on the reliability of Al thin film interconnects are described and discussed. The

correlation bet'...een the texture and stress-induced failures is also analyzed. It is

important to control the tilm texture and obtain the optimum texture to irnprove the

resistance to electromigration-induced and stress-induced failures. A quantitative

model of texture development by controlling the deposition parameters is suggested in

the end of the chapter.
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4.2. EXPERIMENTAL PROCEDURES

..1.2.1. Sample Preparation

Pure aluminum (Al) films provided by the IBM T. J. Watson Research Center were

used for this study. Aluminum films were deposited on the oxidized silicon wafers by

the partially ionized beam (PIB) technique and by sputtering. The sputtering system

\Vas described and illustrated in Chapter 2.3. In the PIB technique as shown in Figure

4.1. a small fraction of evaporated aluminum atoms were ionized while a potential

applied to the substrate. Bath neutral aluminum atoms and ionized atoms (self-ions)

were deposited on the substrate simultaneously. The energetic ions provide enhanced

surface mobility during deposition and effective in-situ c1eaning. The substrate bias

potential (ion energy) \-vas fixed at 2 kV. Two specimens were deposited using the prB

technique with two different ion contents: PIB-2ft with 1% ion content and PIB-2f2

with 20
/0. The substrate was held at room temperature: the background pressure was 10·

-t Pa during deposition. and the deposition rate was approximately 10 A/sec. The

sputtered film. SP-2. was deposited at 2 kV. The thickness of ail Al films \vas about 1

!lm. The films obtained using the three different processing conditions \Vere then

annealed at 400°C for an hour in forming gas (90%Nl - 100/0 Hl).

4.2.2. Electromigration Test

The electromigration test for pure aluminum films was done at the IBM T. 1. Watson

Research Center. For the electromigration analysis. thin films were pattemed into test

structures by reactive ion etching (RIE) in BCfJ/Cb/CHCb gases. During RIE etching,

the \vafer was placed on a radio frequency (RF) capacitive-coupled bottom electrode,

which is considerably smaller than the grounded part of the system (Figure 4.2). This

and the relatively lo\v working pressure « 500 mtorr) mean that the wafers are

subjected to a heavy bombardment of energetic ions from the plasma as a resuIt of the

large. negative self-bias at the wafer surface. Anisotropie etching is obtained because
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ion-enhanced chemical etching has a higher etching rate in the direction perpendicular

to the wafer surface than in the direction parallel to the wafer surface. Pattemed wafers

\Vere annealed at 400°C for 1 hour in a fonning gas of 90% N2 + 10% H2. The \vafers

were then coated with - :2 Jlm of spunered Si02• Contact hales \vere opened in the

sputtered oxide with a standard wet etch process. The wafers \vere diced and the chips

were mounted in 28-pin ceramic packages and ultrasonically wirebonded \vith AI­

l wt.°.!c>Si wire. At least ten unpassivated fines. 1.8Jlm wide, were tested at a current

density of 1x106 A/cm2 and al temperatures of 150. 175. 200. 225 and 253°C. Data for

the 225°C tests are used in this study.

------Substrate

1 \• 11
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1

\
1.
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\
\
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•
Figure 4.1. A schematic drawing of the partially ionized beam deposition.
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Figure 4.2. A schematic of barrel plasma RIE system.

4.2.3. Texture Measurement

The texture of the annealed Al films \vas measured on a Siemens texture measuring

system. consisting of a POP-Il /73 controlled vertical diffractometer (0-500). attached to a

Huber Eulenian cradle. The scheme of the texture goniometer system is similar as sho\\TI

in Figure 3.2. The diffractometer and cradle combined provide three independent

specin1en rotations: the theta and 2-theta rotations provided by the diffractometer~ and the

X. (about an axis orthogonal to ND) and 11 (about ND) rotations by the cradle. Also.

oscillation (translation along RD) of the specimen improves the statistics by increasing the

number of grains that are being sampled. The Siemens' 2.0 kW, molybdenum target tube

was run at 40 kV and 40 mAmps, while the scintillation detector operated at 900 V. The

x-ray-created signais in the detector \Vere fed through a pulse-height analyzer v.ith time

constants set at 2.0 seconds. a preamplifier gain of 32. and v.indow settings ofbaseline, 2.5

V. \\ith width. 5.0 V. The tube and detector settings were selected 50 as ta optimize the

signal-to-noise ratio for the texture measurements. The impact of defocusing on the
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measurements \vas limited by using what is called a 'texture nose attachmenf on the x-ray

tube. In addition to the conventional beam-focusing slits, the texture nose is a narro\v

venical slit protruding very near to the specimen; it therefore decreases the spread of the

illuminated area on the specimen. and thus. the defocusing for all angles of X.

For each specimen. texture data was collected by step-scanning every 5 degrees over the

ranges 0° ~ X~ 80° and 00 ~ 11 ~ 3550 for the (Ill). (200) and (220) pole figures. Counting

times for adequate counting statistics were typically 2 seconds per step.

The Siemens system automatically corrected the raw data using defocusing, absorption

correction and subtracting background intensities. This data was then plotted in the forro

of pole figures. which were checked for signs of any remaining grinding texture or any

other noticeable asymmetries. In those cases where the raw data exhibited suspicious

irregularities. or if. in other \vords~ they did not exhibit good orthorhombic symmetry, the

specimens were reattached to the sample holder and remeasured. The Siemens system is

not equipped with a monochromator. When measuring the texture of a thin layer (less

than several micrometers of thickness) on a single crystal substrate ""ithout a

monochromator. a pole figure having rnixed intensities from both the thin layer and the

substrate is expected [69]. The intensity from the substrate \Vas identified and removed

from the pole tigure. The coefficients of ODF (up to lmax = 22, even [ only) were

calculated using an incomplete pole figure method [70]. which \Vere either used to plot

ODF sections or texture fibers .

....2.4. Calculation of Grain Boundary Character Distribution (GBCD)

The distribution of coincidence site lattice (CSL) grain boundaries can be obtained from

both the orientation distribution function (GDF) and the backscattered Kikuchi

diffraction (BK.D) patterns.
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To calculate the frequency of CSL boundaries from the ODF obtained by texture

measurement. special computer program-; were written [71]. The program for this

calculation operates in the fol1owing way: it picks two orientations with a probability

determined by the ODF. calculates their misorientation, and checks if this

misorientation is close to the given sigma misorientations. The accuracy of coincidence

Ïs defined by Brandon's accuracy criterion [72] of ~e = 15° r- 1/2
• The calculation of the

frequency of occurrence of CSL boundaries is based on the assumption that the material

Ïs spatially disordered, i.e., features such as correlation between orientation of

neÏghboring grains, inhomogeneities, clustering and grain size effects are not taken into

account. The only factor that influences this calculation is the orientation dÏstribution.

The calculation is also carried out under the assumption that aU of the grains are the

same size. According ta the above assumptions. the frequency obtained represents

either the number of grain boundaries of a certain misorientation or the total area of

such boundaries. A hundred thousand pairs of orientations were generated from the

ODF and their misorientatÏons \vere classÏfied as a CSL or non-CSL boundaries. The

frequency of occurrence up to ~29 CSL boundaries was calculated.

A direct method ta obtain the distribution of CSL boundaries is from BKD patterns, in

contrast \Vith using ODF to the indirect method. The distribution of CSL boundaries

was obtained using the TexSEM Laboratories' (TSL) orientation imaging microscopy

(OIM) system attached in the Philips' XL - Field Emission Gun (FEG) Scanning

Electron Microscope. The microscopy is called 'orientation imaging'. owing to the fact

that contrast is forrned by gradients of the local lattice orientation. More specifically.

backscattered Kikuchi diffraction (BKD) patterns were analyzed to determine the lattice

orientation in smal1. localized regions. By identifying the orientation of neighboring

grains from the BKD patterns. the grain boundary between these twa grains can be

drawn and classified as non-CSL boundary or as one of the CSL baundaries. A grain

boundary was also c1assified as either a lo\v angle grain boundary or a high angle grain

boundary for the grain boundary character distribution. The measurements using the

OIM considered grains to be different when the misorientation between twa
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measurements was greater than 5 degrees. The numhers of total grain boundaries

considered in the specimens of PIB2/1~ PIB2/2 and SP2 are 13533. 15262 and 12141.

respectively. The frequency of occurrence of CSL boundaries between l:3 and r29

CSL boundaries was obtained in addition to the grain boundary character distribution.

Details on the orientation imaging microscopy are described in Chapter 3.4.

4.2.5. Microstructure Analysis

To obtain the grain Slze distribution of each specimen~ the orientation imaging

microscopy (OIt\1) that was used for the calculation of grain boundary character

distribution was used. Grain boundaries were drawn by identifying the orientation of

each grain. to \vhich followed the detennination of the grain size distribution.

For the analysis of the orientation clustering, the distribution of grain size as a function

of the misorientation angle that defines a grain boundary was measured using the OIM.

If the misorientation between two measurements is found to be greater than a specifie

angle. such as 2. 5. 10. 15 or 20 degrees. the measurements are considered to depict

different grains. The average grain size as a function of the misorientation angle was

calculated using these data.

To irnprove the understanding of the effects of grain orientation and their grain

boundaries on the reliability of interconnects. the local failed areas of the patterned lines

due to electromigration were also analyzed by SEM and OIM. The morphology of the

failed area \vas recorded by a photographie recording system attached to the SEM. The

orientation of grains surrounding the failed areas was obtained in addition to the

identification of their grain boundaries. Working distance \ovas 10 mm and the

accelerating voltage was maintained at 20 kY.
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~lore precise observation of the surface morphology of the aluminum films was

obtained using Digital Instruments' atomic force microscopy (AFM), which gives three­

dimensional images and nanoscale morphology of the film surface.

4.2.6. Measurement of Residual Stress

For the analysis of residual stress in the aluminum thin films, the Rigaku rotation anode

X-ray generator (RU-200BH) \vith copper target was used. A nickel filter \vas used to

reduce the background of the diffraction pattern. The tube voltage was 50 kV and the

tube current was ISO mA. A step-size of the goniometer was set to 0.024 degrees and

the counting time was 5-10 seconds for each angular step. The diffraction intensity

(counts) and relative goniometer angle is recorded and analyzed in the computer. The

general schematic ofX-ray diffractometer system is shawn in Figure 3.1.

The most common method to determine the residual stress level in a material is the "d_

sin~ 1fJ" method. which is described in Chapter 3.1.2. For the d versus sin21fJ plot. X-ray

diffraction patterns from each specimen were measured for six different lfJ tilts (O. 10,

20. 30. 40 and 5ü l
\

4.2.7. Monte-Carlo Simulation to Obtain the Optimum Texture

A three-dimensional mode! for Monte Carlo (MC) simulation of the texture formation

during film deposition is suggested. Nine different aluminum orientations \\ith

different surface energies were taken into account for this simulation. The atomistic

defect simulation handler (ADESH) from the Center for Atomistic Simulations and

Analysis (CASA) was used to calculate the surface energies of the grains of aluminum.

ADESH is an interactive program where one can prepare and process atomistic

contiguration of materials. Details of this simulation are discussed in Chapter 4.7.
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4.3. CORRELATION BETWEEN THE TEXTURE OF FILMS AND THEIR

RELIABILITY

The texture of the PIS::!/l. PIB2/::! and SP2 specimens are shown in Figure 4.3. AIl of

the three specimens have a {Ill} fiber texture as seen in the gamma fiber plot where (/J

== 55°. lfJ~ = 45° and ({JI goes from 0° to 90°. To clarify the shape of the {Ill} fiber, the ({JI

= 45° sections in the ODF of the specimens are presented in Figure 4.4. The specimen

PIB:?! 1 has the sharpest {Ill} tiber texture and the maximum intensity of 73 times

random is located in the center of the fiber. PIB-2/2 also has the maximum value of/(g)

= 25 in the center of the {Ill} fiber; however, the maximum value is much weaker than

that of specimen PIB-2/l. The specimen SP2 has a fiber texture, which is weak and

inclined away from {Ill} fiber by about 8-10 degrees with a maximum intensity of 6.

Actually. the specimen SP2 has a fiber texture close to {332}, which is near the {Ill}

tiber texture.

In the early stages of film formation. the island growth (Volmer-Weber growth)

predominates in polycrystalline films deposited on the amorphous or polycrystalline

suhstrates. Figure 4.5 shows the three important energies during the film formation

where /'s is the surface energy of the substrate, Yj is the surface energy of the film. Ysj is

the interface energy between the substrate and the film, and e is the contact angle. For

island gro\vth. e> O. and therefore Ys < Ysj+ Yj. The Ysi is important in the initial stage of

film formation since lattice matching between the substrate and the film deposit can

reduce the interfacial energy; however. the YI becomes dominant as film starts to grow.

The }'j is anisotropie and minimization of YI works as a driving force of the texture

formation during film growth. Aluminum film generally has a {Ill} fiber texture in

the absence of a strong substrate effect or a condition of high vapor supersaturation (low

substrate temperature and/or high deposition rate), since the surface energy (y) in face

centered cubic crystals ranks as Yf/1I1 < YfIOO} < Ytl/D}. According to Walton's model

[73]. high vapor supersaturation potentially leads to randomly oriented nuclei of the

film .
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The results of the dectromigration tests are sho\\'n as the cumulative failure distribution

in Figure 4.6. The median time-to-failure (MTF or /50 value) is the time required for

500
/0 of the test population to fail and usually represents the reliability of film

interconnects. As sho\\ln in this figure. the median time-to-failure for the specimen

PIB2/1. PIB2!2 and SP2 are 772 hours. 235 hours and 29 hours. respectively.

The median time-to-failure (t50 value) is illustrated as a function of the maximum

intensity of the fiber texture in Figure 4.7. It is clear that the lifetime of aluminum

interconnects increases as the strength of fiber texture increases. It should be also

noticed that the tilt of the predominant texture component away from the {Ill} fiber

texture obser\"ed in SP2 has a significant effect on the median time-to-failure.

This result corresponds weIl \vith the previous works. The importance of texture on

reliability \vas tirst recognized in the early studies of electromigration by Attardo and

Rosenberg [4]. They reported a substantially improved median lime to failure (MTF)

for strongly {Ill} textured interconnect lines compared to weakly textured lines.

However. an unambiguous correlation \vas not possible because the grain size was very

diffcrent bet\\"een the t\\lO conditions and the thickness and width of tested strips are

thicker than those of lines actually used in the industry. A more detailed analysis by

Vaidya and Sinha [74] provided a quantitative measure of several microstructural

attributes. including texture. They found that the MTF increases with the increasing

grain size. S. the degree of {Ill} texture. and the decreasing spread in the grain size

distribution. (J. as sho\\TI in equation 4.1.

(4.1 )

•
where S is the median grain size~ (J is the standard deviation of the log-normal grain size

distribution. 1/JIl,' and 1{2oo} are the intensities of the corresponding X-ray diffraction

peak. However. this correlation was developed only for polycrystalline lines where

their width is larger than their grain size. Li et al [7] also showed a substantial increase
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in electrornigration lifetirne as {Ill} texture becorne stronger. but this study lacked the

statistical significance since only one line was examined in each condition for the

electromigration test. The I{lII,' / I{:;oo,' value or the I{II!,' value obtained [rom x-ray

diffraction was mostly used in earlier studies. However. these values do not represent

the intensit)' of {Ill} texture accurately because the width or background intensity can

be changed. depending on specimens. A pole figure or üDF. representing the volume

fraction of grains having different orientations. must be used for better accuracy. More

recent studies by KnOIT and Rodbell [8] isolated the texture effect in pure aluminum and

Aleu allo)" thin tilms. They pointed out that a substantial irnprovement in reliability is

possible by obtaining strong {III :. fiber texture.
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• Figure 4.6. The results of electromigration tests from the specimens.
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• Figure 4.7. Median time to failure as a function of the intensity of fiber texture.

~1uch work has been done ta correlate the film texture and its reliability. Researchers

agree on the fact that strong {Ill} texture in Al film interconnects improves their

reliability. Ho\vever. the nature ofthis fact has not been weil understood and explained.

Considering the fact that electromigraion mostly take place along grain boundaries and

texture is dosely related with the grain boundary characteristics. investigation on the

grain boundary characteristics is necessary. This work is described and discussed in the

following chapter.

•
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eI.4. CORRELATION BETWEEN THE GRAIN BOUNDARY CHARACTER

AND THE RELIABILITY OF INTERCONNECTS

Electromigration is a phenomenon of the migration of metai atoms mostly along the

grain boundaries. Therefore. it is necessary to work on grain boundary characteristics

and their influence on electromigration.

lt is con\'enient to classify the grain boundaries based on misorientation angles.

Generally. grain boundaries are grouped into two classes. namely !OU' angle grain

bozmdaries (LAOS) and high angle grain baundaries (HAGB). The angle at \vhich

transition from high angle to low angle boundaries occurs is typically between 10° and

20°. The boundaries \\'ith misorientation higher than the transition angle are called high

angle grain boundaries. Lo'w angle grain boundaries are those. which are composed of

arrays of dislocations [75. 76]. and structure and properties of these boundaries vary as

a function of misorientation [77] .

Figure 4.8.(a). (b) and (c) show the distribution of misorientation angle between grains

in the specimen PIB2!I. PIB2/2 and SP2. These data were obtained using orientation

imaging microscopy (OIM) \vith 5 degrees of grain boundary definition. If the

misorientation between t\VO measurements was greater than 5 degrees. the

measurements were considered to be from different grains. As can be seen from the

same figure. the specimen PIB2/1 has a relatively larger number of LAOBs than the

other specimens. Worthy of note especially is that the number of grain boundaries with

5 - 6° of misorientation is the highest in this specimen. The theoretical misorientation

distribution obtained from the randomly oriented (not textured) specimen [71] is

illustrated in Figure 4.8.(d). One noticeable detail is that aIl of the AI films. even the

specimen SP2 that has relatively weak texture, have higher number of LAGBs than the

randoml)" oriented specimen. In cubic materials, the relative rotations of the two grains

cao be described in 24 different ways because of the symmetry. It is conventional to

describe the rotation by the smallest misorientation angle (fJ) and the corresponding
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aXIS. Mackenzie [78] has sho\\'TI that the maximum value of Bis 62.8° for axis <1.1. ...J2­
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Figure 4.8. Distribution of misorientation angle of grains in (a) prB2/!. (b) PIB2/2.

(c) SP2, (d) randomly oriented specimen.
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The number of 10w angle grain boundaries (Iess than 15°) of each specimen is surnmed

and ploned in Figure 4.9. The total fractions of LAGBs in the specimen PIB211, PIB2/2

and SP2 are 0.35. 0.29 and 0.2. respectively. It is generally kno\vn that diffusion along

10\v angle grain boundaries is slower than that along high angle grain boundaries

because most of the 10w angle grain boundaries usually consist of arrays of well­

separated lanice dislocations. The diffusion spectrum for fcc metals obtained by

Gjostein [79] shows that the HAGB diffusivity is much higher than LAGB diffusivity.

The correlation between the median time to failure (MFT) and the number of low angle

grain boundaries is illustrated in Figure 4.10. It seems that the relatively high amount

of LAGB. especially the large number of grain boundaries of very low misorientation (5

- 6°) in PISl/l. may play a part in extending the lifetime of a specimen. Hoffman [80]

pointed out that the diffusion parallel to the tilt axis is much faster than the diffusion

perpendicular to the tilt boundary. especially for the LAGB. In the specimen PIS2/l.

most of the grains have {Ill} planes parallel to the substrate since it has strong {Ill}

fiber texture. Viewed in the direction nonnal to the film plane~ most of grains differ

from each other only by a rotation. \vhich would produce {Ill} tilt grain boundaries

perpendicular ta the film plane. LAGBs are composed of a vertical array of parallel

edge dislocations and thus the direction of the fastest diffusion (along the dislocation

cores) is orthogonal to the film plane. Therefore, the grain boundary diffusion is

expected to be slower as {Ill} texture increases. This factor is also expected to

contribute to the longer lifetime of the specimen PIB21l. However. the contribution of

LAGBs on the reliability of the films is not believed ta be very large since there is only

about 6~/o difference in the number of LAGBs between PIB211 and PIB2/2.

A grain boundary is the region where t'\vo periadic structures, i.e., the two adjoining

crystal lattices. meet. When tv;o identical crystal lattices are rotated around a common

crystallographic axis and a number of lattice sites coincide \\ith sites of the other lattice,

a boundary with a certain relative orientation (coincidence orientation) is formed. This

boundary is called coincidence site lattice (CSL) boundary [81] .
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The reciprocal density of coincidence sites relative to crystal lattice sites is denoted by

I. which is characterized by the rotation axis (hkl) and the rotation angle (8) [81 J. For

example. the grains adjacent at a I5 boundary have one-fifth of their representative

crystal lattice points in coincidence. For the cubic systems. these CSL boundaries have

odd integers as L values. These CSL boundaries. especially the low L boundaries. are

kno\\TI to behave like low angle grain boundaries and have exceptional physical and

chemical properties such as low energy. high resistance to corrosion and fracture or

high migration rate in the presence of impurities [63 - 65]. Lo\v L boundaries are also

called 'special" boundaries because of these special properties. CSL boundaries loose

their special properties as L values increases. High r grain boundaries, usually L > 51,

are not considered as 'special' anymore. The CSL boundaries up to L29 have been

considered for this study.

Figure 4.11 shows the distribution of CSL boundaries from I3 to L29 for the three

specimens. These data \Vere also obtained using orientation imaging microscopy (OIM)

\\"ith 5 degrees of grain boundary detinition. In aIl specimens. the frequency of the r3

and I.7 boundaries are relatively higher than other CSL boundaries. In addition. the thin

films deposited by the partially ionized beam technique (PIB2/1, PIB2/2) have a higher

number of I.3. I.7. I.13b. II9b and L21a boundaries than the sputtered film (SP2).

!\10re specitically. PIB21l has a much higher number of these specifie CSL boundaries

than the other specimens. Il is noticeable that these boundaries have a common <III>

rotation axis. Specimen SP2 sho\vs the random distribution of CSL boundaries except

for slightly higher frequency of L3 and I7 boundaries. The L3 boundary is the well­

known completely coherent {Ill} planar twin boundary. which has been shown in

general to possess very lov" diffusivity. As Faridi and Crocker [83] proved. vacancy

migration energies in the core of this boundary are at most only slightly lower than in

the lattice. According to Sutton et al [84]. the structure units making up the r.27

boundary are much more loosely packed than the units making up the ~ll boundary,

\vhich appear to be relatively closely packed. Therefore, the diffusion rates along the

~3 and ~ll boundaries are expected to he slow, and the diffusion rate along the "i.27
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boundary is expected to be reialive1y faster. The measurernents of relative diffusion

rates aiong sorne CSL boundaries in aiuminum by Herbeuval et al [85] also agree with

result obtained by Sunon et al [84]. Peterson [86] also found remarkably low

diffusivity aiong ~3 and ~ Il boundaries in various fcc metais. The number of ~3

boundaries in the specimen PIB2/1 is quite noticeabie. About Il % of ail the grain

boundaries in the PIB2/1 are ~3 boundaries. This is a very high number considering the

fact that there is about 1.8 % of~3 boundaries in a randomIy oriented specimen [71]. It

seems that the high frequency of}:3 boundaries. which have relatively low diffusivity.

contributes ta specimen PIB211 .s long lifetime. The specimen PIB21l and PIB2/2 have

negiigible number of ~ Il and "f.27 boundaries. The SP2 has about the same number

(O.7~ô) of ~I 1 and ~27 boundaries. and thus the influence of these boundaries on

diffusivity compensate for each other.
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Figure .1. II. Distribution of CSL boundaries obtained from OIM ( L3 - L29 ).
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Figure 4.12 shows the distribution of CSL boundaries from L3 to L29 calculated from

the orientation distribution function (ODF) of the three specimens. It shows similar

trend in the distribution of CSL boundaries obtained from OIM. For example. the

specimens PIB21l and PIB2/2 have a higher frequency of r3, "i.7. "i13b, L19b and "i21 a

boundaries than the SP2 specimen. However, the frequency of CSL boundaries

calculated from ODF is lower than that obtained from OIM. Especially in the specimen

PIB2/l. the difference of frequency of "i.3 boundaries is large: more than 70/0. The

calculation of CSL distribution from ODF is based on the method developed by

Moraviec et al [71 1. They assumed that the material is composed of oriented but

point\vise grains (hence each of same size). chaotically scattered throughout the sample

to avoid correlation between neighboring orientations and providing statistical

homogeneity. In other words. they ignored the inhomogeneity, grain clustering and

grain size effects. However. those inhomogeneities usually exist in real materials.
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Figure 4.12. Distribution ofCSL boundaries obtained from ODF ( r.3 - r29).
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For example. the investigated specimens (PIB2/!. PIB2/2 and SP2) are found to have

c1usters of grains having similar orientation~ which will be discussed in Chapter 4.5. It

seems that the CSL boundary distribution obtained by üIM is more reliable than that

from üDF.

In Figure 4.13. the results of the electromigration test are compared to the total

frequency of CSL boundaries. The data obtained from OIM is used. The specimen

PIB11l has the highest percentage of CSL boundaries. 33.3 %, as weIl as the longest

median time-to-failure (t50 value). 771 hours. Specimen PIB2!2 had 15 % of CSL

boundaries and t50 value of 235 hours. Specimen SP2 had the shortest lifetime. tso = 29

hours. and the lowest percentage of CSL boundaries. 12.3 0/0. It is c1ear from this

comparison that there is an association between the time-to-failure and the frequencyof

occurrence of CSL boundaries: a higher percentage of CSL boundaries correlates with a

longer lifetime in pattemed lines. Several studies [71, 72. 87. 88] have calculated the

frequency of CSL boundaries in materials with a random grain orientation. A total of

9.6 % of the boundaries are found to be L3 to ~29. This indicates that the grain

boundary texture in SP2 deviates slightly from the distribution expected in a random

material. An atom in the boundary occupying a site of the CSL would be in the region

of good atomic fit because the site is common to bath neighboring crystal lattices.

Thus. the lower the L value. a higher planar coincidence site density, and thus lower

diffusivity along the boundary core is obtained. Therefore, the presence of a high

number of CSL boundaries in the specimen (specimen PIB2/1 in this study) seems to

improve the electromigration lifetime of films as sho\\TI in Fig. 4.13.

Figure 4.14 shows the relationship between the {Ill} texture and amount of LAGBs

and CSL boundaries in the specimen PIB2/l. PIB2/2 and SP2. Clearly, the number of

these boundaries increases \vith the intensity of the {Ill} fiber texture. The

microtexture of individual grains is responsible for the grain boundary misorientation

geometry. Therefore~ it is generally believed that the grain boundary character

distribution and the CSL boundary distribution are linked to the material texture.
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Figure 4.13. Median time to failure as a function of total frequency ofCSL

boundaries From ~3 to :E29.
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The modeling of {Ill} tiber texture by Garbacz et al [89] shows that the proportion of

CSL boundaries continues to increase as the {Ill} texture increases beyond the level

found in PIB2!1.

The intensity of {Ill} texture represents the volume fraction of {Ill} grains in the

specimen. Thus. many grains having the {Ill} orientation exist in the specimen with

strong {Ill} texture. Assuming that there is a small deviation in grain size. the {Ill}

grains have more chance to neighbor each other and hence, many grains having low

misorientation are expected. ft can therefore be concluded that the number of LAGBs

increases as texture becomes stronger. The relationship between CSL boundary

distribution and material texture has not been clearly understood. Experimental results

sho\\" that the percentage of CSL boundaries is often higher in textured materials than

that in random oriented materials [89. 90]. In the case of Al films. the ~3 boundary is

the coherent {Ill J. planar twin boundary having a common <Ill> rotation axis. The

{Ill} planes are parallel to the substrate in most of the grains in the specimen PIB2/1,

since it exhibited a strong {III} fiber texture. Viewed in the direction normal to the

film plane. n10st grains differ from each other only by a rotation, which would produce

{Ill} tilt grain boundaries perpendicular to the film plane. This explains the high

number of ~3 boundaries and other boundaries (2:.7. L13b. L19b and L21a) having a

common < Il 1> rotation axis in the specimen PIB2/1.

A detailed analysis on the grain boundary characteristics around the failure sites has

been done by using OIM. About 10 failure sites were investigated. In ail the cases.

high angle and non-CSL boundaries. which are represented as black lines in Figure

4.15. are connected to the failed area. It seems that most of the mass flux, which causes

the voids. took place along these high angle. general boundaries. This result strongly

supports that the reliability of films relates ta the grain boundary character distribution,

\vhich is controlled by the film texture as explained before. However, only about 20

failed sites were found and analyzed in the examined specimens as mentioned before.
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An investigation of more failed areas is recommended for better statistics. The image of

the same failed area obtained by SEM is also shown in Fig. 4.15.

111

• 250 nm =

5 steps

Inverse pole figure
for colour index

CSL boundary

Low angle boundary

High angle boundary

-

•
400 nm =

5 steps

Figure 4.15. Grain boundary and orientation map of the failed area.
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4.5. INFLUENCE OF MICROSTRUCTURE ON THE FILM RELIABILITY

•

The influence of microstructure (grain size and grain size distribution) is known to be

important on the electromigration behavior in thin films [74~ 91]. Figure 4.16 shows the

orientation imaging microscopy (OIM) microstructure of each specimen and its grain

size distribution. If the misorientation between two measurements is greater than 5

degrees. the measurements \vere considered to be from different grains. Different

colors in the microstructure represent different orientations in this figure. The average

diameter of grains for the specimen PIB2/1. PIB2/2 and SP2 are 1.21 flm, 1.06 flm and

1.14 Jlm. respectively. It seems that the specimen PIB21l has relatively larger grains

than other specimens. even though the differences in grain sizes are not much. It is

generally accepted that the median time to failure (MTF) increases with the grain size as

shawn in the equation 4.1. Considering this equation, the longest MTF is expected in

the specimen PIB21l and the shortest MTF in the specimen SP2. However, this does

not seem ta agree weIl with the electromigration test data obtained as in Figure 4.7.

(a)

Figure 4.16. Microstructure and grain size distribution of the specimens: (a) PIB2/1,
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Figure 4.16. Microstructure and grain size distribution of the specimens: (b) PIB2/2,

and Cc) SP2.

86



•

•

•

Chapter -/: The Influence vfTexture on the Reliability ofAllnterconnects

The grain boundary is drawn depending on the differences in misorientation of two

neighboring measurements in OlMo The misorientation definition for grain boundary

dra\ving had been changed from 5 degrees to 2. 10 15. 20 degrees for better statistics.

Figure 4.17 shows the average grain size as a function of the misorientation angle~

which defines a grain boundary~ for three specimens. Equation 4.1 seems to correspond

with the result obtained from the electromigration test when the misorientation angle for

grain boundary drawing increases over 10 degrees. However~ the data with high

degrees of misorientation. such as 20 degrees, is not much reliable because it assumes

several neighboring grains having similar orientation to one grain. For example, the

PIB2/1 specimen has one grain, using the 20 degrees definition, which covers about

27% of the scanned area. Generally, 5 to 10 degrees of misorientation angle is chosen

for the grain boundary drawing since it gives relatively reliable results. In this study~

the misorientation angle was limited to 5 degrees in most cases. According to equation

4.1. the MTF is proportional to the grain size of the specimen. However, the grain size

effect on MTF seems to be smaller than other effects such as texture and grain boundary

character distribution. considering the fact that there are not many differences in grain

size of each specimen. There is less than 15% difference in diameter of each specimen

obtained \Vith 5 degrees of grain boundary definition, and even with 10 degrees of grain

boundary definition, there is only about 30% differences in diameter of each specimen.

One important factor that must be considered in the Figure 4.17 is the clustering of

grains having similar orientations. For the specimen PIB211, the average grain size is

drastically increased with increasing misorientation angle. The specimen PIB2/2 shows

similar trend with the specimen PIB211. However, in the case of the specimen SP2, the

change in average grain size is minor and seems to be independent of the misorientation

angle. If the orientation of neighbor grains in textured materials were randomly

distributed without any orientation clustering, the average grain size would be

independent of the misorientation angle that defines a grain boundary. However, if the

orientation of neighbor grains had a preference for being small-angled with each other,

the average grain size would increase with increasing misorientation angle defining a

87



•
Chapter.J: The Influence afTexture on the Reliability ofAl Interconnects

grain boundary. That is. the orientation clustering is represented by the dependency of

the a\'erage grain size on the misorientation angle that defines a grain boundary.

Therefore. the specimen PIB21l shows severe orientation clustering while the specimen

PIB2/1 has less. In the specimen SP2. there is virtually no sign of orientation

clustering.
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Figure 4.17. Average grain size as a function ofmisorientation angle [92].

As discussed in Chapter 4.4. the diffusivity along the low angle grain boundaries

(LAGB) is less than that for high angle grain boundaries (HAGB) [79]. Therefore, the

specimen that has more LAGB have lower diffusivity, so that the electromigration
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failure is delayed. The possible reason that the orientation clustering increases the time­

to-tàilure is also similar with the effect of the total frequency of LAGB on the

electromigration tàilure as sho\\'TI in Figure 4.10. If the orientation clustering were

developed. the misorientation between grains becomes small and the total frequency of

LAGB should be increased. Therefore, a longer time-to-failure is expected for the

specimen.

Figure 4.18 shows the surface morphology of each specimen obtained by an atomic

force microscopy. Each scan covers an area of 1 JlIl1 x 1 J.lIll. As shown in this figure,

PIB11l and PIB2/1 have similar surface morphology; the surface is essentially

homogeneous with smooth surface features. However. SP2 has a rougher surface

having round and sharp edges concurrently. There are many researches that relate grain

size of films to their reliability. However, very liule work has been done to determine

the relationship beh,veen the surface roughness of films and their reliability. Il seems

that the effect of texture is more dominant in the case of PIB-2/t and PIB-2/2. Local

microstructure inhomogeneity can influence the local flux divergence and

accumulation; for example. the large pyramidal protrusion would be a preferable area

for hillock formation. It is suspected that the short electromigration lifetime of SP2

may be affected by its relatively rough surface.

There \Vere nlany attempts to improve the structural properties of Al thin films bl' a

variet)' of deposition techniques. [t has been found that e-beam evaporated Al films at

an elevated substrate temperature possess large grain size and that the grains have

{Ill} texture [91. 93]. A {Ill} texture with a smaller grain size and a narrower grain

size distribution \Vas found in tilms deposited by a bias sputtering technique [94]. On

the other hand. a {Ill} texture accompanied by enlarged grain sizes of the film was

found using the ionized cluster beam technique [95]. It is also reported that the simple

partially ionized beam technique significantly improves the electromigration lifetime of

Al films [96]. This corresponds \vell with the results obtained in this study.
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1

(a) PIB2/1

1 (8) PIB2/2

(c) SP2

1

Figure ·tiS. Surtàce morphology obtained by atomic force microscope (AFM)

from: (a) PIB2/1~ (B) PIB2/1~ and (c) SP2.
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The films deposited by partially ionized beam technique (PIB2/1 and PIB2/2) have

longer electromigration lifetime than the spunered Al film (SP2). Films deposited by

the above-mentioned techniques aU lead to better electromigration lifetime. Whatever

technique is used. it is recommended to obtain the film with large grain size. a sharp

{III} texture and a smooth surface. Having homogeneous grain size is also important

since it gives a small standard deviation of grain size distribution.
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4.6. CORRELATION BETWEEN THE TEXTURE OF FILMS AND THEIR

STRESS-INDUCED RELIABILITY CONCERNS

It is \vell known that one of the major reliability concems in thin film interconnects is

the stress-induced tàilure. However. not much work has been carried out on the relation

between film texture and its stress-induced failures.

Stress develops in aluminum interconnects because of thermal expansion mismatch

between the substrate and the tilm. \Vhen AI or Al-base alloy interconnects are

subjected ta a thermal cycle during processing. they develop a characteristic stress­

temperature protile as sho\\TI in Figure 4.19 [97]. The compressive stress during

heating can produce thermal hillocks while the tensile stress on cooling drives the grain

collapse and stress-induced vaiding phenomena. AlI of above mentioned phenomena

are speculated to be related ta the texture of interconnects.

Hillocks appear as surtàce protrusions or side protrusions in lines as shown in Figure

2.18 and Figure 4.20. They are due to a stress relief mechanism \vhere grain boundary

diffusion and plastic flow are implicated as the deformation process. According to the

model by Sanchez et al [98]. AI interconnects undergo sufficient straining to induce

yielding during t~fpical thermal cycles and the yield stress is dependent on grain

orientation. They suggested that the large compressive stress gradients between {I lO}

and .~ 1III oriented grains lead mechano-diffusional mass flux from the boundary

regions surrounding {III} grains ta {Il 0 l oriented grains. As a result. the gro\\'th of

the {Il O} grains out of the film plane producing hillocks is driven and thus partially

relieves the compressive stress. Schwarzer et al [99] later found out that hillocks are

formed on grains deviating from the {Ill} fiber texture of sputtered Al interconnects.
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Figure 4.19. A stress-temperature profile for an Al-Si film deposited al 150°C.

•
Figure 4.20. A typical morphology of hillocks on the patterned line.
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Grain collapse is a localized stress relaxation phenomenon. which occurs in Al

interconnects under tension. The relaxation mechanism of the tensile stress is plastic

yield by dislocation slip in sorne individual grains. A study [100] of this phenomenon

shows that local defonnation on the scale of an individual grain causes that grain to be

depressed relative to the surrounding grains. The same phenomenon is usually

observed. to sorne extent. in any film that is thennally cycled such that stress becomes

tensile on cooling. No direct experimental evidence of orientation effects has been

obtained. but modeling work suggest that texture is responsible. Grains with a {Ill}

orientation have higher elastic constant than that of grains with other orientations [99.

100]. Thus. non-{ Ill} grains would experience initial yielding while {Ill} grains

would remain primarily elastic. The accommodation of the inelastic deformation

accounts for the collapse. This process implies that grains with random orientation. i.e.~

grains with orientation away from {Ill}, are preferred sites for grain collapse.

Stress-induced void fonnation is a significant failure mechanism in narrow lines with

less than 1 ~m of line \vidth. A tensile triaxial stress state develops in lines

encapsulated with insulating dielectrics such as SiOl or Si3N4• The stress is relieved

during high temperature exposure by diffusive flow and damage to grain boundaries

occurs in the fonn of slit and wedge-type voids. It was noted that {Ill} planes are

found along the face of the voids because of surface energy minimization [la1).

Therefore. specifie boundaries are prone to be damaged where void volume is

minimized [102]. Kordic et al [103] also found that the amount of stress-induced voids

increases as the {Ill} texture \veakens. It is speculated that control of local orientation

would be an effective method to minimize stress voiding. However, there are no

definitive experimental work or modeling studies that exist to quantify the extent of the

texture effect.

Figure 4.21 shows the correlation between the intensity of {Ill} texture and the

residual stress in the specimens PIB21l, PIB2/2 and SP2. This figure shows that the

residual stress of the films decreases as the intensity of the {Ill} texture increases. It is
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important to have less stress in the film interconnects Slnce residual stress IS

accumulated during processes and actual use as the thermal cycle (Fig. 4.19) IS

repeated.

PIB21l
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Intensity of {111} texture
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Figure 4.21. Correlation between the intensity of {Ill} texture and the

residual stress.

•

The relation between the residual stress of films and their median time-to-failure (MTF)

is shown in Figure 4.22. The MTF of interconnects decrease with the increasing stress.

It seems that the stresses of the films contribute their influence on MTF. According to

Kaneko et al [101 J. the vaeanc)' fonnation energy is redueed by tensi le stress, and the

anl0unt of energy reduction is detemlined by the specifie volume of vaeancies in the
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metal lanice. This means that excess vacancies seriously affect the diffusion constant.

enabling tàster metal atom migration and faster void growth and thus shorter life lime.
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Figure 4.22. !\1edian time to tàilure (MTF) as a function of residual stress.

It is generally assumed that texture plays an important role on the reliability of thin film

Înterconnects and that a strong {III} texture is desirable to improve reliability.

Although the importance of the {Ill} texture on electromigration behavior has been

weIl established. the effect of texture on stress-induced failure has not been clearly

understood. More detailed work is necessary to fully understand the correlation

between the texture of tilms and their stress-induced failures .

•
96



•
Chapler.J: The Influence afTexture on the Reliability ofAllnterconnects

4.7. MONTE CARLO SIMULATION OF THE TEXTURE DEVELOPMENT IN

ALUMINUM THIN FILl\1S

It has been sho\\TI in Chapter 4.3 that strong {Ill} texture in aluminum Hlm increases

its median time to failure. It is now necessary to know what are the optimum conditions

to obtain strong {Ill} texture during film deposition. A three-dimensional model

based on rv10nte Carlo sinlulation of texture formation in Al film deposition is suggested

for this purpose. Important parameters considered in this study are the surface

temperature. the impingement rate of source atoms. the anisotropy of the surface

energy. and the intertàce energy.

The basic processes on the surface of substrate in the initial stages of thin film growth

are sho\\TI in Figure 4.23 .

• 3 5

t

•

Figure 4.23. Processes on substrate in the early stages of thin film gro\\'th:

1. Impingement on nucleus

2. Diffusion to nucleus

3. Impingement on substrate surface

4. Diffusion on substrate surface

5. Re-evaporation
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As sho\\TI Fig. 4.23. a single atom \'till stick at its current site or move to a neighboring

site. It can also re-evaporate to the atmosphere. Several atoms can join to form small

c1usters on the surface of the substrate and be considered as nuclei after they reach a

stable size. What is meant by "stable size of nucleus" depends on the interfacial energy

bet\\'een the nucleus and substrate and the surtàce energy of nucleus and substrate [104]

as sho\\TI in Figure 4.5. Because of this relation. nuclei with lo\v surface energy and

interface energy will fonn more often than nuc1ei with higher energy. The surface and

interface energy depends on the crystallographic orientation of the nucleus. As the

nuclei grow after initial nucleation. the interaction bet\veen the substrate and deposits

slowly diminishes. The gro\\1h rate of grains having different orientations is then

influenced by the anisotropy of the surface energy of each grain.

For the Monte Carlo simulation. a 3-dimensional cubic array of sites is used to map the

thin tilm. Each site is assigned an integer value. Q. which corresponds ta the

crystallographic orientation of site. The Q-value of every site is initially O. It represents

that the site is not occupied. As the deposition takes place. the Q-values of sites are

changing from 0 to positive integer values. A different value represents a different

orientation. An occupied site is referred to as a rvfonte Carlo black (MC-block),

There are t\Vo n1ain parts to the procedure of Monte Carlo simulation. One is the

deposition of MC-blocks and the other is the Monte Carlo scanning (MC-scanning). A

specitied number of MC-blacks are randomly deposited on the substrate surface before

the MC-scan. The orientation (Q) assigned to each MC-block is chosen randomly from

a given set of orientations. The MC-scanning is the heart of the procedure. A scan is

perforn1ed after each deposition and consists of a specified number of trial jumps and

rotations. The sites are randomly picked on the surface of the system if there is at least

one MC-black deposited on these sites. These MC-blocks are then determined to be

either a trial rotation or trial jump. The probability of occurrence of these t\\'O is equal.

A simple procedure is used to determine whether it is a jump or a rotation. First~ the

local energy of MC-block at the original site with the original orientation~ Et. is
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calculated. If this MC-block has moved to a neighboring site having a different

orientation. the new energy of the MC-block. El. is calculated. If the MC-block at the

new site has lower energy than that of the original site.

(4.2)

and this movement from a higher energy site to a lower energy site is accepted as a fact.

If ~E > O. this movement can also be accepted, but only according to the probability

function. P.

(4.3 )

•
where ka is the Boltzman' 5 constant and Ts is the temperature of the substrate. A

random number is chosen between 0.0 and 1.0. If this number is less than P. the

movement ta the ne\v site is accepted. i.e., the MC-black is left at the new site. The

local energy of MC-block. E. is calculated as the sum of the interfacial energies

between the MC-block and aIl of its neighboring sites. If there is no MC-block at the

neighboring site. only the surface energy is taken into account.

E =Lr{},0,
/III

(4.4)

•

where "/(}1Q! is the interfacial energy bet\veen the MC-block and its neighboring site.

Each f\:fC-scan consists of a number of trial rotations and jumps. This number

represents the surface mobility. The higher number of trials corresponds to the higher

surtàce mobility. Another deposition of MC-block takes place and MC-scan is repeated

until the desired number of MC-blacks is deposited.

The influence of deposition rate and substrate temperature on the changes of film

texture during aluminum deposition \Vas analyzed. Nine aluminum orientations were

taken into account for this work. The surface energy of these grains was calculated and
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is listed in Table 4.1. The surface energies of each orientation were calculated by the

ADESH (atomistic defect simulation handler) program. This program uses Monte

Carlo relaxation to simulate relaxed surface al a given temperature. The energy of a

surface is calculated using the Lennard-Jones potential after the relaxation at 550K.

The interface energy is assumed to be a eV/atom between t\vo grains having the same

orientation and 20 eV/atom between two grains with different orientations.

Table .1.1. Surface energy of nine aluminum grains used for the simulation

(at 550 K. calculated by ADESH program)

Orientation Surface Energy (eV/atom)

111 0.865

110 0.998

100 1.082

""., 1.095.).) ....

221 1.137

211 1.142

320 1.187

321 1.25

210 1.276
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The results of the simulation with varying deposition rates are shown in Figure 4.24.

The deposition rate increases as the number of blacks per each scan increases. At a

high deposition rate. the deposited blacks experience more 'collisions' with other

blocks and thus nucleation rate increases. As the nucleation rate increases, the average

grain size decreases and the grains with low surface energy have less of an advantage to

grow over other grains. The result is the development of a weak texture in this film. At

a lo\ver deposition rate. the deposited blocks have more lime to find a lowenergy site to

stick to. The lo\\' energy sites are usually the edges or the surface of grains having the

SaIne orientation. Therefore, grains grow larger and a strong texture is expected.

The surface mobility is another important parameter ta be considered. The simulation

has been done \Vith different Monte Carlo Scan (MeS) parameters, which correspond to

different mobility of atoms on the surface. As shown in Figure 4.25, the mobility of the

deposited blocks increases as the MCS factor increases. This corresponds to an increase

in the substrate temperature. The texture of the tilm is \\'eak for the low MCS value

because the deposited blocks have liule time to find a lo\v energy site before new blocks

are deposited. thus introducing a higher number of nuclei. The deposited blocks have

more time to find low energy site and texture of the film becomes strong when MeS

\'alue increases.

As shown in Figure 4.24 and Figure 4.25. the optimum conditions to obtain strong

{Ill} texture are at lo\\' deposition rate and high surface mobility. Very strong {Ill}

texture was obtained in the aluminum film w'ith the lo\v deposition rate and high

mobility. as depicted in Figure 4.26.
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4.8. SUMMARY

Ta understand the influence of texture on the reliability of aluminum interconnects.

three aluminum specimens having different textures \Vere studied. Results obtained

from the electromigration test show that the strong {Ill} texture in aluminum films

improve their median time-to-failure.

The influence of the gram boundary character distribution and the CSL boundary

distribution on the reliability of the aluminum interconnects was investigated because

these boundary characteristics are closely linked to texture. The distribution of grain

boundary misorientation angle and coincidence site lattice (eSL) boundaries were

quantified using an orientation imaging microscopy (OIM). The experimental results

sho\ved that the specimen having the highest electromigration lifetime had a higher

number of 10\\i angle grain and CSL boundaries than the other two. These boundaries

are known to have low diffusivity. An analysis of the grain boundary characteristics

around the failure areas seems to support this result. The high angle and non-CSL

boundaries were connected to the failure areas in aIl the investigated specimens.

Considering the fact that the number of low angle grain boundaries and CSL boundaries

increases as the strength of {Ill} texture increases, the strong {Ill} texture in

aluminum film is desirable to improve its reliability.

!\-ficrostructural analysis shows that the grain size of the investigated specimens \Vas

similar. Ho\vever. the specimens having stronger {Ill} texture are found to have an

orientation clustering of grains, which contributes to the longer lifetime of the film by

reducing the frequency of high angle grain boundaries.

A correlation between the texture of interconnect and its stress-induced reliability

concems had not been dearly understood. The experimental data obtained shows that

the residual stress of films decreases as the intensity of the {Ill} texture increases.
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A model based on Monte-Carlo simulation of texture formation during the deposition of

aluminum Hlm was proposed to obtain the optimum conditions for the strong {Ill}

texture development. The optimum conditions were found to be at low deposition rate

and high mobility of atoms on the surface. which corresponds to high substrate

temperature.
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Chapter 5

The Influence of Texture on the Oxidation

Kinetics of Copper

The object of this chapter is to improve the current understanding of the influence of

substrate texture on the oxidation kinetics of copper interconnects and to suggest a

method of reducing oxidation. The chapter consists of five sections. The tirst section

introduces copper as an interconnecting materiaI; reliability concems such as high

diffusion and oxidation rate are aiso discussed. The experimentai procedures carried

out for this study are described in the second section. Results obtained from the

oxidation tests of copper single crystais are given in section 5.3. A discussion on the

development of oxide texture and the changes of its morphology during oxidation is

also provided in this section. Amadei that correlates the texture of polycrystalline

copper \Vith its oxidation kinetics is suggested in section 5.4. Section 5.5 is a synopsis

of Chapter 5.
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5.1. INTRODUCTION

Interconnects are commonly made of aluminum since this metal provides low electric

resistivity and fabrication feasibility. However~ the increasing trend in making

electronic devices smaller requires the use of higher current densities, thus making it

difticult to continue to use aluminum interconnects~ as they are susceptible ta

electromigration failure.

Copper has been studied extensively to replace aluminum because of its lower

resistivity and higher resistance to electromigration failure. The low resistivity is an

important criterion in high-performance microprocessors because it enables signais to

move faster by reducing the so-called "Re" (resistance x capacitance) time delay.

Copper lines conduct electricity with about 40% less resistance than aluminum (1.67

J-lQ x cm for copper. versus 2.65 J.l.Q x cm for aluminum). This translates to a speed-up

of as much as 150/0 in microprocessors with copper interconnects when compared to

those with aluminum interconnects. Copper enables a reduction not only in the

"resistance' part of the RC time delay. but also in the 'capacitance' part. since the metal

line can be made thinner by using copper. This helps to reduce the amount of power

consumption. which makes copper attractive to use in battery-powered applications

such as notebook computers. As mentioned above, another benefit of copper is its

superior resistance to electromigration failure when contrasted with aluminum. This is

due to copper atoms being heavier and more tightly bound than aluminum atoms.

Copper lines can then handle higher current densities, such as those found in high­

power transistors. Also, a tighter packing density per level can be achieved by using

narro\ver copper tines. This means that fewer layers of metal are needed to construct a

chip~ which lead to significantly reduced manufacturing costs. [n fact, only about half

of the metallayers are needed when using copper in comparison to aluminum as shown

in Figure 5.1. One disadvantage in using copper is the fact that generating patterns in

blanket copper films by etching processes can be very difficult. However, IBM has

recently developed a new patteming method called "Damascene" that accompanies
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copper electroplating [106 - 109]. IBM reported that the damascene approach requires

20-300/0 fewer manufacturing steps than traditional subtractive pattering using

aluminum. and thus. may lead to a potential cost saving of up to 30% for the

metailization process, or. 10-15% for the full wafer manufacturing [106] .
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Figure 5.1. Reduced complexity; one of the main benefits ofcopper [105].
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Despite the many advantages of copper. the substitution copper for aluminum as an

interconnecting material has not been fully accomplished yet (e.g. the first commercial

microprocessor using copper only came out to market in 1999) due to several reasons.

One cause is that it diffuses very fast to both oxides and silicon. If there are no

obstacles to block it, copper atoms can reach the source/drain/gate area and destroy the

device. To prevent copper from reaching silicon areas, copper lines and plugs must be

totally sealed at aIl locations and at aIl levels. Barrier layers must be effective against

copper diffusion and simultaneously be thin enough to maximize the advantage that a

small cross-section of copper represents. They should also be good adhesion layers for
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copper deposition. and easy to remove during chemical mechanical polishing (CMP).

So far. the best known barriers are either Ta or TaN deposited by physical vapor

deposition (PVD) or chemical vapor deposition (CVD). Another disadvantage in using

copper is that this metai cannot be readiIy pattemed using conventional subtractive

plasma etching because of the lack of volatile halide by-products. Therefore. using it

requires the implementation of an entirely new manufacturing technique. i.e.. the IBM

damascene method, as mentioned before. Aithough there was a report of potential cost

savings with the damascene method [106], copper metallization is not necessarily a

simpler alternative to aluminum. The manufacturing price should be determined by

considering aIl aspects of the technology currently used. A third problern with using

copper is that it readil)' oxidizes under standard chip fabrication conditions (in air, at

relatively low temperature. i.e.. < 200°C) and does not fonn a stable self-protective

oxide layer similar to AhO] on aluminum that would stop further oxidation and erosion.

The formation of copper oxides degrades the electrical and mechanical properties of

copper.

Extensive studies have been performed on the oxidation of copper in the 50's and 60's

[14. 61. 62. 110 - 112]. In the 90·s. the study of copper oxides intensified due to the

interest in using copper as an interconnection material. Sorne methods have been

suggested to protect the oxidation of copper film, such as passivating copper \Vith a

protection layer [15] or adding alloying elements [16]. It is generally accepted that the

oxidation of copper is anisotropic and depends on the orientation of the copper

substrate. However. there has not been much work studying the influence of the texture

of polycrystalline copper substrate on its oxidation kinetics.

If a relationship between substrate texture and copper oxidation kinetics exists, then

measuring texture could be a method of predicting the copper oxidation. lbe

conventional method of evaluating copper oxidation is by performing an oxidation test,

which is destructive by nature. Apart from giving information about oxidation, texture
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measurement could also give useful information about other physical, chemical and

mechanical properties of copper interconnects.

The reminder of this chapter attempts to improve the understanding of the oxidation

kinetics of copper interconnects, and suggests a method to reduce copper oxidation.

Copper single crystals having different orientations were oxidized and the results

obtained from the oxidation tests were analyzed. The influence of substrate orientation

on the deve[opment of oxide texture and its morphology were also studied. A

quantitative model was proposed to predict oxidation kinetics of copper from the texture

of the specimens.
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5.2. EXPERIl\'IENTAL PROCEDURES

5.2.1. Sample Preparation

Pure copper single crystals were provided by the lnstitute of Metallurgy and MateriaIs

Science. a division of the Polish Academy of Science in Krak6w. Poland. Six copper

single crystals having different orientations \vere carefully selected. The single crystals

had the Cl 00). (lI 0). (111). (123). (311) and (314) faces parallel to the surface. Copper

plates of 99.999% purity \Vere used as polycrystalline specimens. The grain size and

texture of the plates were measured. and three specimens having similar grain sizes but

different textures were selected. The single crystals and the polycrystalline specimens

were eut and polished mechanically with metallographic polishing papers to PI200.

These specimens \vere then eletrolytically polished in a solution of 165 ml of

phosphoric acid (H3PO-t. 85~'O) and 35 ml of distilled water for 30 minutes to remove

strained layers. The current density was set 0.06 A/cm:!. It was very important at this

point to obtain a fiat and c1ean surface before the oxidation test since remaining

impurities and scratches cao change oxidation patterns. Texture measurements were

carried out again for the polished specimens to confirm that there have been no changes

in their orientation during the polishing process. The size of specimens prior to the

oxidation test was about 1.2 cm \\"idth x 2 cm length x 0.1 cm thickness.

5.2.2. Oxidation Test

The Thermogravimetric Analyzer (TGA) TG-171 from Cahn Instruments Inc. was used

to obtain details on the oxidation kinetics of the copper specimens. Analyzed

specimens were placed inside a platinum specimen holder. which was positioned inside

the fumace and hung on an extension sapphire rod connected to a microbalance (Figure

3.9). A heating rate of 10°C/min was used to reach 200°C, following which the

specimens were incubated for about 9 hours. Air provided the oxidative atmosphere at

a flowing rate of 80 ml/minute. A Type K thermocouple was used to detect the
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temperature inside the fumace. The weight of the specimen and the temperature were

recorded every 60 seconds by the computer controlling the TGA system. A detailed

description of the TGA is given in Chapter 3.4.

5.2.3. Texture Measurement

The texture of the copper specimens was obtained by the Siemens texture measuring

system described in Chapter 4.2.3. The Siemens' 2.0 kW molybdenum target tube was

mn at 40 kV and 40 mA. The (111), (200) and (220) pole figures of the specimens were

obtained. From the pole figure data, the coefficients of orientation distribution function

(GDF) \vere calculated using the incomplete pole figure method [70].

The texture of the oxides on the single crystal specimens could not be measured by the

Siemens system since the machine is not equipped \vith a monochromator. When

measuring the texture of a thin layer (less than several micrometers of thickness) on a

single crystal substrate \\:ithout the use of a monochromator. a pole figure having mixed

intensities from both the thin layer and the substrate cao be expected [69]. Usually. the

intensity from the single crystal substrate, which is not wanted, is stronger. Therefore,

the texture of the oxides on single crystals \Vas measured by using the Rigaku rotation

anode X-ray generator (RU-200BH) \Vith a copper target. described in Chapter 4.2.6.

It is generally difficult to obtain a distinct diffraction pattern from thin oxide layers

because the diffracted x-ray beam is weak, which results in a relatively high

background. Therefore. the oxide films on single crystals were characterized using the

x-ray diffractometer set-up \vith a 10 grazing angle to increase the intensity of x-ray

diffracted from the oxides. The tube voltage \Vas 50 kV and the tube current was 150

mA. A step-size of the goniometer was set to 0.024 degrees and the counting time was

10 seconds for each angular step.
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Grazing incidence diffraction patterns of oxides on single crystal specimens oxidized at

200°C for 1 minute. 30 minutes. 3 hours and 9 hours were obtained. Only diffraction

peaks from {Ill}. {200}. {220} and {31 I} oriented grains were considered because the

diffraction intensity from other grains was tao low ta be analyzed.

It is to note that in actuality. the diffraction intensity does not represent the true texture

of the specimens. To obtain the true texture, specimens of randomly oriented copper

oxide (Cu:!O) pov..-der were annealed at 200 0 e for 1 minute, 30 minutes, 3 hours and la
hours. and the ditTraction patterns of oxides were then acquired. Afterwards. each

diffraction peak from the oxidized copper specimens \Vas normalized with the

diffraction peak from the Cu!O powder. This was then translated to the volume fraction

of each type of grain orientation. which represents the 'true' texture of oxides.

5.2.4. Microstructure Analysis

The polycrystalline specimens were polished \vith metallographic polishing papers up to

P1200 and subsequently etched for 50 seconds in a solution of 20 ml of NH40H. 18 ml

of H20 and 2 ml of 30<10 H2û2. A camera attached ta an optical microscope was used ta

e\"aluate the microstructure of the specimens.

The surtàce morphology of the oxide on single crystal specimens \vas obtained using

Digital Instruments' atomic force microscope (AFM). Morphology changes during

oxidation were thus used to investigate the influence of substrate orientation on

oxidation. Several areas on each specimen were investigated and the surface roughness

was calculated. The roughness (Rq) was defined as the standard deviation of the Z value

(height) within the given area. and is \vritten as

•
(5.1 )
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where. Zl is the current Z value. Zc1\'e is the average of the Z value within the given area.

and ~V is the number of points within the given area.

Various anempts \vere made to obtain the orientation of copper oxide grains by using

orientation imaging microscopy COlM). but this was not successfuI. The small size of

the oxide grains. only several nanometers in the early stage of oxidation. and the rough

sllrtàce morphology of oxides are speculated to be reasons for this failure.

5.2.5. Prediction of Oxidation Kinetics of Copper

A quantitative model was proposed to predict the oxidation kinetics of copper from the

texture of the specimen. Details on this method are described and discllssed in section

5.4.
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5.3. THE INFLUENCE OF SUBSTRATE ORIENTATION ON THE

OXIDATION KINETICS OF COPPER

5.3.1. The Oxidation Kinetics of Copper Single Crystals

The oxidation kinetics of copper single crystals having different orientation is illustrated

in Figure 5.2. The single crystals have the (l00)~ (lIa). (Ill). (123). (311) and (314)

faces parallel to the surface. Only the Cu20 phase was forrned during the oxidation

tests.

As ShO\\l1 in Figure 5.2. the crystal faces (l00), (l10), (123), (314), (l11) and (311)

represent. in that order. decreasing rates of oxidation. The oxidation rate of the (100)

single crystal was much higher than that of the others in the early stage of the oxidation

tests. This result seems to agree well with the \vorks of Rhodin [62], Rustman [113]

and Harris. et al. [114]. In the studies of Rhodin and Rustman, the order of faces was

(100). (lI 0) and (111), in decreasing order of oxidation rate, while in Harris' study, the

relative order \Vas (100), (Ill) and (311). In comparison. the work of Young~ et al.

[Ill] sho\ved that the order \vas (100). (111). (110) and (311). again in decreasing order

of oxidation rates. The oxidation of the (111) tàce was found to be higher than that of

the (110). while the reverse was found in the other studies [62, 113]. Young et al.

pointed out that a very small amount of impurities on the surface could change the

oxidation kinetics and that the (110) face was especially susceptible to surface

contamination. ln aIl studies mentioned above. the (100) face was reported having a

much higher oxidation rate than the other faces. Oxidation tests in the studies

mentioned above had been carried out at temperatures below 200°C.

The oxidation kinetics of copper single crystals change in the case of high temperature

oxidation. Bénard and Talbot [115] oxidized several copper single crystals at 900°C

and the order of their faces in terrns of decreasing oxidation rates was found to be (210),

(221). (110). (111) (100) and (123). One possible cause for the difference in oxidation
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kinetics at \'arious temperatures can transpire from the type of oxide that is present. It is

generally believed that CUlO is the only oxide fonned at temperatures below -250°C at

1 atm in air. whereas both CU20 and CuO are developed during oxidation at

temperatures above -250°C. as shown in Figure 5.3 [116]. Although many theories on

oxidation rate laws have been developed. no single rate law can explain aIl the data

obtained from oxidation experiments of copper at different temperatures.
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Figure 5.2. Oxidation kinetics of the copper single crystals having different faces~

at 200°C.

•
117



•
Chaprer 5: The Influence afTexture an the Oxidatian Kinetics ofCopper

10
'

10

100 200 300
Tem~ture. ·C

10

10 1 ..
o

10-1 A.-

10 .1

•

•

Figure 5.3. Pressure-temperature stability region for CU20 and CuQ [116].

No single theory on copper oxidation can explain the anisotropie oxide growth on

different crystal tàces. although many suggestions have been made [117-120]. La\vless

and Gwathmey [112] found that the oxide on the (100) face has four directional

relationships with its substrate. which are [11 Olcu20 /1 [11 O]cu, [0 11]cu2o Il [11 0lcu,
- -

[011 ]Cu20 Il [110]cu and [1 1 Olcu20 Il [1 10lcu, whereas there are two on the (111),

namely [1 1" Oku:!o /1 [1 "10]cu and [11 Olcu20 Il [1 10]cu. The slowest oxidizing face.

the (311). has only one orientational relationship \vith the oxide~ ([1 10]cu20 1/

[1 1 O]cu). i.e.. the oxide ean have only one orientation in this case. They suggested that

this might account for a large difference in oxidation rates for different crystal faces. If

the oxide nucleates on many surface sites~ there is an equal probability that any of the

four orientational re1ationships will occur. As the oxide grows, grain boundaries and a

high concentration of structure defects develop at places where different oxide nuclei

meet one another. Therefore, the oxide growth on a (100) face has more grain
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boundaries and defects than others. These grain boundaries and defects are responsible

for high rates of diffusion of copper ions towards the oxide surface and hence. a high

oxide gro\'vth. They also reported that the misfit bet\veen the (311) face of copper and

its oxide was O,5~'O. relatively lo\ver than that of others. The misfit here \Vas defined as

b, a - 1. where b and a are the distance between lanice points for the oxide and metal

respectively in a given direction for which the misfit is being detennined. Under the

small misfit condition. the defect density in the oxide is at a minimum and the diffusion

of cuprous ions is not facilitated by a high defect concentration.

The theory behind the oxidation kinetics of copper is rather complicated since the

degree of oxidation varies \vith pressure, temperature, atmosphere and other factors.

Hov..'ever. it is quite clear that the early stage of oxidation is very important since most

of the oxidation takes place during this period.

5.3.2. The Changes in the Oxide Texture during Oxidation

Figure 5.4 shows the changes of the orientation of the copper oxide layer (CU20) of

each specimen during oxidation. Only the volume fractions of {Ill}. {1 OO}, {Il O} and

~ 311: grains \Vere considered because the diffraction intensity from the grains of other

orientations was too low to analyze.

In the early stage of oxidation as depicted in Fig. 5A.(a), it can be seen that the fastest

oxidation rates occurred on the (100) single crystal having an oxide of the {Ill}

orientation. The oxides on the (1 10) and (111) single crystals also had a relatively large

number of {Ill} grains in addition to {1 OO} grains. while the oxides on the (123) and

(3 14) single crystals had {Ill}. {1 OO} and {Il O} grains. It was noticeable that the

(311) crystal had a relatively large number of {311 } grains in its oxide.
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Figure 5.4. Volume fraction of different texture components in CU20 oxidized

at 200°C for (a) 1 minute, (b) 30 minutes,
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Figure 5.4. Volume fraction of different texture components in CUlO oxidized

at 200°C for (c) 3 hours and (d) 9 hours.
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According to Gwathmey [121] and Gorny [117]. the {Ill} orientation of CUlO was

found on the (l00) and (111) faces of the copper substrate. Their work is in agreement

with the results obtained in this study~ although here. there was also a small number of

oxide grains having {I OO} orientation on the (111) face. [n an extensive study by

Lawless and Gwathmey on the epitaxial relationship between copper substrate and its

oxides [112]. copper specimens having eight different orientations \vere examined.

They round only one type of oxide orientation for each specimen. while two or three

oxide orientations were observed in this study. except for the oxide on the (100) single

crystal (Fig. 5.4.(a)). The thickness of the oxides in the above-mentioned reports [112.

117. 121 J \vas in the range of 8-300 nm. The thickness ofaxides was about 50-150 nm

after 1 minute of oxidation in this study. Ir seems that the recrystallization had already

staned in the oxides. except on the (l00) single crystal. The axide on the (100) single

crystal still seemed ta have an epitaxial relationship with its substrate. Il should be

noted that the conditions of oxidation and the method of sample preparation deviated a

bit from the previous works. Therefore. the results obtained in this study should not be

strictly compared ta other results.

As the oxidation time reached 30 minutes~ the number of {Il O} and {311} graIns

increased in the oxides of aU specimens. as sho\\TI in Figure 5.4.(b). However. the

amount of {1II} grains of CUlO was maintained high on the (100) single crystal. The

thickness of oxides \vas about 150-900 nm in this stage. There were not many

transformations in the orientation of oxides as oxidation proceeded. The copper oxide

on aIl the specimens had an almost random orientation during the last stages of the test.

as revealed in Figure 5.4.(c) and (d). Il seems that the copper oxide was strongly

oriented in the early stage of oxidation and began to loose the strength as its thickness

increased.
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5.3.3. The Changes in the Morphology of Oxides during Oxidation

The morphology of copper oxide (CU20) after 1 minute. 30 minutes, 3 hours and 9

hours of oxidation is shown in Figure 5.5, Figure 5.6. Figure 5.7 and Figure 5.8.

respectively. The roughness (RMS) of oxide on each specimen is given under each

image. The dimension of each surface area was 1 IJ.rn by 1 J.lrn and the height scale was

200 nm.

As sho\vn in Figure 5.S.(a). a large number of fine oxide grains were observed in the

( 100) copper. The mean roughness of the oxide was 2.9 nm, which was relatively lower

than that of the oxides on the other specimens. As mentioned before. the (100) face of

copper is kno\vn to have a higher number of orientational relationships with its oxide.

i.e.. the oxide on the copper (100) face can have more diverse orientations [112]. If the

oxide is nucleated at many places on the surface, there is an equal probability that any

of these orientational relationships \vill occur. And thus, a larger number of oxide

nuclei having different orientational reIationships is expected on copper Cl 00). This

seems to be responsible for the fast oxidation of the (100) single crystal by introducing

more grain boundaries and defects. which accelerate copper ion diffusion. The oxide on

the (110) tàce seerncd to have more relatively large grains than the other oxides. Its

roughness was 9.6 nm. which \Vas the highest among aIl investigated oxides. On the

single crystal (Ill) and (311). several large oxide grains were found on the surtàce of

small grains. as can be seen in figures 5.5.(e) and (f). These grains appeared to have

recrystallized at a later stage and begun to grow \\'ith a morphology sirnilar to that

illustrated in Fig. 5.5.(b). [n spite of the sorne differences in rnorphology. the variation

in the thickness of oxides on different specimens in the initial stage of oxidation was

relatively small (Figure 5.2).

Figure 5.6 shows the morphology of oxides after 30 minutes of oxidation. The oxide

grains became nluch bigger in aIl specirnens~ and the growth of oxide grains on the

( 100) single crystal \Vas especially significant. The cross-section of oxides on this
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specimen after 1 minute and 30 minutes of oxidation is compared in Figure 5.9. The

oxide on the (100) face is thicker than the others in this stage (Fig. 5.2). It seems that

the oxide gre\v very rapidly on the (100) face during the time interval of 1 and 30

minutes.

The size of oxide grains and their roughness increased as oxidation carried on after 30

minutes: however. no dramatic changes in morphology were observed (Fig. 5.7). As

sho\\<TI in Fig. 5.8. the oxides on ail specimens had similar morphology after 9 hours of

oxidation. It should he noted that roughness did not necessarily correspond to the grain

size of the oxide (Fig. 5.5.(d) vs. Fig. 5.6.(d)). Nevertheless. in most cases, the grain

size of the oxide increased as its surface roughness increased.

The oxidation kinetics of copper single crystals having different orientations and the

changes in oxide morphology were studied. Considering the results ohtained from the

oxidation tests and the analysis of oxide morphology. it is recommended that the {1 OO}

texture in copper interconnects he avoided in order to reduce copper oxidation.
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(a) RMS=2.9 (h) RMS=9.6

• (c) RMS=8.0 (d) RMS=8.2

(e) RMS=4.S (f) RMS=S.3

•
Figure 5.5. The morphology and roughness of oxide after 1 minute at 20QoC on the

(a) (100) face, (b) (110) face, (c) (123) face, (d) (314) face, (e) (111) face

and (t) (311) face.
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(a) RMS=14.2 (b) RMS=13.9

• (c) RMS=9.0 (d) RMS=8.2

(e) RMS=IIA (t) RMS=8.2

•
Figure 5.6. The morphology and roughness of oxide after 30 minutes at 200°C on the

(a) (100) face, (b) (l10) face, (c) (123) face, (d) (314) face, (e) (111) face

and (t) (311) face.
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(a) RMS=20.5 (b) RMS=13.7

• (c) RMS=I6.1 (d) RMS=I1.9

Ce) RMS=II.6 (f) RMS=13.6

•
Figure 5.7. The morphology and roughness of oxide after 3 hours at 200°C on the

(a) (lOO) face~ Cb) (110) face, (c) (123) face, (d) (314) face, (e) (111) face

and (t) (311) face.
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(a) RMS=19.9 (b) RMS=21.5

• (c) RMS=20.8 (d) RMS=17.3

(e) RMS=21.0 (t) &\1S=17.6

•
Figure S.S. The morphology and roughness ofoxide after 9 hours at 200°C on the

(a) (100) face, (b) (110) face, (c) (123) face, (d) (314) face, (e) (111) face

and (f) (311) face.
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Figure 5.9. The crass~sectiansof oxides on specimen C, which oxidized at 200°C

for (a) 1 minute and (b) 30 minutes.
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5.4. PREDICTION OF OXIDATION KINETICS FROM THE TEXTURE OF

THE SPECIMEN

There have been many studies on details of copper oxidation kinetics such as oxidation

rate laws. oxide film composition. alloying effects, effects of an oxidative atrnosphere,

and oxidation of single crystals [14.60,62.111, 112, 122-125]. Although sorne ofthis

work was carried out on the oxidation of single crystals, no study has been conducted to

correlate the oxidation kinetics to the texture of polycrystalline substrates. Texture

measurement is a non-destructive technique. while an oxidation test that could also

reveal oxidation kinetics is a destructive one. At the same time. texture measurements

can also give the other useful information about the physical, chemical and mechanical

properties of the specimen. such as a strengthening [126], dra\\'ability [127. 128].

fracture [129.130] and magnetic properties [131. 132]. Therefore. there will be many

advantages if one can predict copper oxidation from a texture measurement.

A quantitative model \Vas proposed to predict oxidation kinetics of copper from texture

data. An inverse pole figure was used to describe the texture and the amount of

oxidation. It describes the orientation by specifying the poles of the sample coordinate

system with respect to those of the crystal eoordinate system in stereographie

projection. The orientation is then given by the polar eoordinates of three poles (/JR[).

/hw: eprD. fJrD: c[JSD. !J\D. It can be \\Titten as a distribution function R.n(h) as in

Equation (5.1). which gives the frequency \vith which the various crystal direction h

coincides with a specitic sample direction Y"

(5.1 )

•
where the coefficients cr' are the coefficients of ODF and the k,,· (YI) and k;JJ Ch) are

symmetric spherieal surface hannonics chosen to fulfill the sample and crystal symmetries,

respective1y.
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As diseussed in Chapter 5.1 ~ the oxidation rate of eopper is anisotropie. Therefore~ the

amount of oxidation of each orientation (O(hkl)~ which represents the thickness of

oxide in this modet can be drawn in an inverse pole figure space as a numeric value, a

so-ealled 'oxidation weighC. From the experimental data as shown in Figure 5.2~ the

oxidation weights of {100}. {II O}. {Ill}. {123}. {311} and {314} orientations \Vere

obtained. To describe the anisotropy of the oxidation behavior. the inverse pole figure

spaee \vas then divided into 2.So angular intervals and the oxidation weights of every

corresponding crystallographic directions in the space were calculated by using

E . - ')quatlOn ()._ .

~VlC!J.\'[l.fJ.\j).hkl) = . 1 ., (S.2)
(Angular Distance between O(cI> .VD~ P.'.'!) and O(hkl»)-

The oxidation weights dra\\TI in an inverse pole figure space (O((/J.\D(JXD)) \vere defined

as .oxidation \\"eight inverse pole figure ~ ~ which can be deseribed as Equation (5.3). An

inverse pole figure for the normal direction (ND) of the specimens \Vas used. The

oxidation inverse pole figure \vas generated for ail the time periods tested. and sorne of

them are illustrated in Figure 5.10. One unit of the oxidation weight is a micrometer.

As sho\\TI in Figure 5.10. the {1 OO} orientation oxidized more than the other

orientations during the oxidation test.

•

L O(hkl) ·lt" (<1> .\'IJ • fJ.\'[) . hkl)
O(<t>. f3. ) = _hk_1-=::---------­

.\fJ· .\1> l 1V (<1> Si)' P.\'D ~ hkl)
hkl
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Figure 5.10. Oxidation inverse pole figures generated at various oxidation limes:

(a) 60 seconds. Cb) L800 seconds~ (c) 3,600 seconds, (d) 10,800 seconds,

(e) 18.000 seconds. and (f) 32.640 seconds.
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The amount of oxidation of polycrystalline specimens was calculated using the normal

direction (ND) inverse pole figure of the examined polycrystalline specimens and the

oxidation inverse pole figure that represents the weight of oxide at a given oxidation

time. The amount of oxidation (0) at any given time can be \\'TÎtten as,

_ t'=" r2 R(<I> .\j)' fJ.\'I.I ) .O(<I> .\D' f3.\JJ' t) . sin <I> .\Vd<I> XDdfJ.\·O
GU)= _., (5.4)f" r-R( <I> \'D' 13.\"1) ) .sin <I> .\'/)d4> .\'DdP.\·/J

where Rrc[J\D. fl\D) is the inverse pole figure of direction normal to the surface of

oxidized specimen and O((/J.\'lJ, fJ.\'D. t) is the oxidation weight at a given time. which is

represented in the inverse pole figure.

To compare the model with experimental results. specimens having the same six

orientations as the single crystals \Vere assumed. and their inverse pole figures were

generated (Figure 5.11). The oxidation kinetics obtained from these inverse pole

figures are illustrated in Figure 5.12. The evaluated values were lower than the

experimental values obtained from the oxidation tests of the single crystals (Fig. 5.2).

Figure 5.12 demonstrates that the oxidation of the specimen having a strong {1 OO}

texture had progressed much more than that of the other specimens. Among other

specimens. the specimen (110) seemed to have exhibited a relatively higher oxidation

aIl through the oxidation test. There were not many differences in oxidation among the

specimens (314). (123) and (Ill). [t was observed that the oxidation of the specimen

(311). which actually had the lowest rate in the experimental tests, became higher than

those of the specimens (314). (123) and (111). This may be from the calculation of the

oxidation weight of each orientation. The location of the {311} orientation, which has

the Iowest oxidation weight. is close ta the location of the {I Il} orientation, which has

the highest oxidation rate. When the oxidation weights were ca1culated, their values

near the {311} orientation were influenced by the high weight value of the {1 OO}

orientation and therefore became higher than expected. This error should diminish if

1......
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more experimental data points are used to determine the oxidatian weight inverse pole

figure.

. a 2:: .3 C 4 S 5~
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/
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•
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Figure 5.11. Inverse pole figures generated for the specimens assumed ta have

different orientations.
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The proposed model can be used ta predict the oxidation kinetics of any textured

polycrystalline copper specimen. The oxidation kinetics at 200°C of polycrystalline

coppers are show·n in Figure 5.13. Copper specimens of 99.999% purit)' were used.

Specimen selection is very important in the study of oxidation since the oxidation

kinetics of copper varies with impurities and alloying elements [121-124]. [t is known

that certain added elements in copper can act as dopants and change the point defeet

concentration. which governs ionie mobility. Specimens having similar grain sizes

were selected to avoid the possible influence of grain size on oxidation kinetics. The

average diameter of grains of the investigated specimens was approximately 10-12 Ilm.

Texture measurements carried out for the specimens and three specimens (PA, PB and
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PC) having different textures were finally selected for this study. As shown in Fig.

5.13. the specimen PA oxidized faster than the specimens PB and PC. while the

specimen PC oxidized the slo\vest. After 9 hours of oxidation. the difference in

thickness between specimen PA and specimen PC was about 0.4 Ilm.

2

PA

~ 1.6 PB
Q)....
Q)

E
0
~ 1.20

'Ë-en
en 0.8Q)
c
~

.2
L:.
Jo- 0.4

• 0
0 10000 20000 30000 40000

lime (sec)

Figure 5.13. Oxidation kinetics of the copper polycrystalline specimens at 2aaoC.

•

The texture ofeach specimen is sho\vn in an ND inverse pole figure (Figure 5.14). The

specimen PA had a strong {l OO} texture with a maximum of 5.9 and the specimen PC

had a strong {l02} texture with a maximum of 4.7. No predominant texture was round

in the specimen PB~ however, the {lIa} texture was reiatively stronger than the other

texture components. To re-iterate what was shown in Fig. 5.2, the specimen having

(100) tàce parallel to its surface had the highest oxidation rate. Considering this fact,

the strong {1 OO} texture in specimen PA was responsible for the fast oxide growth on il.
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An inverse pole figure of a randomly oriented specimen was generated as weIl and is

shawn in Fig. 5.14.

The oxidation kinetics evaluated for the specimen PA, PB, PC and the randomly

oriented specimen are shown in Figure 5.15. Comparing this figure to Fig. 5.13. the

evaluated values seemed to be lower than the experimental ones, similarly observed in

the resuIts obtained for single crystals. In comparison, the amount of oxidized

specimen PA. which had a strong {I 00 J. texture, was relatively higher than that of the

other specimens. In the evaluated oxidation kinetics, the difference in oxidized amounts

between specimens PB and PC became smaller than the difference observed in the

experiments. The order of the oxidation kinetics curves in the measured and evaluated

values was the same.

The model developed for this study is the first attempt to predict the kinetics of copper

oxidation from its texture. It was applied only to the copper oxidation at a relatively

lo\v temperature of 200°C. Reasonable agreement was obtained when comparing the

model predictions and the experimental results obtained from the oxidation of

polycrystalline copper specimens. However. tùrther improvement of the model is

possible if more data points from single crystal experiments can be obtained. This

model might be applied to other oxidation conditions and to the oxidation of other

materials.
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Figure 5.14. Texture of the polycrystalline specimens: (a) PA, (b) PB, Cc) PC and
(d) randomly oriented specimen.
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Figure 5.15. Oxidation kinetics simulated for the specimens PA. PB. PC and the

randomly oriented specimen.
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5.5. SUMMARY

To understand the oxidation kinetics of copper interconnects and the influence of

substrate texture on oxide gro\\'th. copper single crystals having different orientations

were oxidized at 100ee for 9 hours. The oxidation atmosphere was provided by

flowing air. Only the CU20 phase was observed during oxidation.

The crystal faces (1 OO)~ (110). (123). (314), (111) and (311) represent. in that order,

decreasing rates of oxidation. The oxidation of the (100) single crystal was much

higher than that of the others. During the initial stage of oxidation, the oxide on the

( 100) tàce of the copper specimen had a large number of fine oxide grains having a

{1Il} orientation. These grains seemed to be responsible for the high oxidation rate of

the specimen having the (100) orientation. A high number of grain boundaries and

defects accelerate copper ion diffusion. It is therefore apparent that the {1 OO} texture in

copper should he avoided to reduce copper oxidation.

A quantitative model \Vas proposed to predict the oxidation kinetics of copper from the

texture of the specimens. The experimental data obtained from the single crystals were

used for the modei. Reasonable agreement was obtained between the theoreticaI and

the experimental results obtained from the oxidation kinetics of polycrystalline copper

specimens. However. further improvement of the model will require a larger number of

data points from single crystals experiments. The mode! might be applied to other

oxidation conditions and to the oxidation of other materials.
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Summary and Conclusions

The main objective of this study was (l) to expand the current understanding of the

influence of texture on electromigration and stress-induced failures in aluminum

interconnects. and (2) ta understand the influence of substrate texture on the oxidation

kinetics of copper interconnects and to suggest a method to reduce their oxidation.

Ta understand the influence of texture on the reliability of aluminum interconnects.

specimens having different textures were prepared and electromigration tests were

carried out on these specimens. The grain boundary character distribution and

percentage of coincidence site lattice (CSL) boundaries were quantified using

orientation imaging microscopy. The influence of texture and grain boundary character

distribution on film reliability was discussed. The microstructure of the films was

analyzed and the correlation between the texture of the films and their internaI stress

\Vas investigated. Finally, a model of Monte-Carlo simulation of texture formation

during the deposition of aluminum film was proposed ta suggest the optimum

deposition conditions for texture development.

Copper interconnect lines are susceptible to oxidation. The objective of this research

\Vas to understand the influence of substrate texture 00 the oxidation kioetics of coppeT

and to suggest a method to reduce coppeT oxidation. This was accomplished by
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oxidizing copper single crystals having different orientations and analyzing results

obtained trom oxidation tests. The influence of substrate orientation on the

development of oxide texture and morphology was aiso studied. A quantitative model

was proposed ta predict oxidation kinetics of copper from the texture of the specimens.
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6.1. CONCLUSIONS

The following conclusions are drawn from the work presented in this thesis.

6.1.1. The Influence of Texture on the Reliability of Aluminum Thin Films

1. ResuIts obtained from the texture measurements and the electromigration tests

showed that a strong {Ill} texture in aluminum films improves their median

time-ta-failure.

.., The lifetime of the specimens increased as the number of low angle grain and

coincidence site lanice (CSL) boundaries increased. High angle and non-CSL

boundaries were observed in the failure areas. Considering the fact that the

number of lov~' angle grain boundaries and eSL boundaries increased as the

strength of the {Ill} texture increased. a strong {Ill} texture in aluminum

interconnects is desirable in order to improve their reliability.

3. \\:n~le the in\·estigated specimens had grains of comparable size. it was found

that grains of similar orientations were cIustered in the specimens having a

stronger {Ill} texture. This phenomenon contributed to the longer median time­

to-failure of the interconnects by reducing the frequency of high angle grain

boundaries.

4. This study couId not establish a straightforward relationship between the texture

of films and their stress-induced failure. Nevertheless, the experimental data

obtained showed that the residual stress of films decreased as the intensity of the

: 1Il : texture increased.
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5. A mode! of a Monte-Carlo simulation of texture fonnation during the deposition

of aluminum film was proposed to suggest the optimum conditions for a growth

of a strong {Ill} texture component. A low deposition rate and a high mobility

of atoms on the surface. corresponding ta the presence of high substrate

temperatures. were found to be the best operating parameters ta acquire the

desired {111J texture.

6.1.2. The Influence of Texture on the Oxidation Kinetics of Copper

1. Only the CU20 phase was formed during oxidation tests of the copper single

crystals at 200°C in air. The crystal faces could be listed in decreasing arder of

oxidation rates as (100). (1 10), (123), (314), (Ill) and (311). The oxidation of

the (100) single crystal was especially faster than that of the others.

•
Î In the initia! stages of oxidation. the oxide on the (100) face of the copper

specimen had a large number of fine oxide grains. They seemed to be

responsible for the fast oxidation of the specimen by introducing more grain

boundaries and defects. which accelerates copper ion diffusion.

•

3. Considering the results obtained from the oxidation tests and the analysis of

oxide morpho!ogy. it is recommended that the {l OO} texture in copper

interconnects be avoided in arder to reduce copper oxidation.

4. A quantitative mode! v.·as proposed to predict the oxidation kinetics of copper

from the texture of the specimens. Reasonable agreement was obtained when

comparing mode! predictions and experimental results obtained from the

oxidation of po!ycrystal!ine copper specimens.
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6.2. STATEMENT OF ORIGINALITY

The follo\ving aspects of the present work constitute original contributions to the field.

1. The correlation of the grain boundary character distribution and coïncidence site

lanice (CSL) boundaries with the texture and reliability of aluminum films is

original: it explains why a strong {Ill} texture in aluminum interconnects is

desirable in order to improve their reliability.

., The etIect of orientation clustering~ which is the clustering of grains having

similar orientations. on the reliability of aluminum film was considered for the

first time: it can be regarded as a possible factor influencing properties of other

types films.

•

•

3. The model of Monte-Carlo simulation of texture formation during the deposition

of aluminum films was proposed; it suggests the optimum deposition parameters

to acquire a certain texture component during film deposition and it can be easily

adapted to the deposition of other materials.

4. The analysis of the oxide morphology. which was obtained during the initial

stages of oxidation. explains the theory suggested by Lawless and Gwathmey

[112].

5. A quantitative model was proposed to predict the oxidation kinetics of a

polycrystalline copper from its texture. With further improvement, this model

has the potential to be applied to other oxidation conditions and ta the oxidation

of other materials.
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6.3. FUTURE WORK

The follo\ving aspects are recommended for future work.

1. The influence of texture on the reliability of aluminum thin films was examined

in this study. It was reported that the properties of thin films could be improved

by adding alloying elements. Therefore. it is worthy to carry similar studies on

aluminum alloy films.

..,
No straightforward relationship between the texture of films and their stress­

induced reliability concems has been suggested so far. More intensive studies

are necessary in this field.

•

•

3. Applications of the model of Monte-Carlo simulation. which proposes optimum

conditions for the development of a certain texture component during film

deposition. are wide-open and should be extended to other materials.

4. In this study. the results obtained from the oxidation tests of the bulk specimens

were analyzed. The oxidation kinetics of bulk copper may differ from that of

thin films. Oxidation tests for single crystal films are suggested to be carried out.

5. For better quantitative texture measurements of thin oxide layer on single

crystals. a texture goniometer equipped with a monocromator is recommended.

6. The proposed model predicting the oxidation kinetics of copper from its texture

\\"as applied ta the bulk specimens. Oxidation tests for copper films should be

carried out and the results obtained from the bulk and film specimens should he

compared. Further improvement of this model is necessary for its application ta

other oxidation conditions and ta the oxidation of other materials.
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7. A study on the influence of texture on the oxidation kinetics at higher

temperatures \\'ould be an interesting investigation since at those temperatures.

CuQ phase exists in addition to the CU20 phase,
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