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Preface

The purpose of this study was to determine the crystal-

lographic orientation of aluminum whiskers produced by elec-

tromigration. The analysis was performed using scanning

transmission electron microscopy. The importance of this

study lies in the threat posed by whiskers to the reliabil-

ity of Very Large Scale Integrated (VLSI) circuits and Very

High Speed Integrated Circuits (VHSIC).
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contributions were vital to this research. A special thank-

you goes to my advisor, Major Donald R. Kitchen, for his ex-

pertise, direction, and persistence in keeping me on track.

Sincere appreciation is also extended to the readers on my

thesis committee, Major Ed Kolesar and Capt Randy Jost, for

their insight and suggestions. A deep appreciation is ex-

tended to the team from System Research Laboratories (SRL):

Mr. Ralph Omlar for his time and effort in operating the

scanning transmission electron microscope (STEM), Ms. Pam

Lloyd for her help with the STEM and ion milling, Ms. Cheryl

Heidelreich and Mr. Scott Apt for photographic assistance,

and Mr. Rick Bacon and Mr. Bob Burdecki for their assistance

with the scanning electron microscopes (SEM). I would like

to thank Mr. William Anderson of the Air Force Wright Aero-

nautical Laboratories for his work with the SEM.

Appreciation is also extended to Mr. Don Smith and Mr.
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Larry Calahan for their technical assistance in fabrication

and packaging.

Finally, a very special thanks goes to my wife, Angela

Linder, and my children Stacey and Sarah Linder, for their

continued support and understanding throughout my AFIT tour.

Scott L. Linder
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Abstract

Studies have shown that aluminum whiskers resulting

from electromigration are as threatening to device reliabil-

ity as void formation. -, comparatively little re-

search has been conducted to study their morphology or for-

mation. This study generates whiskers on suspended aluminum

test stripes. The aluminum is evaporated onto 9 mil thick

silicon wafers with a 5000 A layer of thermally grown

silicon dioxide. Normal photolithography techniques are

used to produce serpentine test patterns. The silicon

substrate is chemically etched to produce aluminum stripes

.W.@ suspended on a thin layerof licon dioxide. A current

density of approximately & XTl0 /3) is applied to

induce electromigration. The whiskers are examined with a

Cambridge MK II Scanning Electron Microscope and analyzed

with a JEOL 2000FX Scanning Transmission Electron

Microscope. The results of the analysis show that aluminum

whiskers grow in a <110> direction along the crystal axis.

Additional morphological observations reveal internal

dislocations and mass accumulation beneath the stripe sur-

face at the whisker's nucleation site.Ai -t
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THE CHARACTERIZATION OF WHISKERS

PRODUCED BY ELECTROMIGRATION ON

SUSPENDED ALUMINUM LINESTRIPES

I. Introduction

Problem Statement

The majority of research in electromigration investi-

gates the formation of voids and open circuit failures.

This is unfortunate since tests have shown that intra-level

and inter-level short circuit failures due to whiskers are

just as likely to cause device failure (1,2). Whiskers

therefore, are a growing threat to the reliability of

integrated circuits as Very High Speed Integrated Circuits

(VHSIC) increase the use of multilevel metal interconnects.

Little is known about whiskers produced by electromi-

gration compared to whiskers produced thermally. For exam-

ple, research has been conducted to determine the crys-

tallographic orientation of thermally grown whiskers (3) but

not for those resulting from electromigration. A literature

search has failed to reveal any documentation showing simi-

larity between these whiskers and the processes that gener-

ated them. The nucleation process of whisker growth and

hillock formation is also unknown as their location can not

be predicted for an initial observation (3:162).

I-1



The primary objective of this thesis is to analyze alu-

Sminum whiskers produced by electromigration to determine

their crystallographic orientation. Additional objectives

include studying the nucleation, growth, and morphology of

these whiskers. The study is accomplished through both

static and insitu testing with a Scanning Transmission Elec-

tron Microscope (STEM). The documentation consists of

diffraction patterns, bright field, and dark field photomi-

crographs which are analyzed to determine the whisker's

crystallographic orientation, morphology, and the structure

of its nucleation site.

Malor Results

The results of this study show that the crystallo-

graphic orientation of the whiskers produced by electromi-

gration is <110> along the growth axis. This information

agrees with the previously determined orientation for ther-

mally grown whiskers (3) thus providing the first evidence

of their similarity.

The results also reveal a number of morphological ob-

servations through SEM and STEM micrographs. These observa-

tions include the presence of internal dislocations, surface

irregularities producing striations, and mass accumulation

at the base of all of the whiskers.

An original proposal is presented in Chapter IV sug-

gesting that thermal gradients establish the effective

_ length of the suspended stripe. It is an extension of

1-2



I .

previously published theories regarding effective lengths

S (discussed in Chapter II) and suspended aluminum stripes.

Assumptions

The following assumptions are made regarding whisker

growth and suspended stripe experimentation.

1. Compressive stress is assumed or "generally ac-

cepted" as stated by Dr. Blech, to be the cause of whisker

growth in electromigration (3:161).

2. Increased thermal gradients along the perimeter of

the etched hole accelerate the electromigration process as

demonstrated in previous suspended stripe experiments

(4:264,5:487-488,6:170-172,7:365). The maximum gradient oc-

curs along the perimeter as the silicon provides a heat sink

for the increased temperature resulting from Joule heating

(4:264).

scope

The scope of this thesis is limited to the fabrication,

observation, and study of aluminum whiskers with the STEM.

A constant dc electric current is passed through a suspended

linestripe to generate the whiskers. The study of aluminum

whiskers is limited to bright field and dark field images of

the whisker and grain structure, spot pattern measurements

from diffraction patterns, and surface features from SEN

photomicrographs.

This thesis will not study activation energies or ef-

fects due to variations in temperature and stripe

1-3
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configurations since these tests have been previously

performed (4,5,6,7,8,9,10).

A serpentine test pattern with widths varying from 5 um

to 12 um will be used to study electromigration generated

whisker growth. The composition of the stripe will be lim-

ited to pure non-alloyed aluminum (Al).

General Approach

The following approach is designed to grow a whisker by

electromigration and observe both its crystal orientation

and growth process with the STEM. The process is divided

into three major steps consisting of sample preparation,

static testing, and insitu testing.

Sample preparation consists of processing the test

stripe patterns, etching a hole through the back of the sil-

icon (Si) die to produce a suspended linestripe, and bonding

to the Mark II holder or TO-5 header. Pictures of these

patterns and process descriptions are provided in Chapter

III, Appendix A, and Appendix B.

The second step consists of static testing with sus-

pended linestripes. The etched samples are bonded to TO-5

headers and powered outside of the STEM. After failure oc-

curs, the samples are removed and inserted into the STEM

where the whiskers are examined using diffraction patterns

and micrographs. To examine the whisker, it must grow out

of the stripe in a region which is accessible to the elec-

tron beam but thin enough for diffraction to occur.

1-4
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The third step consists of conducting insitu tests

within a STEM to observe whisker growth'and grain morphology

through diffraction patterns and micrographs taken during

the electromigration process. The whiskers must meet

similar area requirements as described for the static tests.

MaJor Equipment Used

The major equipment used for this thesis effort in-

cludes a JEOL 100CX Scanning Transmission Electron Micro-

scope (STEM), a JEOL 2000FX STEM , a JEOL JXA-840 Scanning

Microanalyzer, an Etec Autoscan Scanning Electron Microscope

(SEM), and a Cambridge Stereogram 250 MK 2 SEM. In addi-

tion, some specially designed equipment is used as described

in Chapter III. This includes the Mark II holder and its

( associated vacuum box.

Sequence of Presentation

The remainder of the thesis is divided into four chap-

ters to provide a chronological development of the test from

research to results. Chapter II presents the necessary

electromigration and whisker theory for this investigation,

as assimilated from a literature search.

Chapter III discusses the experimental setup and test-

ing procedures. This includes a description of the exper-

imental equipment, sample preparation, and testing methodol-

ogy.

The test results are then presented and analyzed in

Chapter IV through evidence obtained from dark field and

1-5



bright field micrographs and diffraction patterns taken with

Sthe STEM and SEM.

Finally the conclusions and recommendations for future

research are discussed in Chapter V.
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II. Background

While the majority of electromigration studies have

centered around the formation of voids and resulting open

circuits, the growth of whiskers and subsequent short cir-

cuits was shown to be equally or even more threatening to

device reliability. This fact became evident when J. R.

Lloyd (2) and J. Towner (1) conducted separate experiments

related to short-circuit failures in multilevel metal struc-

tures. Multilevel testing is important since metal spacing

requirements are usually less between levels than with adja-

cent stripes (1:81). The results of these experiments re-

vealed inter-layer metal shorts to be the dominate failure

@ mode for the case of aluminum (Al) deposited on titanium

tungsten (TiW), and intra-level shorts for the case of

copper doped aluminum stripes under thick glass passivation

(1:81,2:209). The importance of this failure mechanism is

obvious considering the present Mean-Time-to-Failure (MTF)

formula for electromigration does not address short circuit

failures (1:83).

To establish the proper basis for this investigation,

research was conducted in the areas of electromigration,

compressive stress, whiskers, and insitu testing with a TEM.

This chapter summarizes the results of previous experimenta-

tion starting with a general theory of electromigration fol-

lowed by a more detailed discussion of composition gradients

m h--
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and temperature gradients since they are of primary interest

to the current research.

Having established the theory of electromigration, the

compressive stress produced during the process is examined

since it is assumed to be the cause of whisker growth

(3:161). A theory is presented showing the cause-and-effect

relationship between compressive stress and current density.

Next the results of similar research on thermally gen-

erated whiskers are examined, since they are the most

closely aligned with this study.

Finally, a history of previous insitu electromigration

tests using a TEM is presented. The results of these tests

and their methodology establish the legitimacy of the

e experimental design used in this thesis.

Electromicration Theory

Huntington and others introduced the predominate theory

of electromigration in 1961, describing how atoms (positive

ions) are thermally excited from their lattice positions and

transported toward the anode (4:263,5:485,8:338). Two

models are used to describe this process. The first is the

potential well model followed by the ballistic model.

Potential Well Model. The potential well model illus-

trates the diffusion of atoms through a metal. In pure

monatomic metals, this self diffusion occurs through a va-

cancy mechanism as illustrated in Fig. 2.1(a) for face-cen-

tered cubic (fcc) structures (11:60,64).
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(a) vacancy Diffusion in an FCC Structure (11:64)

Ce

A I CX

(b) Potential well Model (11:39,12:147)

(Ea = Activation Energy)

Fig. 2.1 Model for Vacancy Diffusion

11-3
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In Fig. 2.1(a), the black atom at position A is diffusing to

3 the vacancy denoted by the square at position C.

As the temperature increases above absolute zero, atoms

acquire thermal energy and begin to vibrate about (or in the

vicinity of) their lattice position (12:142). Interatomic

forces from neighboring atoms hold these atoms in their lat-

tice position. The vibration is illustrated as an ion mov-

ing up and down within its potential well as shown in Fig.

2.1(b) (11:39,12:147). If the atom acquires enough thermal

energy to overcome the interatomic forces, it can move to

point B where the surrounding atoms are slightly displaced.

The amount of energy required to reach this point is re-

ferred to as the activation energy (Ea). Point B is called

j the saddle point because there is an equal probability the

atom will fall into the adjacent vacancy (C) or return to

its original position (A) if no external force is applied

(13:1411).

Ballistic Model. The ballistic model describes what

happens to these ions in the presence of a dc current.

While at the saddle point, these ions are subjected to two

separate forces (8:339). The first force is an electro-

static one which is in the direction of the applied electric

field (E) (8:339). The second force (e), of opposite direc-

tion, results from collisions with electrons flowing toward

the positive anode (8:339). These forces are illustrated in

Fig. 2.2 where A and C are vacancies and B is the saddle

point (13:1409,1410).

11-4
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Fig. 2.2 Forces Acting on an Ion at Its Saddle Point (13)

Experimental observation in most materials has shown

that the second force, referred to as an electron wind, is

tthe more dominant force (5:485). The electron wind causes

voids to form from the accumulation of vacancies at the

cathode and whiskers or hillocks to form from the accumula-

tion of ions near the anode (8:338,13:485). This observa-

tion demonstrates that mass does flow in the same direction

as electrons. The accumulation of mass or voids does not

occur unless there is a divergence in the flux of atoms

(atomic flux) as will be mathematically shown later

(13:1412).

As electrons impact the positive ions in their saddle

points, the momentum transferred is mYD/tD  , where m is

the electron mass, yD is the drift velocity of the elec-

trons, and tD is the time between collisions with positive

11-5



ions (14:5). The net momentum lost per second by all of the

Selectrons to the positive ions is nmyD/tD where n is the

electron density (14:5). The average momentum transfer per

second to a single ion is nmvD/NtD , where N is the density

of positive ions (14:5). Substituting the electron current

density J = -nqyZ into the average force equation gives a

mathematical representation of the force due to the electron

wind (F)

= -m_/(qtDN] (N) (2.1)

where the negative sign indicates that the force is in the

opposite direction of the electric field (14:5). The posi-

tive ion experiences the combination of the electrostatic

4 force (FES ) and the electron wind force giving (14:5)

F =  M + FES (N) (2.2)

FWD is approximately an order of magnitude greater than FES

and the effect of both forces will be taken into account

shortly (13:1410).

A mathematical description (5,13) of the atomic flux Ja

is the product of the mobility (u) of the moving atoms

(positive ions) and the force (F) acting on them (13:1410)

Ja = uF (Atoms/cm2-sec) (2.3)

Expanding Eq (2.3) with the Einstein relation u = ND/kT

gives

II-6



a= (ND/kT)F (Atoms/cm2-sec) (2.4)

where D is the diffusion coefficient of the moving positive

ions, k is Boltzman's constant, and T is temperature in OK

(13:1410). The diffusion coefficient is given by

D = Do exp(-Ea/kT) (cm2 /sec) (2.5)

*where Do is the pre-exponential diffusion constant or the

diffusion constant at very high temperatures, and Ea is the

activation energy (13:1410,14:94).

The force (F) is replaced by F = qZ*E , where Z* is

the effective valence that takes into account the two oppos-

ing forces in Eq (2.2) to give (13:1410,14:5)

Ja = (ND/kT)Z*qE (Atoms/cm2 -sec) (2.6)

A more detailed mathematical description of Z* is given in

(14:5) but it is sufficient to say that Z* is the effective

charge of the positive ion (13:1410). Substituting for the

electric field E = pJ , where p is the resistivity of the

conductor and J is the electron current density gives

(13:1410)

Ja = (ND/kT)Z *qpJ (Atoms/cm2 -sec) (2.7)

Substituting Eq (2.5) for D gives

Ja = (NDo/kT)Z*qp (exp(-Ea/kT)]J (Atoms/cm2 -sec) (2.8)

11-7
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This equation demonstrates that the atomic flux density (Ja)

is directly proportional to the current density (J)

(13:1410).

The movement of atoms through a conductor does not

cause failure unless a discontinuity in the flow occurs

which results in depletion or accumulation (13:1411). To

show this, a mass balance equation can be written for each

point in a conducting strip such that

ON/Ot = -V div Ja (2.9)

where ON/t gives the rate of change of positive ions and

V denotes volume (4:264). The negative sign defines the di-

rection in terms of the electron flow. By considering move-

S ment in the x-direction of the stripe, Eq (2.9) reduces to a

one dimensional problem. That is,

aN/Ot = -V OJa/X (2.10)

where the scalar atomic current density (Ja) is a function

of composition (C) and temperature (T) such that

Ja = Ja(C,T) (4:264). Substituting this function back into

Eq (2.10) gives

9N/at = -V[( 8 Ja/8C)(8C/Ox) + (WJa/8T)(OT/ax)] (2.11)

This equation illustrates that a gradient in composition or

temperature will result in "nonvanishing mass divergence"

resulting in accumulation or depletion within a given region

(4:264).

11-8



It is interesting to note another way of viewing this

relationship from Eq (2.3) where Ja changes with mobility

(13:1411). Mobility, given by

u = (NDo/kT)exp(-Ea/kT) (atoms/N-cm2 -s) (2.12)

is a function of temperature and grain structure. It in-

creases with increasing temperature and decreasing activa-

tion energy (13:1411). The latter of which is dependent

upon the grain structure of the conductor (15:584).

Composition Gradients. To show how composition gradi-

ents occur, it is necessary to look first at grain structure

and its effect on accumulation and depletion. An equation

is needed to show how composition gradients occur.

A grain is a group of bound atoms in a lattice struc-

ture that exhibits a particular crystallographic orientation

(16:5). Grain boundaries occur between grains of different

orientations or sizes as illustrated in Fig. 2.3(a) and (b)

respectively (13:1415). These grain boundaries may form

triple points at the intersection of three grains as shown

in Fig. 2.4 (17:158).

11-9
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<110> :<100=

(a) Difference in Orientation (b) Different grain sizes

Fig. 2.3 Grain Boundary Representations

Point

*J \/a
(a)

accumulation dlepletion

Fig. 2.4 Depletion/Accumulation at Triple Points (17:158)
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Accumulation occurs when more ions enter a region than are

S allowed to leave, and depletion occurs where more ions exit

a region than enter, see Fig. 2.4(a) (17:158). For small

uniform grain sizes, this effect is minimal; however, for

abrupt size changes, accumulation occurs at small/large

grain boundaries, and depletion occurs at large/small grain

boundaries, see Fig. 2.4(b) (17:158).

This change in ion composition with respect to the di-

rection of atomic flow (x) denotes a composition gradient

(OC/ax) , as given in Eq (2.11). This only occurs where

there is a nonvanishing divergence of atomic flux (17:158).

Fick's second law gives this divergence over time as (18:55)

dC/dt = dJa/dx (2.13)

which when expanded gives

dC/dt = d[(ND/kT)Zqpj]/dx (2.14)

If the right hand side of Eq (2.14) is negative, there will

be a negative flux divergence or depletion; however, if it

is positive, there will be a positive flux divergence or

accumulation (18:55).

Temperature Gradients. Temperature gradients (8T/ex)

also have an important effect on electromigration as shown

in Eq (2.11). This is particularly important with suspended

stripe testing as large gradients along the etched perimeter

.. greatly enhance the electromigration process.

II-11

**oo % %. v•* •. "e % • " . - 0o . -. - ,.... .. -..... - . v.-D1 ..-.-- -° -



As device geometries decrease in size, current density

(J) increases and results in Joule heating (13:1410). For-

tunately, the substrate provides good thermal conduction

(Appendix C) to the ground plate (Fig. 2.5) allowing cur-

rents of up to 10 X 106 A/cm2 to flow without reaching

temperatures greater than 200 OC (13:1412). Removal of the

substrate however, results in heat conduction through the

strip, and reduces the allowed current density.

Fig. 2.5 Heat Flow From Aluminum Stripe to

Ground Plate (19:26)

Dr. Blech conducted an experiment on a thin film of

aluminum suspended over an etched hole in the silicon (Si)

substrate, which demonstrated that voids form where elec-

trons flow in the direction of increasing temperature, and

that hillocks form where electrons flow in the direction of

decreasing temperature (5:486). since maximum heating
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occurs at the center of the stripe, atoms travel in the same

CO direction as electrons (5:487). The same experiment also

shows the rate of atomic transfer to be a function of tem-

perature since accumulation and depletion occur in the areas

of greatest temperature gradients (5:487). These tem-

perature gradients are near the cathode and anode sides of

the etched perimeter away from the center of the stripe

(5:487). Additional information regarding this experiment

is provided in the section on previous TEM insitu experi-

ments.

It is important to note that temperature gradients by

themselves, without a dc current flow, may cause migration

(13:1410). This thermal migration, called the Soret effect,

®occurs when there is no net current flow. Therefore, it is

experimentally distinguishable from electromigration through

the application of an alternating current since the current

changes direction during each half of the cycle

(13:1410,14:23).

Compressive Stress

Compressive stress, which is assumed to cause whisker

growth, is generated in an Al stripe through an increase in

temperature resulting from Joule heating (20) or an accumu-

lation of mass resulting from electromigration (21). The

question remains as to whether or not the compressive stress

is the same for both. This section presents a very cursory
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discussion of thermally generated stress followed by a dis-

S cussion of electromigration generated stress.

Stress Due to Temperature. Aluminum stripes on oxi-

dized silicon wafers undergo compressive stress when heated

(3,20,21). This compressive stress is primarily due to the

difference in the thermal expansion coefficient of Si

(2.5 X 106 "K-1 ) and Al (23.5 X 106 OK-1 ) (22:117,23:58).

Al has the higher thermal expansion and wants to expand more

than it is allowed by the Si. However, Si is the determin-

ing material due to its large mass compared to the Al and

silicon dioxide (24). The formation of whiskers and

hillocks may relax this compressive stress (22:124).

Stress Due to Electromigration. During the late

C1970's, experiments demonstrated that stress is the dominant
factor in both the minimum current density required to in-

duce electromigration and the resulting formation of

whiskers and hillocks (3). Other factors also include tem-

perature, stripe width, and passivation layers. This sec-

tion examines the experimental results which show that a

stripe has a maximum level of compressive stress it can

withstand before accumulation occurs. This compressive

stress level is related to a critical current density which

is required for electromigration to occur. It will also be

shown that this critical current density is inversely re-

lated to the stripe length.

Rearranging Eq (2.8) to determine the average drift
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velocity gives

v = Ja/N = [(DoqZ*pJ)/(kT)] [exp(-Ea/kT)] (cm/sec) (2.15)

which can again be rewritten as follows (25:1203)

vIJ = [(DoqZ*p)/kT] [exp(-Ea/kT)] (cm3/-C) (2.16)

Using the above equation, Dr. Blech performed experiments on

an Al stripe which demonstrated a linear relationship be-

tween the average drift velocity (v) and current density (J)

as shown in Fig. 2.6 (25:1204). He observed the rate of

void growth to experimentally determine the average drift

velocity (25:1204). The slope of the line is v/J and the x-

intercept is the threshold current density for electromigra-

S tion (25:1204).

This threshold current JC was found to depend on stripe

length, temperature, thickness, width, grain size, and pas-

sivation layers (25:1204-1205). Experimental results re-

vealed that the threshold current density was inversely

proportional to the stripe length such that the product of

critical current density and stripe length (JCL) was

approximately a constant for stripe lengths spanning the

range of 30 to 150 Wn (25:1204). From this study it is eas-

ily seen that reducing the length of the stripe increases

the current density it can withstand before electromigration

occurs (25:1204).

Experimental results confirmed that temperature has an
A: ,

'NI effect since a decrease in temperature produced a decrease
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Fig. 2.6 Average Drift Velocity vs Current Density (25)

in the atomic drift velocity and an increase in the JCL

product (25:1204).

The width of the stripe is also an important factor de-

pendent upon grain size. Blech notes that the drift veloc-

ity increased as the width was decreased until the width be-

came less than 3 un. For annealed stripes with a width less

than 3 Wn, voids and hillocks occurred along the stripe

(more abundantly for annealed stripes) (25:1205). This
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phenomenon is explained by Kinsborn as he experimentally

(demonstrated an increase in lifetime as the stripe width ap-

proaches the actual grain size (10). The reason for this is

shown in Fig. 2.7 (10:969).

LOU AM
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Fig. 2.7 Effective Length Reduced by Narrow Stripes (10)

At the points in which the linestripe consists of a single

grain, grain boundary diffusion is stopped. As illustrated

in Fig. 2.7(a), the effective length of the stripe is re-

duced to smaller lengths L1 , L2, and LMAX , where LMAX be-

comes the limiting length (10:969). Since JCL is equal to a

constant and L is reduced, JC is increased. However, once

JC is reached for all of the segments, hillocks and voids
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seem to appear throughout the stripe (10).

Blech also noted that smaller grain sizes resulted in

higher drift velocities and lower current density thresholds

(25:1205). This is expected, as the larger the number of

grain boundaries, the more paths available for ions to take.

Finally, the use of a passivating film, silicon ni-

tride, resulted in an increase in the JCL product and a de-

crease in vD (25:1205). However, this effect did not occur

if the entire stripe was not covered. This led Blech to the

following conclusion

The observation that silicon nitride layers did
not affect the drift velocity when the stripes
were not completely enclosed in them suggested
that the retardation of electromigration is
related to compressive stress buildup near the

Ianode. (25:1205)

This compressive stress is due to the build up of atoms at

the anode (25:1205). As a result, a compressive force con-

tinues to build up until it reaches a point at which addi-

tional transport cannot occur without growth (25:1205).

Thermally Produced Whiskers

Despite the recognition that short circuit failure be-

tween two intra-layer metal stripes is just as probable as

open circuits due to voids, relatively little effort has

been made to understand the whisker growth process, espe-

cially in Al. Dr. Blech has performed the most detailed

work with thermally grown whiskers (3). This section iden-

tifies compressive stress as the force behind whisker growth

11-18



and examines the experimental conditions under which whisker

growth was observed. The nucleation sites are then dis-

cussed relative to the observations made by Blech (3). Fi-

nally, whisker orientation and morphology are presented.

Role of Compressive Stress. For thermally grown

whiskers, the compressive stress is due to the recrystal-

lization of Al and the difference in expansion between the

Al and Si (3:160). Since the whisker is the result of

compressive stress, it grows from its base as if it were

being "squeezed" out of the Al film (3:161).

Dr. Blech observed that whiskers grew more abundantly

when the Al was covered with a film of titanium nitride

(TiN) and annealed at a temperature of 350 SC (3:161). A

r reason was not given for using TiN as opposed to SiN or

other passivation materials.

Pre-annealed films did not show any whisker growth

(3:161). The unannealed stripes had a grain size of

approximately 0.2 - 0.4 wm compared to the annealed stripes

with a grain size of 0.5 - 1.5 Wn. This difference indi-

cates that compressive stress resulting from recrystalliza-

tion was not as prominent for pre-annealed films. Dr. Blech

also noted that short anneals usually produced hillocks

while long anneals produced occasional whiskers (3:161).

Nucleation Sites. Since whisker location can not be

predicted, observation of the nucleation site always started

after the original nucleation when recognizable growth had

occurred (3:162). The whiskers appeared to grow from both
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single grains and grain boundaries as illustrated in Fig.

. 2.8 (3:162). A question remains as to whether or not the

grains were there initially or moved into that location af-

ter nucleation (24). Through dark field micrographs, Dr.

Blech did determine that the crystal orientation of the

whisker and the grain at its base were different (3:162).

Ti N

Fig. 2.8 Observed Whisker Base Morphology for Thermally

Grown Whiskers (3:162)

Whisker Orientation and Morphology. Crystal orienta-

tion of four whiskers were found to be the same, <110> par-

allel to the direction of whisker growth (3:162). Dr. Blech

stated that he had previously observed, but not published,

the crystal orientation of one whisker produced by electro-

migration to also be <110> (24). This whisker had a grain
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at its base with the same crystal orientation (24).

An interesting phenomena of whiskers are the striations

that run from top to bottom on the stripe (24). One theory

suggests that the striations appear to take the shape of the

fractured TiN surrounding the base of the whisker (3:164).

Another theory suggests that the striations form the outline

of the surrounding grain structure at the whisker base (24).

Kinking was also observed to occur within the whiskers

(3:164,167). Some of these kinks contained a boundary while

others remained a single crystal (3:164).

The whisker growth rate was determined to be approxi-

mately 20 - 80 A/s and independent of temperature (3:164).

Previous TEM Insitu Electromigration Experiments

@The transmission electron microscope (TEM) has been

used to a very limited extent in the insitu observation of

electromigration. The following is a brief history of pre-

vious work including approaches, sample preparation, and re-

sults.

In 1967, I. A. Blech and E. S. Meieran observed and

recorded on film, insitu electromigration within a TEM (4).

The initial aluminum test stripe was 1800 A thick on top of

a 1000 A thick oxide. To provide a path for the TEM elec-

tron beam, a hole was etched from the back of the wafer

through the silicon and partially through the oxide leaving

the aluminum stripe suspended over a thin layer of oxide.

The sample was electrically connected to the holder with
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spring clips which were electrically connected through vac-

uum seals to the outside. A dc current density of

1.8 X 106 A/cm2 was applied to the stripe within the TEM

until failure occurred. A 60 Hz ac current was also applied

in another experiment to determine if the failure was the

result of thermal migration. Blech and Meieran reported

that failure did not occur with the ac test.

Thermal gradients did serve to increase the rate of

electromigration. Since the suspended line stripe did not

have a Si substrate to provide a heat sink, the heat was

conducted through the stripe to the perimeter of the hole

where a Si substrate was present.

Again in 1968, Blech and Meieran performed similar

. tests in which they observed the growth rate of voids to de-

termine the activation energy of electromigration in thin Al

films (5). The test wafer was a 250 m thick, <111> ori-

ented Si wafer on which 1000 A of wet oxide was thermally

grown. The aluminum films were deposited to a thickness of

3000 A and etched to produce line stripes 25 Wn wide and 280

wm long. A separate mask was then used on the backside of

the wafer to pattern the region under the test stripe for Si

removal using 5:3 nitric acid:hydrofluoric acid as an

etchant. This stripe was also tested using a 60 Hz ac sig-

nal to verify that the migration was not due to the Soret

effect. From these observations, an activation energy of

0.7 + 0.2 eV was found.

The hillocks were reported to be several times the
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thickness of the stripe, and whiskers measured up to 50 un

long and 1 m in diameter. Electron diffraction was used to

determine that these whiskers were single crystals; however,

the crystal orientation of either the hillocks or whiskers

was not reported.

In 1969 it was established that doping the aluminum

with 4% Cu slowed the electromigration processes (9). In

1970 S. J. Horowitz and I. A. Blech performed a similar ex-

periment using the TEM to determine if the addition of Cu

resulted in a change in activation energy. They observed

the rate of void growth in doped and undoped aluminum (6).

The Cu doped test stripes were 1 mil wide by 10 mils long.

The JEM 7 TEM was used for the insitu observation. The test

* results showed a 10-100 decrease in the rate of electromi-

gration with an activation energy of 1.1 eV for the doped

aluminum vs an activation energy of .63 eV for pure alu-

minum.

A test team in Bratislava, Czechoslovakia conducted an-

other insitu experiment using a TEM on Al-Cu stripes to de-

termine the effect of preparing the stripes at different

temperatures (100, 200, and 300 OC) (7). The test wafers

were 200 wm thick Si with a thermally grown oxide of 0.1 un.

The Al-Cu test stripes were deposited to a thickness of 0.12

wn for each temperature. A hole measuring 0.5 by 0.5 mm2

was etched through the back of the wafer using 5:2 ni-

% tric:hydrofluoric acids until it was within the final 20 .m

of Si. At that point plasma etching was performed using
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freon gas (CF4 ) with 20% oxygen (02) to remove the remaining

SiO2 "

Summary

A study of whiskers produced by electromigration re-

quires knowledge of the electromigration process, compres-

sive stress, whiskers, and testing techniques. The follow-

ing is a brief summary of some of the key points presented

in this chapter.

Electromigration is the movement of atoms in the direc-

tion of electron flow under a direct current. This atomic

flux density is proportional to the applied current density

(13:1410). Device failures due to open and short circuits

only occur if a discontinuity results from temperature or

4composition gradients (13).
Whisker or hillock growth may relax compressive stress

resulting from the accumulation of atoms (21,24,25).

A literature search has failed to produce information

regarding aluminum whiskers produced by electromigration.

This thesis may provide the first study directed at these

whiskers.

II2
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III. Experimental Equipment and Procedures

This chapter describes the experimental equipment and

procedures used to study the formation of aluminum whiskers.

A high current density is passed through a suspended

aluminum linestripe to induce electromigration which results

in whisker growth. The whiskers are then analyzed using

scanning and transmission electron microscopy.

The sequence of presentation follows that of the thesis

effort starting with a discussion of the test pattern, test

equipment, and procedures used. The methods are then pre-

sented for whisker analysis and insitu observation.

Test Pattern

The Bridge Test Vehicle (BTV) pattern, a Bell Labs

design shown in Fig. 3.1, is used for all of the ex-

periments. It consists of four independent serpentine test

stripes with varying line widths. The stripes are numbered

one through four for easy referencing, and their associated

line widths are specified in Table 3.1.

The BTVs are fabricated on 9 mil thick <111> oriented

silicon wafers. The construction of the test vehicle starts

with a 5000 A layer of silicon dioxide which is thermally

grown using wet oxidation. Next, common photolithography

techniques are used to define the test pattern shown in Fig.

3.1. Finally aluminum is evaporated onto the wafers and

'.'%I-i
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Fig. 3.1 Bridge Test Vehicle

Table 3.1 Reference Numbers and Associated

Line Widths for BTV Patterns

Pattern 1 2 3 4

Width (um) 7.5 10 .53 .83

selectively removed to establish the test pattern. The alu-

minum stripes must be less than 2000 A thick to permit the

transmission and diffraction of the electron beam through

the sample. Detailed fabrication procedures are provided in

Appendix A.
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The primary advantage of using the BTV f or producing a

suspended stripe is the large physical area occupied by each

serpentine test stripe. This permits visual determination

of where the hole should be placed on the reverse side of

the chip to produce an etched region under the selected test

stripe. The procedures for masking the chip and etching the

silicon are provided in Appendix B.

Test Equipment

Before discussing experimental procedures, it is neces-

sary to describe the configuration of the test equipment,

especially the components specifically designed or modified

for these tests. The test station is described first, since

it houses the majority of the equipment, followed by the

(. Mark II holder, vacuum box, and electron microscopes.

Test Station. The test station is a portable unit

housing the equipment required to provide controlled elec-

tromigration testing. A block diagram of the test station

is shown in Fig. 3.2 (27:C-10). The station's equipment

consists of a timer, two voltage supplies, an ammeter, and

two external variable resistors. The timer, shown in Fig.

3.3, is the central component of the test station and serves

as the reference point for the other equipment (27:C-8,

C-10). The timer provides two banana plug receptacles,

labeled "EM", for connection to the BTV. These receptacles

are color coded violet for positive and black for negative.
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As shown in Fig. 3.2, the positive EM test port con-

nects the test vehicle to a variable power supply. For this

test station, a Hewlett Packard 6205 Dual DC Power Supply,

was used to provide a variable voltage between 12 V and 50

V.

The negative EM test port connects the test vehicle to

the EM switch which is used to start or stop the test and

timer. When placed in the "on" position, a detecting op amp

controls the internal timing circuitry sequence. The actual

timing circuitry requires inputs of -12 V and +5 V to power

the integrated circuits and hex displays. These voltages

are provided by the Hewlett Packard 6236B Triple Output

Power Supply. The banana plug receptacles on the timer are

4 labeled accordingly for the power supply inputs with the ex-

ception of the 12 V which connects to the variable voltage

supply.

The negative EM test port also connects to the VOM

switch which is located at the upper right of the timer, see

Fig. 3.3. In the up position, this switch permits both

monitoring and controlling the current passing through the

sample. The two external resistors and the variable voltage

supply are used to control the current. The ammeter is a

Fluke 8010A Digital Multimeter and the two external resis-

tors are 381 Q and 23 Q Rex Rheostats. The larger rheostat

provides coarse adjustment while the smaller provides the

fine adjust.
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If the sample fails or the EM switch is opened, the

Stest and timing sequence is stopped. A reset switch is pro-

vided in the upper left side of the timer to re-initialize

the timer's digital display to zero.

Additional information on the timer can be found in

reference (27:Appendix C).

Mark II Holder. The Mark II holder, shown in Fig. 3.4,

is used for testing within the STEM.

SA

Fig. 3.4 Mark II Holder with Bonded Test Sample

The holder is a modified JEOL EM-SHH heating bolder

(27:111-37). The original thermocouple and furnace element

were removed and replaced with an assembly (A) for mounting
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and bonding a test sample (27:111-39). Electrical connec-

tions are provided through the holder's original four wires

(B) to the external banana plugs (27:111-39). The banana

plugs are color coded and correspond to the bonding pads as

illustrated in Fig. 3.5 (27:111-47).

/, , ,,

GRAY
. ,/ . /,' /

TEST vWIICL2 VIOLET

GREEN

ORANGE

Fig. 3.5 Bonding Pads Identified by Color

Coded Connections (27:111-47)

Vacuum Box. The vacuum box, shown in Fig. 3.6, is used

to establish a vacuum environment outside of the STEM

(27:111-44). Two vent ports (A) are provided such that one

may be used for vacuum connection or both may be used for a
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Fig. 3.6 Vacuum Box (27:111-44)

continuous nitrogen flow (27:111-44). Two sealed electrical

outlets (B) are provided for external connection to the test

station.

Electron Microscopes. Two STEMs, the JEOL 100CX and

the JEOL 2000FX, and three SEMs; the JEOL JXA-840 Scanning

Microanalyzer, the Etec Autoscan, and the Cambridge Stere-

ogram 250 Mk 2, are used for testing and analysis. The JEOL

100CX is primarily used for insitu testing. The JEOL

2000FX is then used for whisker analysis because of its in-

creased accelerating voltage and its ability to change mag-

nification without rotating the image. The JEOL
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Microanalyzer and the Etec Autoscan are used interchangeably

for "before" pictures in static testing and the Cambridge

Stereogram 250 Mk 2 is used for whisker surface examination

because of its 90 degree tilt capability.

Testing Procedures

Two types of experiments, static and insitu, are used

to grow whiskers for analysis. The static testing proce-

dures are discussed first since they form a subset of insitu

testing.

Static Testing. Static testing is the most commonly

used with STEMs since the sample is powered outside of the

microscope and then disconnected for observation in the

STEM. It is the most efficient type of test because it re-

I quires less TEM time and does not require a modified holder.

The sample preparation procedures for static testing are

discussed first, followed by those for the powered test.

Sample Preparation. The following procedures are

used to mount and bond etched samples on TO-5 headers using

conductive silver print as shown in Fig. 3.7:

9
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Fig. 3.7 Etched Sample Mounted and Bonded to

a TO-5 Header

1. Distribute the silver print on the header such that

it will not contact the etched region. Place the chip, pat-

tern side up, on the print by applying light pressure to

both ends. Allow five minutes for the print to dry.

The silver print is manufactured by General Cement for

circuit board applications. In addition to cementing the

chip to the header, it provides a heat sink to the header

and a shorting mechanism for grounding unused test stripes.

III-10
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2. Bond the test stripe to the posts as shown in Fig.

4> ;. 3.7. Avoid bonding to adjacent posts since it creates dif-

ficulty in connecting the test probes to the header leads.

3. Ground the remaining unpowered test stripes to re-

duce charging in the SEM. Bonding the remaining pads to

other posts or shorting the patterns to ground with con-

ductive silver print accomplishes this.

4. Ground the base of the TO-5 header with silver

print to reduce charging in the SEM.

5. After bonding, trim the TO-5 header leads to within

1/4 inch of the mount.

6. Place a protective cap on top of the header to pre-

vent accidental surface scratching or bond removal during

7 handling and transportation.

7. Insert the trimmed mount into a modified SEM post

which grounds all of the leads to prevent charging.

8. Prior to conducting the experiment, take a series

of "before" pictures with the SEM to establish the condition

of the stripes prior to the electromigration process. Limit

these pictures to an overall picture of the entire etched

region followed by a few pictures of sufficient magnifica-

tion to determine the surface condition.

9. Remove the TO-5 header from the SEM post and con-

nect the appropriate leads with probe clips to the banana

plug receptacles inside the vacuum box. Note the polarity.

10. Secure the vacuum box lid with two wing nuts and

apply a vacuum of 2 torr through one valve.
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11. ··!easure the ini tia1 resistance of the test stripe 

and ts connections. Having recorded the resistance, insert 

the xternal banana plugs into the timer's EM receptacles 

acco;;·ding to polarity. 

12. Before turning on the EM switch for the powered 

test, make the following checks and adjustments: 

~. First, use the voltmeter to ensure all 

external voltages to the timer are +sv, +12V, and -12V 

b. Next, place both variable resi.~tors into their 

maximum resistance position 

c. Finally, push the reset button and confirm 

that the six digit display reads zero. 

PoHered Test. The~ following procedures are used 

to st. art and conduct static :esting. 

1. Pla·-:e the EM and VC-t switches in the "on" position. 

The amme·ter :-;hould register a current and a green LED in the 

timer sb:Juld turn on and off every six seconds. 

2. Adiust the current to the desired level with the 

e· ternc:l re·:;istors and external voltage supply. This volt­

' 1e rna'.' be increased to SOV without damaging the timer si:ace 

t.'.1e op amp driver has built-in overdrive protection. Once 

the current has s1:abilized, the test station can be left 

r nning and unattended. 

The electromigration process can be mor.itored to a lim-
. 

ited extent by observing changes in the current. As void 

form~tion increases, the resistance of the stripe increases 

BEST AVAILABLE COPY 
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and the current decreases. However, it is impossible to

predict the exact time of failure.

The process can be interrupted as follows for a visual

inspection in the SEM.

1. Slowly decrease the current to minimize the sudden

change to the stripe. Turn the EM switch off.

2. Record the time in the event the power is removed

from the timer.

3. Carefully remove the sample from the vacuum box and

transport it to the SEM.

4. Resume the test by following the same procedure de-

scribed earlier for starting.

Once the test is completed, the sample is removed from

j the header and mounted to a copper bulk holder as shown in

Fig. 3.8 for TEM analysis. Silver print is used to mount

the chip and short all the test stripes. The TEM analysis

procedures are discussed later following the insitu testing.

Insitu Testing. Insitu testing allows the analysis to

be performed as the electromigration process occurs. Test

samples are bonded to the Mark II holder and inserted into

the STEM. The holder's external banana plugs are connected

to the test station in the same manner as the static test.

This permits the application of current to the stripe while

simultaneously observing its effect in the STEM.
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Fig. 3.8 BTV Mounted to a Copper Bulk Holder

After Static Testing

The sample preparation is discussed first followed by a
brief description of the powered test which is similar to
static testing. The insitu testing methodology is discussed
later since it requires knowledge of the analysis proce-

dures.

Sample Preparation. For insitu testing, use the
following procedures to mount the sample in the MarkI-

holder with silver print as shown in Fig. 3.9.
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Fig. 3.9 Sample Bonded to the Mark II Holder

1. Place the chip in the holder with the etched region

over the hole in the mounting assembly. It is advantageous,

for bonding purposes, to orient the sample such that the

test pads are on the opposite side of the hole from the

holder's bonding pads.

2. Ground the unpowered stripes with silver print to

the mount assembly to reduce charging from the STEM electron

beam. Use an ohmeter to ensure electrical continuity.

This is critical since the *tripes are often damaged during

bonding and transport.

3. Insert the Mark II holder into the STEM and connect

all four banana plugs to ground for the "before test" pic-

S tures. These pictures consist of low magnification Bright

II1-15
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Field (BF) micrographs depicting the strip, condition, high

~ magnification BF micrographs showing grain size, and

diffraction patterns.

4. Disconnect the two test lines from ground and in-

sert them into the timer's EN plugs according to polarity.

The unused lines remain grounded to reduce charging.

5. At this point, perform the same pro-test checks and

adjustments as described for the static testing.

Powered Tet This part of the process is the

same as the static with the exception of the capability to

directly observe the electrosuigration as it occurs. The

analysis procedures described later are used as necessary

throughout the test.

After a test is stopped due to failure or termination,

the leads are removed from the EM jacks and reconnected to

ground for a final analysis.

Whisker Analysis Procedures

The analysis portion of this study requires the appli-

cation of an electron microscope, primarily a STEM. The

following methodology is used to examine whiskers with re-

spect to their orientation, morphology, and site of nucle-

ation.

Inspection. The initial examination of the whisker is

performed with the STEM to avoid possible contamination from

the SEM. Bright field microscopy is first used to examine

the test stripe. to determine if any whiskers were produced.
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The stripes are also examined for the presence of electromi-

gration, which implies voiding near the cathode and accumu-

lation near the anode.

During the inspection, a decision is made regarding the

best approach in analyzing a whisker. If the whisker pro-

trudes away froam the aluminum stripe, over a thin layer of

oxide, it can be examined as is. If the whisker lies over

the aluminum stripe, replication is necessary for diffrac-

tion analysis. Before replicating, SEM micrographs are

taken of the whisker for structural analysis.

Bright Field Microaraphs. A series of bright field

(BF) micrographs are taken regardless of the whisker's loca-

tion. These BF micrographs provide a transparent picture of

the whisker detailing its internal characteristics.

Diffraction Patterns. The next step in the analysis is

determining the whisker's crystallographic orientation

through diffraction patterns. The sample is placed in the

STEM such that the electron beam passes through the whisker.

The STEM is then placed in a diffraction mode which produces

a diffraction pattern on the viewing screen from Bragg re-

flection. Since the whiskers are single crystals, the

diffraction pattern is a spot pattern. Next, the whisker is

aligned and tilted until a spot pattern is produced with one

or more spots parallel to the whisker.

Dark Field Micrographs. A second test is conducted to

ensure that the whisker produces the spot lying parallel to

-.'. the whisker. The spot is electronically positioned in the

111-17



center of the viewing screen along the optic axis. The STEM

is then placed in a dark field mode wherein the spot's con-

tributors appear bright against an otherwise darkened back-

ground. If the whisker produces the spot, the whisker ap-

pears bright.

The calculations and mapping procedures for the

diffraction patterns are presented in Chapter IV.

SEN Microqraphs. The SEM is used to study the surface

features of the whisker and its originating test stripe.

The main objectives include showing the whisker's stria-

tions, cross-section, and base. To enhance the image, a

thin layer of gold (approximately 100 A) is sputtered onto

the surface of the chip.

EInsitu Observation Techniques
During the insitu test, it is difficult to observe the

whisker's nucleation since its nucleation site cannot be

predicted or controlled. The best approach is to pick the

longest test stripe over the etched region and closely moni-

tor its anode side during the test. The best detail is ob-

tained using the STEM in the bright field mode. Micrographs

are taken periodically to record the electromigration pro-

cess. The ammeter is also monitored for any significant de-

creases in current which signals an impending failure. The

test is terminated before failure to reduce damage to the

test stripe.
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Summary

The Bridge Test Vehicle (BTV) is used for all of the

tests because of the advantage offered in etching holes be-

neath any of its four serpentine test stripes. Each stripe

occupies an area large enough to permit visual application

of the wax mask under the desired test stripe.

The test equipment is set up to provide a controlled

current and a measure of the time to failure. The unique

pieces of test equipment are the timer, Mark II holder, and

the vacuum box.

While the test procedures are different for static and

insitu tests, the analysis techniques are the same. These

techniques describe how information regarding the whisker's

* orientation and physical characteristics are acquired.

Having completed the test and analysis, the results of

the study are presented in the next chapter.
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IV. Results and Discussion

This chapter presents and analyzes the results obtained

from the experiments described in Chapter III. The sus-

pended test stripes are discussed first to establish that

electromigration did occur. Next the whiskers are examined

in relation to their crystallographic orientation and mor-

phology.

Electromiaration

A study of whiskers produced by electromigration re-

quires an analysis of the test stripes to determine if elec-

traomigration was indeed the cause. This section presents

test results to establish that electromigration did occur.

Fig. 4.1 is an SEM micrograph of an etched sample after

failure. The polarity of the stripes are shown at the top

and bottom of the picture. Accumulation does occur on the

positive side of stripes (B, C, and D). Although it is not

evident in the micrograph, voiding also occurred on the neg-

ative side of stripes B and D. The open circuit failure

from voiding occurred at x on stripe C. These results con-

firm that electromigration did occur since accumulation oc-

curred near the positive edge while voiding occurred near

the negative edge of the suspended stripes.

For these tests, relatively low current densities of

approximately 0.45 X 106 A/cm3 were used compared to typical

values of 3 X 106 A/cm3 for unetched testing. The lower
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current density has been attributed to the accelerated

Selectromigration resulting from the increased thermal gradi-

ents along the perimeter of the etched region (4:265). It

is proposed that these thermal gradients may also establish

the effective length (LMAx ) in relation to the JCL product.

Observations of suspended test stripes with varying lengths

under identical current densities support this theory. As

shown in Fig. 4.1, the failure occurs in the longest stripe

(C). Evidence of electromigration decreases with length

(B and D) until it is no longer evident in shorter stripes

(A, E, and F).

According to the JCL product discussed in Chapter II,

the critical current density required to induce electromi-

gration decreases as the length of the test stripe

increases. The concept of thermal gradients establishing

the JCL product in suspended linestripes appears to be orig-

inal and reconmnendations for additional testing with varying

suspended stripe lengths are provided in Chapter V.

The thermal model for suspended stripes is presented in Ap-

pendix C.

Separate tests for thermal migration using an ac

current source were also conducted and are presented in

Appendix D. These tests appear to be inconclusive, however.
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Fig. 4.1 Observation of Increased Electromigration in

Longer Stripes (Magnification = 6K)
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Results of Whisker Analysis

A number of whiskers were successfully grown and analyzed

with the electron microscopes. Table 4.1 presents a summary

of the test conditions and results for 12 whiskers shown in

Fig. 4.2 and 4.3.

Table 4.1 Crystallographic Orientation and Test Condition

Information for Each Whisker

Category Whisker #
______ 1 2 3 4 5 6 7 8 9 10 11 12Orienta-
tion< > 110 110 110 110 - - - 110 - . .
Current
Density
MA/cm2  .47 .47 .56 .56 .48 .48 .48 .48 .48 .48 .48 .48
Length
of Test
Stripe
(wm) 276 198 236 236 243 267 266 300 300 300 266 350
Width
of Test
Stripe
(um) 12 12 10 10 12 12 12 12 12 12 12 12
Test
Time
(min) 240 240 376 376 58 58 58 58 58 58 58 58
TestType
Static-S
Insitu-I S S S S I I I I I I I I
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1 2

3 4

5 6

Fig. 4.2 SEM Micrographs of Whiskers #1 - #6
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7 8

9 10

11 12

Fig. 4.3 SEM Micrographs of Whiskers #7 -#12
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The whiskers are arbitrarily numbered for easy reference.

This section presents the results of this analysis starting

with the crystallographic orientation.

Crystallographic Orientation. Five whiskers were exam-

ined and determined to have a <110> orientation along the

growth axis. This agrees with the findings of Dr. Blech for

thermally grown whiskers. The remaining seven whiskers were

not accessible for diffraction patterns.

The crystallographic orientation of the whiskers was

determined using the procedures described in Chapter III.

For example the bright field micrograph was obtained first

as shown in Fig. 4.4a for Whisker #1. Next a diffraction

spot pattern was obtained such that two of the spots were

ei parallel with the whisker axis. A dark field image of the

(220) spot confirmed that it was produced by the whisker

which appears bright in Fig. 4.4b. Although part of the

whisker appears darker in Fig. 4.4b, the brightest section

was observed throughout the whisker by adjusting the

condenser lens. The condenser lens focuses the electron

beam onto the whisker which indicates that the whisker was

tilted such that only a portion of it could be focused into

the back focal plane of the TEM. The indexed spot pattern

of whisker #1 is shown in Fig. 4.5 with a key which

illustrates the spot location and corresponding angles.

The spot patterns of the four remaining whiskers are

shown in Fig. 4.6 through Fig. 4.9 followed by a discussion

of the analysis technique used to index the spot patterns.
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(a) Bright Field Micrograph of Whisker #1

(b) Dark Field Micrograph of Whisker #1 With the (220)

Spot Placed on the Optic Axis

Fig. 4.4 Bright Field and Dark Field Micrographs of

Whisker #1 (Magnification = 25K)
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131
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Fig. 4.5 Double Exposure of Spot Pattern and Bright Field

Micrograph for whisker *1 (Magnification =41K)
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fig. 4.8 Double Kxposure of Spot Pattern and Bright Fi.eld

Micrograph for whisker 04
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Fig. 4.9 Double Exposure of Spot Pattern and Bright Field

Micrograph for Whisker 08

IV-13



Spot Pattern Analysis. The crystallographic orienta-

tion of the whisker is found using the spot pattern and the

originating stripe'3 ring pattern. A calibration of the Al

ring pattern is performed first with a standard Al sample.

Calibration of Al Diffraction Rings. The

calibration of the Al diffraction rings was accomplished

using a standard Al sample. The resulting ring pattern is

shown in Fig. 4.10.

Fig. 4.10 Diffraction Pattern Produced By Aluminum Standard
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The camera constant of the STI (AL) was measured ac-

'A cording to

rd = AL (Acm) (4.1)

where

r = radius of the spot or ring (cm)
d a interatomic spacing (A)
A - wavelenth of the electron (A)
L = the distance from the object to the image plane

(cm)
XL a the camera constant (Acm)

The d values are provided with the standard. The error per-

centage for the first five rings must be less than 1% (28).

The resulting camera constant for the JEOL 100CX from Fig.

4.10 is 2.563 Acm.

Fig. 4.11 shows the ring pattern of a standard Al thin

film on the left and a test stripe on the right. The dif-

S fraction pattern on the left was produced with a 100 KV

accelerating voltage while that on the right was produced

with a 200 KV accelerating voltage. Unfortunately the

camera constant changes with focusing and accelerating

voltage. This problem is avoided using the ratio test.
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Fig. 4.11 Dif fraction Patterns of the Al Standard at 100 Ky

and Test Strip, at 200 Ky

Ratiog The ratio test is derived from Eq

(4.1) an follows

rldl = X a r2d2  (Acm) (4.2)

rldl a r2d2  (Acm) (4.3)

r - D/2 (cm) (4.4)

Dldl a D2d2  (Acm) (4.5)

dl/d 2 = D2/Dl (4.6)
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where D is the diameter of a ring, the postscript 1 refers

,to the innermost (111) ring, and the postscript 2 refers to

any other ring.

The ratios of the measured ring diameters are compared

to the standard ratios of the interatomic plane spacings

shown in Table 4.2.

Table 4.2 Interatomic Distances and Ratios (28)

(dx/dI - x distance/(1l11 distance)

thkl d dx/dl

-- 4 210.I HU
If the ratios match, the material is aluminum. The ratios

also establish the (hkl) indices assigned to each ring on

the diffraction pattern and its associated radius.

Happing Q R 2t Ptter. The spot pattern is an-

alyzed using the radius measurements of the rings. Each

spot is assigned a generic (hkl) combination based on dis-

tance from the center alone. For example, the spots in Fig.

4.12(a) are assigned (hkl) indices based on their radius.

The order or sign conventions of these spots are then
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determined through vector addition or subtraction as shown

S in Fig. 4.12 (b) and (c) (29:46,47).

220o .511 220 '0 220- . sT

*371 +3Tt
sTi IT

ooo - . 331 000. .311

220. 51 ITo.) .ITI

(a) (b) (c)

Fig. 4.12 Mapping of Spot Patterns for Whisker #1

One spot is arbitrarily assigned to establish the possible

values for the other spots. The (220) spot could have just

as easily been designated (202), since the (220) family are

all crystallographically equivalent.

To verify the mapping solution, the angles between the

(hkl) planes are calculated using

[hlh 2 + klk 2 + 1112] (4.7)
Cos e =

[(hl + kl' + ll1 )i (h2a + k22 + 12 )f]
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The calculated and measured angles must match if the pattern

,is mapped correctly. According to Eq (4.7) for Whisker #1,

the angle between (220) and (51) should be 570 and the an-

gle between (5f1) and (331) should be 330. The measured an-

gles are 56.50 and 33.5* respectively resulting in errors of

only .88% and 1.5%.

In some instances as with Whisker #2, the spot pattern

matches a predefined pattern as shown in Fig. 4.13

(29:305).

* O *0-x -00. 0
OLi 03 022 0"02:2 34 /30, ~

Fig. 4.13 Pre-Mapped Spot Pattern (29:305)

A comparison of the (hkl) values and angles permits

easy identification.
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Determining the Orientation of the Whisker.

S The spots lying parallel to the whisker's growth axis are

used to determine the orientation of the whisker as illus-

trated in Fig. 4.14 (30:232).

-4
I i

TO ai 80vt No •

140 3M O ft 3L
0 X 0 * 0

Fig. 4.14 Spot Pattern With the Whisker Axis

Indicated by an Arrow (29:304)

The (220) spot represents all of the (220) planes. An arrow

drawn from the origin perpendicular to the (220) plane

establishes the [220] direction.

If the JEOL 2000FX is used, it is easy to determine

which spots lie parallel to the whisker since there is vir-

tually no rotation between bright field images and diffrac-

tion patterns. If the lOOCX is used, rotation calibration

charts establish the correct axis.

IV-20



Orientation Results. The results of this analysis show

that all of these whiskers are oriented in the (110> direc-

tion. All of the mapped patterns show crystallographically

equivalent directions of <220> which is the same as ':110>.

Errors up to 10 degrees are seen between the whisker's

growth axis and the (110> direction. This may be due to a

very small rotation in the JEOL 2000FX. Problems with the

microscope precluded a rotation calibration. A previous

study of tin whiskers also indicated similar errors

(30:232).

Morphology. The morphology of the whiskers was also

examined for any information concerning their structure or

nucleation. This section presents some very interesting

410 findings.

Internal Structure. The STEN4 micrographs reveal

internal dislocations throughout the whiskers. Whisker 02

provides an excellent example of this as shown in Fig. 4.15.

The dislocations are the dark lines running perpendicular to

the whisker. Dr Blech also noticed similar dislocations in

the thermally grown whiskers but attributed thm to the re-

moval of the whiskers from the test film~ (3:162). Since

these whiskers were not removed. the dislocations apparently

occurred during the growth process. The type or nature of

the dislocations was not determined.



Fig. 4.15 Bright Field Micrograph of Whisker #2 Depicting

Internal Dislocations (Magnification =23K)
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0

Fig. 4.16 Cross Sectiona, View of Whisker *I
tI~agnification 27 -5x)

Sha~e/striatiog 
The striations running alongth, length of the whisker are the result Of groves or' "*ange in the whisker's shape. This i l u t a e n Fg- .4 . 6 w i c h h o w s t h e c r o s s s e c t i o n O f W h i s k e r # i
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Fig. 4.17 Kinking in Whisker #9

(Magnification = 21K)

Kinking. Kinking is also present in some of the

whiskers as shown in Fig. 4.17. These kinks appear very

similar to the ones obtained with thermally grown whiskers.
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iMSt2& Sits. The whiskers were observed

growing out of hillocks and out of the surface of the test

stripe. In each case there appears to be some form of mass

build up at the bae of the whisker. An SM micrograph of

Whisker 08 shows a rise in the surface of the stripe around

the base of the whisker in Fig. 4.18. A STEM micrograph

(Fig. 4.19) confirms that it is an accumulation of mass

since the area appears dark. This accumulation of mass may

be a hillock which formed under the stripe or recrystal-

lization within the stripe.

None of the whiskers appear to grow out of a grain or

out from between grains. The whiskers that do not grow out

of hillocks are too large to permit a study of their base.

Dr. Blech also stated that the majority of his thermally

grown whiskers were too thick to permit a study of the nu-

cleation site structure.

While some of the whiskers emerge from beneath the edge

of the test stripe as shown earlier in Fig 4.16, none of the

whiskers grow beneath the test stripes. It is also impor-

tant to note that none of the whiskers penetrated the under-

lying oxide.
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* Fig. 4.18 SEN Micrograph of the Swollen Base

Around Whisker #8 (Magnification =6.25K)

Fig. 4.19 Bright Field Micrograph of Whisker #8

(Magnification = 17k)
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N~mtCircit.The threat of short circuits by

'w whiskers is evident from Fig. 4.20. Here Whisker #3 grew

until it made contact with the adjacent large stripe. After

contact was made, the large current density through the

small diameter whisker resulted in Joule heating causing the

whisker to burn out like a filament.

Fig. 4.20 The Remains of Whisker #3 After Creating a Short

Circuit With an Adjacent Stripe (Magnification =2.4K)
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AThe static and insitu tests produced over 15 whiskers,

twelve of which were selected for analysis. The locations

of these whiskers restricted the diffraction analysis to

five whiskers. The analysis shows that the crystallographic

orientation of all five whiskers is <110> which agrees with

previous studies on thermally grown whiskers.

A number of morphological observations reveal some in-

teresting characteristics among these whiskers. These ob-

servations include internal dislocations, surface structure

and striations, kinking, and mass accumulation at all nucle-

ation sites.
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V. Conclusio,,s .iMia rAio"

Conclusions

Twelve whiskers were successfully produced by electro-

migration on suspended aluminum linestripes. Static and in-

situ tests were conducted by passing a current density of

approximately 0.45 X 106 A/cm3 through the suspended test

stripes. The resulting whiskers were analyzed using STEMs

and SENs. The results of this analysis are as follows:

1. The crystallographic orientation of aluminum

whiskers produced by electromigration is <110> along the

growth axis. This agrees with previously published orienta-

tion results for thermally grown whiskers.

2. Some of the whiskers have internal dislocations.

The nature or cause of these dislocations was not deter-

mined.

3. The striations running parallel to the whisker are

surface groves or irregularities on the whisker's surface.

4. Some whiskers originate in hillocks. Others appear

to protrude out of the aluminum linestripe, but STEM and SEM

micrographs reveal mass accumulation at the base of the

whisker.

5. The effective length of the suspended stripe in re-

lation to the JCL product may be the distance between the

thermal gradients along the perimeter of the etched region.

V-1

W w.:.-. ., 1 .,2- 1.. -. F . -,•- .. '., . ,e,2 ... ,••". ,." ,'F"..:'.',".,;..'...;e' '.., .. '...le ', .



In the course of performing this research effort, a

number of problems were encountered as were new opportuni-

ties for further study. This section contains a number of

recoimendations to improve the testing capability and expand

the research.

Tt mawrovements. The following reco~mmendations are

for improvements to testing efficiency and controllability.

1. While it does afford the capability to perform in-

situ work within the STEM, the Mark II holder requires addi-

tional modifications to improve its efficiency. Bonding is

very difficult due to the difference in height between the

sample and the holder's bonding pads. A spacer should be

(designed with a tapered hole to raise the sample without

limiting the tilting capability within the microscope.

Another approach which will provide a major increase in

efficiency is the design and use of clip-in inserts. The

samples would be mounted to the inserts and then placed into

the holder. The advantages are easier bonding and fast turn

around at the test site. It presently takes two to three

days to remove a sample and mount another for testing.

2. The current BTV test stripe and etching procedures

present a number of problems in sample preparation. The

diameter of the etched region is uncontrollable which re-

sults in different characteristics for each test.

A new test pattern consisting of three independent

stripes with a common bonding pad should be designed.
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Furthermore, a second mask should be designed to mask the

* back side of the chip for etching. Using Potassium

Hydroxide to etch the aliqnment marks through a <110> wafer

before processing the wafers should solve the problem of

aligning the two masks (33).

Mu eseirch. The following reco mmendations are for

continued studies related to the whiskers produced by elec-

tromigration.

1. It is difficult to observe the nucleation process

of whiskers since their location cannot be predicted. It is

therefore desirable to try to force the whisker to grow in a

given location. An artificial stress relief may be created

with a small hole in a passivation layer near the anode

(25:1205).

2. Since Blech reported that annealed test stripes did

not produce any whiskers (3:161) additional studies should

be conducted to find out if there is a minimum average grain

size required for whiskers to grow. Test stripes could be

annealed at varying temperatures and then subjected to dc

static testing to determine if a minimum anneal is required

to reduce the possibility of whisker growth.

3. Some of the whiskers analyzed during this investi-

gation revealed internal dislocations. Further studies

should be conducted to analyze these faults. This may pro-

vide valuable information regarding what is happening at the

base of the whisker.
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4. It is stated in Chapter IV that the large thermal

,gradients along the perimeter of the etched region establish

the effective length of the test stripe. This effective

length therefore determines the minimum (critical) current

density required to induce electromigration according to the

JCL product. To show this, tests must be performed on sus-

pended stripes of varying lengths to determine their minimum

current density for electromigration. The results of these

tests should then be compared to see if JCL does equal a

constant.

A.
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Appendix A

Test Pattern Fabrication

This appendix describes the fabrication process used to

obtain well defined test patterns, Bridge Test Vehicles,

with the required aluminum thickness. It is divided into

two major sections, oxidation and metallization.

oxidation

The oxide establishes a buffer region for the etch pro-

cess. Since the oxide appears transparent under the micro-

scope, it permits the safe removal of the silicon without

damaging the aluminum stripes. It is also important to re-

move excess oxide since its amorphous structure diffracts

IU the electron beam during analysis. A suggested initial

thickness is 5000 A since it provides sufficient protection

f or the etching process outlined in Appendix B.

The following procedures are provided for producing an

oxide layer approximately 5000 A thick.

Procedures. Prior to oxidation the wafers undergo the

following precleaning process to remove particulates, or-

ganic residues, and inorganic contaminants.

1. Place the wafers in a 3:2 solution of sulfuric acid

and hydrogen peroxide for 15 minutes to remove particulates

and organic substances. This mixture produces an exothermic

reaction which remains very hot (-130 OC) for about 30 min-

6& utes.
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CAUTrION1

The beaker should be placed on a pad to avoid burning or
discoloring any underlying surface.

2. Rinse the waters in deionized water (DIW) for 5

minutes.

3. Dip the wafers in a 10:1 solution of

DIW:hydrofluoric acid (HP) for 15 seconds to remove the thin

oxide produced in steps 1 and 2.

4. Next, rinse the wafers in DIW for five minutes and

then spin or blow dry with nitrogen gas.

WARNING

(. The acids used are dangerous and will result in burns.
Hydrofluoric acid is especially dangerous as it can not be
felt or detected until hours later. If contact occurs,
rinse heavily with water and report to the hospital.

Transport the wafers to the diffusion furnace for oxi-

dation. (Any transportation of the wafer should be in a

container to minimize contamination)

The process of introducing the wafers into the oxida-

tion tube, oxidizing, and removing them are as follows:

1. Place the wafers into the oxidation tube near the

loading edge. From there, slowly push them in at a rate of

one inch per minute for 10 minutes under dry oxidation.

This prevents the wafers from warping due to a sudden tem-

perature change.
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2. Quickly Push the wafers to the center of the tube

as wet oxidation is introduced for 50 minutes at 1050 OC.

3. once that cycle is complete, remove the wafers in

the same manner as they were introduced by quickly pulling

them to within 10 inches of the entrance. Then slowly re-

move (one inch per minute) under 10 minutes of dry oxida-

tion.

4. Remove the wafers from the tube and 4illow them to

cool before placing them in a container.

WARNING

The end of the pushrod is very hot when removed from the
oven and will result in burns if touched. Wear heat resis-
tant gloves when handling the pushrod.

WARNING

After placing the end cap on the tube, close the outer metal
door of the furnace. A sudden change in pressure may blow
the cap off of the tube. The end cap is extremely hot and
heat resistant gloves must be worn when handling.

Since the exact thickness is not critical, the approxi-

mate thickness can be verified with a color chart.

Metal liz at ion

Two different metallization processes were used and, to

a certain extent, provided satisfactory results. The first

method, described in (27:A-3) used a metal etch. while it

successfully produced the pattern, the stripes were poorly

defined. The second process, the lift off technique, pro-

vided improved definition as illustrated in Fig. A.1.
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Figure A.1 Lift-off Technique (32:441)

Procedures. The following procedures are used to ac-

quire the desired test patterns.

1. Bake out the wafers at 220 OC for 1 hour to remove

moisture.

2. Spin on the positive photoresist at a speed of 5000

rpm for 30 sec.

3. Spin on the adhesion promoter, hexamethyldisilazane

(HMDS), at a speed of 5000 rpm for 30 sec.

4. Prebake at 70 OC for 30 min to harden the

photoresist.

5. Using a mask aligner, expose the wafers for 70 sec.
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6. Develop by gently spraying with Microdeposit 351

Developer for 30 sec followed by a DIW rinse for 30 sec.

7. Inspect for pattern definition. The oxide should

be visible between the stripes. If it is not, go back to

step 6 and develop for a shorter length of time.

8. Evaporate on aluminum to a thickness of 2000 A.

9. Remove the excess aluminum by soaking sample in

acetone. An ultrasonic bath may be required in the removal

process.

10. Use the Dektac to measure the aluminum thickness

and ensure that it is not greater than 2000 A.

11. Scribe the wafer into individual chips.

%J%
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Appendix B

Producing Suspended Linestripes

The most important and time consuming factor of sus-

pended stripe experimentation is the etching process. Once

the desired stripe is selected, the hole must be masked in

the appropriate location with a reasonable diameter. The

actual etching process must not only etch away the silicon

but also most of the oxide to minimize distortion.

Stripe Selection

The Bridge Test Vehicles are first examined in an opti-

* cal microscope for defects. These defects include shorts,

Sopen or fragmented lines, and nicks in the aluminum. Next

the test stripes should be probed to ensure electrical

continuity.

Wax Masking
The following procedures describe the method used to

mask a hole on the back of the chip with wax.

1. Turn on the Nucerite hot plate and adjust the dial

setting to 105.

2. Place a clean sapphire disk on the hot plate and

* allow a few minutes for the disk to reach the plate

temperature.
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3. Place and melt a thin layer of pico-lastic D100 wax

on the sapphire disk until it covers an area approximately

1/2" in diameter.

4. Place the chip with the pattern side down on the

melted wax and gently press it down into the wax.

5. Using the straight pin, dip the tip into the melted

wax and pull it away slowly. If the wax is at the correct

temperature a short string of wax can be laid across the

back of the chip. Use this method to cover the back of the

chip except for the desired hole.

6. Keep the exposed hole as close to the center of the

chip as possible. The etchant is isotropic and may undercut

and weaken the region under the bonding pads.

r7. Place the sapphire disk on a heat sink to promote

rapid hardening of the wax.

Producing the Suspended Linestripe

The etching process is a repetitive sequencing of etch-

ing, rinsing, and inspecting. The silicon etch is a 10:6:6

solution of acetic acid:nitric acid:hydrofluoric acid.

Ammonium fluoride is used to stop the etching process by

neutralizing the acids and a 10:1 mixture of DIW:HF is used

to etch the oxide.

The following process is used to produce a suspended

stripe.

1. Dip the sapphire disks into the 10:6:6 solution of

acetic acid:nitric acid:hydrofluoric acid for 15 minutes.
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Four disks can be etched simultaneously if a solution volume

CS of at least 660 ml is used in the proportion of 300:180:180.

2. Dip the disks into ammonium fluoride for one minute

to neutralize the acids.

3. Rinse in DIW for 5 minutes.

WARNING

The acids used are dangerous and will result in burns. Hy-
drofluoric acid is especially dangerous as it can not be
felt or detected until hours later. If contact occurs,
rinse heavily with water and report to the hospital.

4. Inspect the etched region with an optical

microscope to determine if the test stripes are visible. If

they are not, repeat step one for a reduced amount of time.

If the remaining silicon is very thin, the outline of

~ the test stripes can be seen by transmitting light up

through the sample.

5. Dip the disk in 10:1 DIW:HF for 10 sec to etch the

oxide.

6. Repeat steps 2, 3, and 5 until the thickness of the

oxide is reduced.

7. Remove the wax by soaking the disk in acetone for

overnight. Remove the chip and gently spray with acetone to

remove any remaining wax. Then rinse with methanol followed

by DIW.

8. Inspect the test stripe again for continuity.

B-3



Appendix C

Thermal Model of a Suspended Linestripe

Electromigration testing with suspended aluminum

linestripes can result in significant Joule heating

(13:1410,1412). This results in high temperatures in the

center of the stripe, and increased thermal gradients along

the etched perimeter which accelerate the electromigration

process (5:487). It is, therefore, necessary to establish

the thermal profile for a suspended linestripe.

The suspended stripe is modeled in one dimension as a

current carrying wire with heat sinks at both ends (7:364).

(7 The model establishes the thermal profile according to

(7:364-365)

T(x) = 1/0 ([lcos a(£ - x)I/cos (al)] - 1) + To (*C) (C.1)

and

a = OpoJ2/K (cm-2 ) (C.2)

where

x = distance along the length of the stripe (cm)
= temperature coefficient of electrical resistivity

(OK-1 )
£ = one half the length of the suspended stripe (L/2)
P0 = the electrical resistivity at 0 OC (0-cm)
To = the temperature of the stripe at each end (OC)
K = thermal conductivity coefficient (W/cm-OK)
J = current density (A/cm2 )
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With the values,

= 0.004 (K -1) (7:365)
Po0= 3.1 at 0 "C (Wu-cm) (7:365)
K = 2.04 (W/cmOK) (33:11)
To =23 (AE

the maximum temperature for the center of the stripe (x = E)

is calculated using Eq (C.1) for various values of L and

displayed in Fig. C.1. The melting temperature for aluminum

is 660 *C. Therefore, the length of the suspended stripe

should be limited to approximately 300 wu to stay well below

the melting point of aluminum.

C-2



=0

* m

1um 21 41aN1IANU M4M M 3

Fig. C.1 Maximum Temperature at the Center of

the Stripe for J = 0.5 X 106 A/cm2

Thermal Profile. The thermal profile for the sus-

pended linestripe is also calculated using Eq (C. 1). The

normalized thermal profile for a suspended linestripe 200 um

long, 10 Wm wide, and 1550 A thick with a current density of

0.5 X 106 A/cm2 is depicted in Fig. C.2.
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Fig. C.2 Normalized Thermal Profile for a Suspended

Linestripe

The maximum temperature for this curve is easily found from

Fig. C.1 for L = 200 um. The values are normalized to pro-

vide a generalized profile of the linestripe. From Eq

(C.1), the thermal gradient 8T/ax is given by

aT/Ox = 250{a (I(tan a)(cos ax) - sin axI]} (C.3)

The maximum temperature gradient occurring at the perimeter

for a range of suspended linestripe lengths is calculated

using Eq (C.4) and displayed in Fig. C.3.
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Fig. C.3 Maxmu Temperature Gradient as a Function of

Length for J = 0.5 X 106 A/cm2

The corresponding normalized thermal gradient curve is shown

in Fig. C.4. As discussed earlier, the maximum temperature

gradient occurs along the perimeter of the etched region.

The temperature gradient at any point of a suspended

, ... linestripe is obtained from Fig. C.3 and C.4.
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Fig. C.4 Normalized Graph of the Temperature Gradient for

Suspended Linestripes (Normalization factor L = 200 Wzn)

The temperature of the aluminum stripe over the un-

etched portion of the chip (T0 ) was determined using the

model depicted in Fig. C.5 (19:26).

SUBS RAT 

as0 

Cox

GO'

Fig. C.5 Thermal Conductance Model (19:26)
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The increase in temperature ( AT) within the stripe is

calculated from the following equations (19:25)

I2R = GTAT (W) (C.4)

I/GT = 1/Gox + 1/Gs + 1/Gp (W/°K) (C.5)

= kOXL [W + AWox]/Hox (W/°K) (C.6)

GS = ksL (W + AWS + AWox)/H S  (W/°K) (C.7)

AW = 0.44(H) (cm) (C.8)

where

I = electric current (A)
R = resistance of the test stripe (9)
GT = thermal conductance of the total path (W/°K)
GOX = thermal conductance of the oxide (W/°K)
Gs  = thermal conductance of the substrate (W/K)
kp = thermal conductance of the package (W/°K)
X thermal conductivity of the oxide (W/cm-°K)

ks = thermal conductivity of the substrate (W/cm-°K)
W = width of the conductor (cm)
L = length of the conductor (cm)
AW = additional width adjustment for thermal flux

through the edges (cm)
HOX = thickness of the oxide (cm)
Hs  = thickness of the substrate (cm).

The conductance of the package is neglected since both the

Mark II holder and the TO-5 header provide excellent heat

sinks. By substituting the following values of

I = 6.19 mA
R = 92.25g
ksx = .014 W/cm-OK (34:852)
ks = 1.5 W/cm-°K (34:851)
L = 957 =
W =7.5 m
H = 5000 A
Hs = 229 um

the increase in the stripe temperature is less than 1 °C.

Dr. Blech also states that the unetched portion of the

stripe remains at "ambient temperature" (5:486).
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The accuracy of this model was not determined in this

4 thesis effort; however, it has been used in (5) and (7).
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Appendix DS
AC Tests

The presence of large thermal gradients in suspended

linestripes raises a question about the influence of thermal

migration. One method of testing for the presence of ther-

mal migration requires a 60 Hz ac source (13:1410,14:23).

The ac test is designed to create the same thermal con-

ditions within the stripe which occur during the electro-

migration tests. By obtaining an ac rms current equal to

the current level used in dc tests, equivalent joule heating

occurs without net current flow. The current changes

direction during each half cycle. If voiding or accumu-

W' lation does not occur during the ac test, the possibility of

thermal migration is eliminated.

This appendix describes the configuration of the test

equipment, the testing procedures, and the results.

Test Equipment

The test equipment is connected as illustrated in Fig.

D.1. The sine wave generator is a Wavetek Voltage Con-

trolled Generator (VCG) Model III, the oscilloscope is a

Tektronix Type 453 Oscilloscope, and the ammeter is a Fluke

8010A Digital Multimeter.
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Fig. D.1 AC Test Equipment

Test Procedure

The following procedures are used to conduct the ac

test.

1. Place the TO-5 header with a mounted test stripe

into the vacuum box and reduce the pressure to two torr.

2. With the test stripe disconnected, adjust the VCG

to produce a 60 Hz sine wave on the oscilloscope.

3. Reduce the amplitude before connecting the test

stripe and set the ammeter for RMS current reading.

D-2
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4. Connect the test stripe and increase the signal am-

~ plitude until the desired rms current is obtained.

5. Record the starting time.

6. After the desired test time has passed, assuming no

failure, turn down the VCG amplitude and disconnect the test

stripe.

7. Transfer the sample to the SEM or STEM and examine

it for any signs of thermal migration. Thermal migration

will cause voiding in the conductor's center and accumula-

tion at both the cathode and anode side of the etched re-

gion.

If thermal migration has not occurred, the sample may

be subjected to equivalent dc current for comparison pur-

~i poses.

Results of AC Testina

Three ac test were conducted with inconclusive results.

While thermal migration did occur, the test stripe configu-

ration was different than that used to generate whiskers for

this thesis. An example of the thermal migration is shown

in Fig. D.2. An rms current density of 0.45 x 106 A/cm2 was

passed through the 332 wn suspended stripe. Failure oc-

curred in less than two hours. The voiding in the center

(A) and the hillock formation on each side (B) indicates

thermal migration.
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Fig. D.2 Thermal Migration (Magnification =1K)

The test results are inconclusive because of the bend

in the stripe on each side of (A). The resulting current

crowding and changes in the thermal profile at these bends

render the results unreliable and inconclusive.

Two other experiments were also performed with the same

configuration and inconclusive results.
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Block 19. continued

The results of the analysis show that aluminum whiskers grow
in a <110> direction along the crystal axis. Additional
morphological observations reveal internal dislocations and
mass accumulation beneath the stripe surface at the whisker's
nucleation site.
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