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Abstract

Wire bond reliability testing typically consists afjing bonds in a high temperature environment
for long time periods, and removing samples arirdls to assess bond shear strength and char-
acterize the bond cross sections. In this wayd#gradation of the bond can be monitored at dis-
crete time intervals, and it is determined whetherbond will be reliable during the specific
service life. This process can be labour and timenisive. An alternative method is reported
using an existing test chip that allows for contasistance measurements and provides signals
from piezoresistive integrated CMOS microsensotcatied around test bond pads. The sensors
are sensitive to radial compressive or tensiless&g occurring on the bond pad due to intermetal-
lic formation, oxidation, and crack formation a¢thond interface.

Two sets of identical test chips are bonded wittinoged Au ball bonds and aged for 2000 h at
175 °C. One set is connected to equipment whichtorsrsignals from the stress sensors and the
contact resistance of the bonds. The other setsurttively tested by shear tests and cross sec-
tioning. It is found that the stress sensors apalsie of indicating which stage of bond aging is
experienced by relating the signal to the relatigasity of the intermetallic compounds (IMCs)
and oxide which form during aging.

This research offers a valuable new method forlacatng bond process development. By using
the sensors to determine the stage of aging expedeand the magnitude of changes happening
to the bond, the initial bond quality and bondabiiity can be roughly characterized. A useful
application is in comparing large samples of bamdsle under varying conditions, and determin-
ing relative reliabilities of the bonds. A smalhsgle size is required, as the sensors allow for

complete continuous aging histories of individuah@s, which was not previously possible.



A new test chip is designed for use in future stadvhich allows for contact resistance measure-
ment, and provides stress signals for up to 55 ©ofanultiplexer integrated on the chip allows
for measurements from one specified bond padiatea The chip is also equipped with x and y-
force measurements which can be used to monita¥ porcess, and a resistive temperature
detector for temperature measurement.

A miniaturized bond aging system is designed tdifate future works where chips are subject to
high temperature storage. A heating element fies tve cavity of a microelectronic package con-
taining the test chip, and allows for precise terapge control, while using less power than a

conventional oven, and maintaining a low tempegaairelectrical connections to the package.
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1. Introduction

In microelectronic systems, computer chips arech#d to substrates, electrically connected to
the substrates, encapsulated, and then affixedawdb. The electrical interconnect between the
chip and the substrate is most commonly made bprheess of wire bonding where a thin wire

is bonded first to pads on the chip and then te pedthe package.

1.1. Reliability

Failure of key interconnections renders entire cevidefective. As more than 4%¥@vire bonds
are made each year [1], it is of vital importarttat twire bonds are reliable. Reliability depends
on the structure of the bonding pad, the mateagthe wire and the bond pad, contamination,
and the process parameters used during bondingn Wkeorocess is optimized, reliability is
greatly improved. Defect rates in industry usingjrozed bonds are typically 20 to 30 parts per

million [1].

1.2. Motivation

As the microelectronics industry evolves, theranisever present need to increase the perfor-
mance of devices while decreasing the cost. Agiiated circuits become more complex, the 1/0
density increases, necessitating finer pitch oéwionds. Due to the high cost of Au, different
materials such as Cu are proposed for the wireibgrmtocess as a means of cost savings. As a
result, the wire bonding industry is faced with thallenge of optimizing the bonding process
with a wide range of different wires so that thatbdas a high initial strength and high long term
reliability. As the initial strength of a bond istmecessarily related to its long term reliabjlibe
reliability must be assessed by performing acctddraging tests. In these tests, sample bonds are
kept in high temperature storage for an extendedgeSometimes, sample bonds are periodi-

cally removed and evaluated for mechanical streagthsectioned in order to observe micro-



structural changes to explain the bond degradaltidhe sample bonds are able to maintain an
acceptable strength for a minimum time period tienprocess used is qualified as reliable. This
gualification process is expensive and labour itax) and provides a poor time resolution of
results, as samples are destructively examinetsettede time intervals, or at the end of aging
only. To learn more about reliability and find wagancrease it, the need exists for an alternative
method of observing bond degradation which can toothe bond interface in real time while
providing results at a lower cost. Although staddgwalification procedures will not be replaced,
such an alternative gauge of reliability could mrasseful for accelerating initial bond evaluation,

and comparisons of bond materials, processes, anadngter values with respect to reliability.

1.3. Non Destructive Reliability Test Methods

As a wire bond degrades, the interface betweebdhded wire and the substrate undergoes vari-
ous changes before electrically or mechanicallynigi Intermetallic compounds (IMCs) form at
the interface and on the adjacent pad materialhdgpad metallization and bump interdiffuse and
are consumed at different rates, the IMCs pregdheanterface grow and change over time [1].
Due to different interdiffusion rates, Kirkendabids form both at the interface and in the pad
material adjacent to the bond [2]. Due to coaleseat these voids and oxidation of IMCs [3],

the bond weakens and cracks may develop.

The two proposed methods of non-destructive bonditmrang are contact resistance measure-
ments and stress measurements. Contact resist@aseiraments are performed by passing a cur-
rent of 1 mA through the bond and measuring th&agel drop across the interface. Using Ohm’s
law, the contact resistance can be calculated.acbrgsistance increases as bonds age which is

attributed to reduced interface area and highteesie of IMCs [1].



Stress measurements are accomplished by integragrgresistive stress sensors around bond
pads in custom test chips [4]. As the bond inte$aexpand or contract, a differential voltage sig-
nal generated by the stress sensor increasesrmaades proportionally. These stresses are caused
by volume changes due to interdiffusion and fororatf IMCs with different densities. Both
sensor signals and contact resistance may be meditontinuously and automatically, providing

a high time resolution and requiring no additioaflour once the aging process has started.

1.4. Objective

The objective of this research is to characteheeusefulness of the integrated stress sensor to
monitor bond aging in a typical wire bond prodda.this end, multiple stress signals with con-
tact resistance measurements are compared toteBedata and microstructural analysis of Au
bonds on multilayer Al pads. Relationships betwisennon-destructive signals and destructive

test data are investigated.

1.5. ThesisOutline

In order to investigate the relationship betweenrtbn destructive signals and standard destruc-
tive tests, several steps are taken. Appropri&eitiach, bonding processes, and accelerated
aging regime are selected and setups are butibte the chips at high temperature and measure
signals from integrated circuitry. In total, fouts of bonds are made on identical chips. Two sets
are made for destructive analysis. One set is rf@dehear testing at discrete intervals and one
set for cross sectioning and examining at the sateevals. Two sets are made for non-destruc-
tive testing. One set is made for contact resigtameasurement and one for stress measurement.
Once the chips are aged, samples from each intergahear tested and sectioned. It is important
to examine the bond cross sections as the micastal changes occurring at the interface are

used to explain the results from all other desivecind non destructive tests. These destructive



measurements are then compared to the non-degérueiasurements and it is observed that
microstructural changes such as IMC growth or okmlmation can be observed through stress
signals and contact resistance measurements. Witilenough data is available to directly corre-
late these results to standard bond failure caitéinie quality of a bond can still be estimated by
observing the rates at which microstructural charageur.

The final section of this thesis is the introduntad new methods to facilitate these measurements
for future studies. A new test chip is designedahdan take 55 contact resistance and stress
measurements for the same bonds, while performimgudtiplexing on-chip with integrated cir-
cuitry. This reduces the number of chips requimed eliminates the need for dedicated multiplex-
ers in the setup. A new miniaturized bond agingaeis developed. This device heats the chip
more rapidly than conventional ovens, while leaatigpackage connections at low temperatures

and allowing for greater flexibility for setup clges.



2. Literature Review

2.1. Wire Bonding Process

The first level electrical interconnect betweenraregrated circuit and package or substrate can
be achieved by a variety of methods such as flip, ¢tape automated bonding (TAB), and wire
bonding. The flip chip process involves depositidisolder balls or non-solder bumps onto chip
pads, flipping the chip over and mounting it oneewal circuitry, and then achieving electrical
connection through the bumps. This method creagkighest 1/0 density but is cost intensive
and inflexible to process changes [1].

TAB was developed as an alternative to wire bondirthe 1960s when the wire bonding process
was much slower and less efficient [1]. TAB usddeoor Au bumps to attach integrated circuits
(IC)s to a thin tape which contains the circuity &ttachment to a PCB. Due to advances in wire
bonding technology to increase speed and reducle gitwire bonds, this method is largely obso-
lete for mainstream applications, although stil haniche where high production volume and
high chip cost make it economical, such as flatepdisplays [1].

Wire bonding is the most common first level interaect method accounting for approximately
90% of the total microelectronics packaging overltst decade [5]. It is popular due to its rela-
tive low costs, high speed, and flexibility of dgsichanges. Wire bonds can be either wedge-
wedge bonds or ball-wedge bonds. Both processegrassure and ultrasonic energy. In the ball
bonding process, the device to be bonded is diefat to a substrate or package and placed on a
heater on the wire bonder. A wire is fed througfapillary and clamped in place with the end of
the wire protruding from the capillary tip as shownrfig. 1 a. An electrode then applies a spark
known as the electrical flame off (EFO) which mefte end of the wire. Surface tension causes

the molten metal to form a free air ball (FAB) wini@pidly solidifies at the end of the wire as



illustrated in Fig. 1 b. The capillary pressesfiiee air ball onto the bond pad with an impact
force, deforming it to its final shape (Fig. 1 The deformed ball is then held in place with a bond
force which is low enough to ensure that no furthefiormation takes place, as a transducer
applies ultrasonic energy to the capillary tip tirepa solid state bond between the ball and pad.
The clamp holding the wire then relaxes (openg),the capillary moves to the location of the
second bond while the wire is fed through as shiomig. 1 d-e. The capillary presses the looped
wire onto the bond pad of the package, and bongsing pressure, heat and ultrasound. This
bond is known as the second bond, and is alsaregféo as the wedge bond, stitch bond, or cres-
cent bond. Then, the capillary and the open claropenupwards by a certain distance, feeding
out a defined length of wire before stopping. Tlanp closes, preventing any more wire from

feeding through the capillary. The capillary anahep then move upwards again, causing the wire

Clamp (@) (b) © (d)

U Electrode w \ l / \ | /

*
- —
(e)

SR I al!

Fig. 1 Wire bonding process. (a) FAB formatior).Ifapact deformation and thermosonic boi
ing. (e) Looping. (f) Second bond formation throdmgat, pressure and ultrasound. (g) Wire fi
(h) Tail breaking.




to break at its weakest point which is located wttae wire is pinched after the second bond
location as is seen in Fig. 1 h. This leaves a taitdhanging from the capillary which is available
for formation of the FAB of the subsequent bond.

The wedge-wedge wire bond process consists of g&bdnds instead of one ball bond and one
wedge bond. In this process the wedge bond loogss beuoriented in the same direction as the
ultrasonic transducer, requiring a dedicated romai axis, while the second bond of a ball bond-
ing process may be positioned at any angle. Wedgpgigerbonds are often used for bonding Al
wire or ribbons onto Al bond pads, and are genepkferable where extremely low loop heights

or room temperature Al bonds are required [1].

2.1.1. WireBonding Materials

In a wire bonding process, the wire material mdséiese to the bond pad materials for the first
and second bonds. The most common wire materfal idue to its absence of oxide and good
formability. The degree of purity is expressedhasgercentage of Au in the wire. For example
wire that is 99% pure Au is referred to as “2N"c&rthe percentage is expressed with 2 nines.
Wire that is 99.99% pure Au is referred to as “AMiich is the wire used in the experiments
described in this thesis. The remaining 0.01% wieposition includes various dopants such as
Cu, Be, Ni and Pd which although supplied in sraaibunts can greatly improve the wire proper-
ties. Interstitial dopants such as Be increasenbehanical strength of the alloy by hindering dis-
location movement [5]. Substitutional dopants sashPd, create much larger stress fields and
strengthen the wire even more. With the exceptiddd) however, most dopants significantly
reduce the conductivity of the wire [5].

Other wire materials used in industry include Crewj and insulated wires. Cu wires have the

advantage of being less expensive, but oxidizektyuin air, and form harder FABs. Cu requires



greater bond force and ultrasound, increasingikieéHood of pad damage or chip cratering [6].
To prevent oxidation, the wires must be storechimart environment and a shielding gas must be
supplied during bonding [6]. Although Cu oxide éroved from the ball during FAB formation,
it remains on the wire and may interfere with telgasecond bond formation.

Insulated wires are coated with a thin organiclayieich burns off during the EFO process and
flows out of the bond during ultrasonic applicatidimese wires may touch each other without
short circuiting, and the coating prevents Cu wirem oxidizing. With appropriate process
adjustments, these wires reach standard bond ybglitemoving the insulation layer from the
bond interface [7].

Wire bonds can be made on many substrates, ingjustinmetallizations [7], Au, or Al. When
wire bonds are to be made between a chip and enedaal in-line (CerDIP) package, as is the
case for this thesis, the material of the chip bpad is Al containing small amounts of dopants,
typically Cu and Si [1, 3], and the final surfag@gh of the package lead is Au. Exact composi-
tions of bond wires and bond pad metallizationsnatedisclosed by the manufacturers and are

not essentially required for the conclusions o study.

2.1.2. Bonding Mechanisms

When the crystal lattices of two materials aligspfid state bond is formed. Main impediments
to bond formation are roughness, lattice mismadold, contamination. For chips manufactured
with standard CMOS processes, surface roughness & problem. Roughness which may exist
on bond pad or FAB surfaces is flattened out duttiregmpact deformation of the ball, and during
the application of ultrasound. Au and Al both h&@C crystal structures with lattice parameters
of 4.07 A and 4.05 A respectively [8]; thereforttitee mismatch should pose no problem to bond

formation. Contamination risks may be minimizedgogper cleaning and storage of chips.



Plasma cleaning is a common method of cleaning ghis where § Ar, or H, are typical

plasma constituents. The ionized gas bombardsateface and can knock off contaminants
by impact. When @is used, it can break down by the reactigrQ0. The individual O atoms
now react with hydrocarbons on the surface, rengpthiem [1]. Fig. 2 shows the improvement in
bond reliability which may be attained through piascleaning. Storage in a low humidity nitro-
gen environment may further protect the chip framtamination between the cleaning and bond-
ing stages.

Plasma cleaning removes foreign contaminants,Haubxide which forms on the surface of the
Al bond pad still remains and prevents bonding farourring. This oxide is removed during the
ultrasonic process. The friction of the Au balldde the oxide which then disperses away from

the interface allowing Au to bond with the pure Al.
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Fig. 2 Pull strength of Au bonds on Al metallizaits with and without plasma cleaning after
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An indication of a strong bond is the presencatd#rimetallic compounds (IMCs) at the interface.
While IMC formation is not necessary for a solidtetbond to form, IMCs indicate that extensive

interdiffusion has occurred resulting in a metajical bond [1].

2.1.3. Important Parametersfor Wire Bond Optimization

Several process parameters are important for pnoglacbond of desired shape with optimized
strength, which vary depending on the bonding nettised. The standard method of ball bond-
ing involves ball deformation through impact wittetsubstrate before ultrasonic bonding begins
and is known as the impact deformation proces8][IThis is the method used for experiments
described in this thesis. An alternative methobdalf deformation combines force and ultrasound
in a process called ultrasound enhanced deform@tied®) [9]. For the impact force deformation
process, the final bonded ball geometry, defineddnyded ball diameter and bond height, is a
product of the impact force and the FAB diametérThe FAB diameter in turn is a product of
the EFO current, wire tail length, and the EFO tik process times are typically fixed at stan-
dard values, and are not varied between proceBBeswire tail length is also held constant, and
only the EFO current is modified to optimize FAResi

Optimized bond strength for a given geometry depamdbond force, bond time, temperature,
and ultrasonic power which is varied to achievepbak strength [1]. Bond temperature is one of
the most important parameters for bond shear stndg Typically, bonds are made at tempera-
tures of at least 175°C in order to ensure formatioa strong bond. Once bond force, tempera-
ture, and bond time are established, the bondgitries maximized by optimizing the ultrasound.
Maximizing bond strength reduces the chance of baihgre and extends the operating life of the
bond. The quality of an optimized ball bond is agpected to vary less between samples than

the quality of a non-optimized bond [1].

10



2.1.4. Bond Evaluation by Pull Test

The pull test is a destructive method of bond gfifeevaluation developed in the 1960s in which
a hook is placed under the wire loop, and pullsalre upwards until failure occurs [1]. The pull
force exerted is measured and indicates bond strelmgorder to measure the strength of the
wedge bond, the hook is located towards the midfitee loop. To measure the strength of the
ball bond the hook is located as close to thedsapossible for a vertical pull direction [3].

While the pull force is an excellent indicator oéage bond strength, it is not always ideal for
evaluating ball bonds. If a minimum of approximgt&b% of the interface is bonded, due to the
large interfacial area of the ball, failure willaao at the heat affected zone of the ball neclkerath
than at the pad interface [1], and little inforroatis provided on the ball bond interfacial

strength.

2.1.5. Bond Evaluation by Shear Test

The shear test directly measures the strengthedbdind interface and is therefore more useful
than the pull test in assessing interfacial stienpihe shear test is a destructive test wheresalchi
shaped shearing ram pushes a ball bond off its paddt a constant speed, and the force
required to break the bond is recorded. Sheargitiezan be calculated by dividing the required
force by the bonded ball diameter to gauge thegtheof the bond. Failure may occur according
to six distinct modes [10]:

Mode 1. Bond Lift: The entire bond is lifted offelsurface leaving only an imprint.

Mode 2. Bond Shear: Intermetallics are left onlibad pad or a large portion of the Au

bond is left behind.

Mode 3. Cratering: Pad material and insulating,3g&¥emoved along with the bond.
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Mode 4. Bond surface contact: Shearing ram contdipsand removes metallization
layer.
Mode 5. Shearing skip: Shearing ram is too highsrehrs top of the bond near the wire.
Mode 6. Bonding surface lift: The bond pad metatiian separates from the chip and is
removed with the bond.
Mode 1 failure indicates lack of adhesion betweemdoand pad. Ideally bonds should exhibit

mode 2 failure.

2.2. Wire Bond Reliability

When a new bond process is developed, reliabgitypically assessed by a number of standard
aging tests, e.g. by aging the bonds at elevateddeature while shear testing and/or pull testing
them at periodic intervals. Such high temperattoeage (HTS) is performed at various tempera-
tures above 150 °C. A temperature of 175 °C iswafsed because this is the curing temperature
of common moulding compounds which are used instrguo encapsulate bonded dies [5, 3]. If
hermetic package sealing is required, the bondsexaresed to temperatures up to 300°C for sev-
eral mins; however for applications requiring hetimpackaging, Al wires are generally used
instead of Au [5].

As wire bonds age in HTS, changes occur at the baedace which over long periods of time
(>1000 h) weaken the bond. This weakening is gdgereasured by shear tests or pull tests, and
observed through cross sectional analysis. It $sipte that the microstructural changes causing
this weakness may be also observed through mamgttine contact resistance [1, 11, 4] and radial

stress fields generated by the aging bonds [4].
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2.2.1. Microstructure Evolution

The driving force behind microstructural evolutigrthe diffusion which occurs between the Au
wire bond and the Al pad. IMC formation starts dgrthe bond process and is indicative of
strong adhesion. As the metals interdiffuse, IM@kfarm according to local availability of each
metal. AgAl 5 is expected to form first, followed by Aél, Au,Al, AuAl and AuAl, [1]. The

exact composition of the IMC denoted g3 is debated, and in some phase diagrams is identi-
fied as AuAl, [1, 2].

Conditions of the bonds and environment during htftlsence the rate of microstructure evolu-
tion and bond failure. Important parameters are wamposition (2N or 4N), HTS temperature,
contamination and atmosphere. 4N wires are useithéar low resistivity and large bonding
parameter windows, yet readily form IMCs during HRSI wires are doped with Pd, Pt, or Cu
which increase strength and slow IMC formation (dr&tefore bond degradation) [12]. HTS
temperature is directly related to the rates ospheansformation and cavity growth. A higher
temperature results in more rapid acceleratioh®figing process.

Contamination on bond pads and wire reduces rétialWhen contamination is severe, and too
thick carbon or oxide layers are present on pafhses, bonds form less readily and have lower
shear strengths. When contaminants are presemivar kconcentrations, the initial shear strength
is unaffected. Koeninger et al [11] report thaiadaility is unaffected by addition of low levels of
contaminants. Harman [1] however, reports that iftiegs concentrate ahead of the IMC growth
and eventually form precipitates. These precipstatéract vacancies resulting from Au and Al

diffusion, which eventually coalesce into cavitiesering reliability.
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The aging atmosphere can reduce reliability by mtimg corrosion or oxidation. Oxidation of
IMCs which cannot occur in an inert atmosphergévalent in an air atmosphere. In a corrosive
atmosphere (35 mbar HCI), failure is greatly acedé [11].

In this work, 4N wire is used to make bonds agetir&C. Contamination is minimized by
plasma cleaning and vacuum storage of chips, amait amosphere is used for HTS. The follow-
ing are case studies from literature which evaluatzostructural evolution of bonds made and
aged with similar conditions.

In [13], Noolu observes the formation of 3 interalkt layers after 2 h of aging 4N Au wire
bonds on Al pads at 175 °C. Underneath the balétisea layer of AwAl. Next is a layer of
AugAl 5, followed by a layer of AsAl, and finally the Al pad metal. After 10 h of agj, the Al

pad under the ball bond is almost entirely consurDeg to a large amount of Au, with decreas-
ing Al supply, the Au-rich phases (Ml and AuAl3) expand down towards the chip surface.
After 50 h, the AyAl phase has completely converted togAls. After 150 h, the AgAl phase

has completely replaced all other IMCs and is thlg cemaining phase. Microstructural evolu-
tion as observed by Noolu can be seen in Fig. @ior EDS investigation is pursued to deter-
mine the formation of intermetallics lateral to thedl bond. In a cross section of a bond aged 150
h, AwAl, AuAl and AuAl, phases were found between the IMCs under the @oddhe remain-
ing Al pad adjacent to the bond.

In Fig 4, a different microstructural evolutionabserved in which the AWl, IMC eventually
dominates and only a thin strip of pAl is present next to the Au ball after 1000 h Hat3.75°C
[2]. In this case the AiAl acts as a barrier preventing Au from diffusimgoi the AuAl .

Another potential microstructural evolution is pospd that involves the oxidation of the /Al

[3]. Optimized Au bonds on Al pads are aged at €/t 2000h. By 50 h, IMCs under the bond
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a) After 10 h b) After 50 h c) After 150 h

Au n)\lj

Au 1:'\ |

Fig. 3 Microstructure evolution as reported iB][1(a) After 10h aging at 175 °C, IMCs have
formed at the bond interface. g is nearest the ball, AyAl ; comprises the majority of the IM
layer, and AgAl forms nearest the pad. (b) After 50 h aging,e&hére pad is converted to IMC
The majority of the IMC layer is AyA\l 3, and AyAl is present near the bond. (c) After 150 h

HTS, the IMC layer has entirely converted to,Au

Fig. 4 Microstructure dominated by A, with only a thin layer of AgAl present [2]. Note
that the IMC referred to here as 4\, is often reported as AAl3
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consist mainly of AgAl; with AusAl bordering the ball and by 1000 h, §Al 3 has transformed
into a second separate lower layer of,Au Between 1000 and 2000 h, the majority of the/Alu
oxidizes. Oxygen absorbs onto surface of the pergdlAwAl and diffuses along the Au-Ail
interface until it reaches the gl at the bond interface [3]. The original pAl layer next to the
ball forms an oxide layer that is well adheredn® ball. The bottom layer of AAl transforms

into a 2-phase composite with a dark oxide matnit Au precipitates as shown in Fig. 5. During
pull tests, failure occurs at the crack which folmeswveen the top and bottom oxide layers. Sritha-
ran et al. [14] confirm that the oxidation rate stamt k,, (which defines the increase of oxide
mass per surface area per second [14]), is mone2hatimes higher for AJAl than for any other
IMC or for the base Al, so oxidation should occwrmreadily in this layer. The proposed oxida-

tion reaction is:

4AU4A| + 302 —> 2A|203 + 16Au (1)
It is estimated that this reaction will cause av8@lume expansion [3] which generates stresses

potentially resulting in cracks.

(b)

Fig. 5 Oxidized AyAl layer [3]. (a) Optical image. (b) SEM image. higAu precipitates in
dark ALO3 matrix
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Controversy exists as to whethergAli; and AuAl, reported in [15] and [1] respectively are the
same phase, and if so as to which stoichiometrgrisect. For simplicity, in this thesis all phases
with an Au:Al ratio of 70:30 to 74:26 will be refed to as AgAl;in accordance with the phase
diagram reported by Okamoto [15] shown in Fig. 6.

Multilayer pads designed for increased reliabiityo include Ti which becomes introduced into
the IMC microstructure. During HTS in [16], a 3 éaypad is used which consists of a top Al
bonding layer, an intermediate Ti diffusion barremd a lower Al conduction layer. The Ti layer
prevents diffusion of Al from the lower Al layer tbe IMCs which form at the upper layer, and
prevents electromigration. During aging at 450tP@,Ti layer is broken, and assimilated into the

microstructure as a Ti rich diffusion layer. Braakiof the Ti layer has no effect on bond contact

resistance.
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Fig. 6 Au-Al binary phase diagram [15]
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2.2.2. Voiding and Cracking

In [13], Noolu observes a row of discontinuous edigtween the 4N Au and the small discontin-
uous regions of intermetallics which form betweas Au ball and Al pad metal in unaged bonds.
After 150 h aging at 175 °C, crack propagationtdumalescence of voids starts at the edge of the
bonds. As the bond ages further, these cracks gav@aowards the center. While it is proposed
that the cracking is due to Kirkendall porosity $1,13], Noolu reports that cavities are formed
due to stresses arising from volume changes aelift IMCs form. Coalescence of cavities
along the void line causes the bond to separate fin@ chip.

In [2], Breach notices that voids begin to formhwit5 pm of the outer edge of the bond within
20 h of aging. After 200 h, the intermetallic lay@rs grown up in 2 humps at the same location.
The Au metal hooks around the outside of the IM@ s, and cracks form around the humps
progressing towards the center of the bond pati@srsin Fig.7. Although the cracks are not dis-

cussed in detall, it appears that they grow betvieedMC layers as opposed to between the Au

IMC hump

Fig. 7 Crack growth around Au “hook” [2]. (a) Spie after ageing at 175°C for 500 h. (b) S
ple after ageing at 175°C for 1000 h. Cracking app& happen between 2 different IMC lay
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and IMC layers as reported by Noolu. Breach propdtisat 2 forms of AyAl are present: a fine
columnar grained cubic alpha phase next to thea\y énd a thick coarse grained version of the
a-Au4Al phase next to the AJl, which forms later. Void formation at the interfdmetween
these two layers is credited to either the Kirkdineffect due to Au being transported to the lower
Au,Al layer [2] or by oxidation of the AJAl layers [3].

The Au hooking effect shown in Fig. 7 b is explair®y Karpel [17] as a lack of bonding at the
periphery of the deformed ball. When the bond fascapplied, the majority of the force is trans-
ferred to the material under the capillary. Thagiesral Au is subjected to the ultrasonic energy
with a lack of bond force, resulting in minimal latimg and IMC formation in this area. When
IMCs that formed under the bond grow upwards, ti@lloyed Au forms a hook with an incipi-

ent crack between the ball and substrate whichvallaxygen to reach the interfacial IMCs.

2.2.3. Shear Strength During Aging

When a gold wire is thermosonically bonded to a jpadding between Au and Al occurs at dis-
crete islands on the bond interface [1, 2]. Therefm bonds that have not been sufficiently aged,
the weakest point is the bond interface, and dwshear testing the bonds lift off, failing in shear
mode 1. As the bond ages, the Al pad is consumetdeasiffusion takes place and IMCs form.
The interface is now more bonded, and the IMCsigeomnuch higher strengths than either of the
base metals [1]. As a result, it is expected thtat aging, sheared bonds fail by shear mode 2a:
shearing through Au. Upon further aging, IMCs gngwvinto the Au ball, sometimes in spikes
[1]. The samples made for this thesis experimenbanded at the low temperature of 150°C, to
prevent ageing while on the bonder. As a resutiaiit be expected that the initial bond quality
would not be as high as bonds made at over 170fCthas spiked growth of intermetallics

occurs. If the intermetallics grow up to the saraght as the shearing ram, much greater shear
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force is required to break the bond and the appatezar strength is very high [1]. As the aging
process progresses, voids appear along the int@iimédayer. As these voids coalesce, forming
cracks, the interface becomes much weaker. The streagth drops, and the bonds now fail at
the intermetallic layer defined as shear mode 2beyolution of expected shear modes over time
can be seen in Fig. 8.

In [18], shear and pull strengths of bonds agel&t over 1000 h are measured. Shear strength
increases up to 200 h and then decreases. As aaehen Fig. 9, shear strength doubles from as-
bonded strength to its peak strength. This is dubkd formation of chemically strong bonds by
IMCs at the interface. Breach attributes the folluywdecrease in shear strength to chemical deg-

radation of the AyAl layer which lies directly below the Au.

longer aging times

>
(a) (b) (c) (d)
Areas where welding Due to interdiffusion and Spikes of hard
has occurred intermetallic formation, intermetallics at Porosity plus brittle
a solid bond is formed  shear surface intermetallics at
at the interface. shear surface.

Direction of ultrasound
during bonding

Fig. 8 Interdiffusion and growth of intermetadliat shear interface. (a) Due to poor ball adf
sion, ball fails by shear mode 1. (b, c) Ball skehrough Au material and fails by shear mode
(d) Shear interface at IMC/oxidation layer revestisar mode 2b.
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2.2.4. Contact Resistance

Although the physical strength of the bond is theshtommon measure of bond quality, the con-
tact resistance of the bond describes the electaraection making it an important property.
Resistance is measured by passing a current thtbedbond, measuring the voltage drop, and
performing an Ohm'’s law calculation. Since the ashtesistance is very low (~2-3nj4])

accurate measurement requires the 4-wire methogrshoFig. 10 a, where 2 electrical connec-

Pull Strength {grams-force)
1

|
I
-
h

(soiop-sweld) yibuang Jeayg

—o— Pull strength
—=&— Shear strength

=y

¥ T ¥ T T T ¥ T ¥ T
a 200 400 800 800 10430

Bake Time in Air at 175°C (Hours)

Fig. 9 Shear Test results from [18]. Bonds haaendter of 40 um. At their peak, the shear st
corresponds to approximately 200 MPa, which is mhigher than the shear strength of Au.

(@) (b) ©

Double Ball Bonds I

\olt Meter

1 mA Curren
Supply

Ohm’s Law: R = V/I

Pad

—

Fig. 10 Four wire connection. (a) Schematic.Ofbuble ball bond used for 4-wire measurern
[18]
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tions are provided to the ball, and 2 connectiogrspaovided to the pad. One pair of connections
passes a constant current through the bond, wielether pair of connections measures the volt-
age induced across the bond. Since negligible sup@sses through the wires measuring the
voltage due to the high resistance of the volt metdy the bond resistance is measured. Existing
literature offers cases where the contact resistemeasured at discrete intervals using probes
to obtain a 4-wire measurement [18]. A double bald can be used to measure contact resis-
tance where a second Au ball is bonded directljoprof a test bond to provide for the,Viy
measurements, and a custom test chip is equipghdAvi || measurements [4] as shown in Fig.
10 b. This method is capable of providing real-troatact resistance monitoring during HTS. In
[1], it is observed that resistance increasesherfirst 10,000 hours of a 200 °C age, afterwards
plateauing at a the high value of between 1 an@.10

In [19] it is observed that after excessive aging before the bond pops off the substrate, the
contact resistance will oscillate wildly. The casttbetween the ball and substrate is reduced to
tiny contact areas which connect and disconnedbe& electromigration to cause this phenome-
non. Electrical failure is often defined as a derfgercentage increase of resistance and occurs
well before such phenomena are observed [19].

While resistance increase is often blamed on vgidimd cracking of the interface resulting in a
reduced contact area [1, 2, 19], it has also baehbwed to IMC formation [1]. Resistivities of

the IMCs are significantly higher than of the basstals, so as the IMC volume increases, so does
the contact resistance. Resistance increases 6f Birthe absence of cracks or Kirkendall voids
are attributed solely to IMC formation [1].

Electrical failure can occur in one of two waygehmal voiding either between the Au and the

IMC layer, or within the IMC layer can cause then@ontact area to reduce until both mechani-
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cal and electrical failure. Alternatively, as IM@w lateral to the bond, the surrounding pad Al
may deplete due to the Kirkendall effect [1]. Timay eventually lead to electrical isolation of the

bond, although the bond may remain physically robashown in Fig. 11 b.

2.2.5. Integrated Stress Sensors

Integrated stress sensors are introduced in [£B0The sensors are piezoresistive strain gauges
made of n+ diffused Si arranged in a Wheatstordgkrconfiguration around the test pad shown
in Fig. 12 a. The configuration is supplied witki@dtage of 3V, and outputs a differential voltage
which will increase upon experiencing a tensileécaused by the radial shrinking of the bond
interface, and decrease when a compressive fortfacial swelling) is observed as shown in

Fig. 12 b.The sensor sign&,is given by the differential voltage from eitrséde of the bridge:

S= (V- VpIVs (2)
whereVs is the sensing voltage of 3V. When Kirchoff’s citdaws are applied to the circug,

can be expressed in terms of the resistance ofedantent by:

Al depletion leads to electrical
isolation at
bond peripher_y

Bond physically fails

T

Fig. 11 Contact resistance increases until ef@ethe bond fails, or (b) the bond becomes ¢
trically isolated. In case (b) there is no physfedure between the bond and underlying pad
Rather, the pad Al adjacent to the IMCs becomegetipdue to the Kirkendall effect.
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(Ri+R3)- (Ry+Ry)

By using a Wheatstone bridge configuration, thessesignal obtained is an average difference
of resistance experienced between piezoresist@sted to experience stresses tangenti&ly (
R,) and radially R, R3). Since all resistors experience the same ressteimange from an overall
temperature change, no overall signal change isechu

Fig. 13 shows the expected formation sequence @fslbluring aging, with relative IMC volume
changes compared to base metal volumes [1]. Dagitg, sensor signals are measured which
have been observed to roughly correspond to thenetric changes resulting from expected

IMC evolution [4].

2.3. Summary
In published studies of Au-Al wire bonds, inteitddMCs dominated by AgAl 3 and AyAl typ-

ically form at the interface while AuAl Au,Al, and AuAl form lateral to the bond. During HTS

Ball Bond (b)
Contact Zone Compressive Radial Stres

Swell (())

=
Sensor
Element

Tensile radial Stress

Fig. 12 Stress Sensors. a) A source voltagepM3y is applied. The differential voltage
between the sides of the Wheatstone bridge is @et¢t]. b) When the interface region expar
compressive stresses are generated. When it ctmtieresile stresses result in the radial direc
at the sensor element locations [22].
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in an air atmosphere the pA layer is prone to oxidation which results in Aalp05; matrix with

Au precipitates. Voiding occurs at the Au-IMC irfeere, or at the AwAl-Au 4Al interface which

may result from the Kirkendall effect or from oxia. These voids coalesces into continuous
cracks. This degradation will result in decreasalbstrength as measured by the shear tester and

increased contact resistance.

Au
Al
. | Volume Change (dV)  Pymclkg/m3]
£ Au
= AugAl 5 B 20— 14,940
S
S Al
[
s |
®
% Au
o AuAl > 3% — = 14,530
o
g Al
= Au << Al T Au >> Al
o / Au £ Al
= v
(2]
S AUA AuA A > 3% — = 14,530
S AuAl
£ ‘}'M 2 AUAL AugAls B 9% ——B 7,640
AuAl, AuAl Au > +0.5% — = 10,940
Al AUAl > 20 ——# 16,520
v

Fig. 13 Intermetallics which are expected to falaning aging [1].
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3. Experimental Methods

3.1. Overall Experimental Plan

The experiment investigates any relationship thea exist between conventional destructive
bond reliability tests and non-destructive methoidsontact resistanc&k§¢) measurements and

stress sensor measuremes The experimental procedure is outlined in Fi. 1

Optimize Au-Al Bonding Procesis | Select Die Attach Proces*s

Legend:

Actions

Sample Preparation Plan

Prepare samples

Ageing plan
Convection
Oven 175

Setup A

Setup B

Age Samples 2000 h or unt

failure

Non-Destructive Testing

Destructive Testing

Cross-section. Record z-stregs | Record

Geometr
Measure)r/nent Measure sensor output Con_tat\ct
and Shear Tedtk intermetallics, ©) resistance

(Ro)

voids, oxidation
Al pad depletior

Study relationship|

Fig. 14 Experimental procedure
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Sample preparation involves selecting an apprapdad-attach process, optimizing the ball
bonding process, and bonding the test chips. Setngpsonstructed for aging chips and monitor-
ing data. Four sets of samples are aged for 200@pair of Omegalux LMF-3550 ovens
(OMEGA Engineering Inc., Stamford, Conneticut) @6 PC. Set a contains a total of 380 bonds
for shear testing, and set b contains 570 bondseictioning. These bonds are equally distributed
among 19 chips which are destructively tested abgie intervals listed in Table 1. Bond sets ¢
and d consist of 61 bonds 8¢ monitoring and 82 bonds for contini&nonitoring, repectively.
Upon aging completion, the results of the destvecéinalysis are compared to the results of the
non-destructive tests to investigate the relatignbktween all four sets of results. The same test

chip is used for all experiments, but is prepanedi @aged differently for each set of chips as is

explained in Sections 3.2-3.7.

Table 1: Plan for Aging and Destructive Testing. Theidentity of each chip islisted, along
with itstime of ageing, t,, the maximum number of shear testsper chip, MS, and the

maximum number of cross sections per chip, MC.

Chip | t,[h] MS MC Chip | t[h] MS MC
1 0 20 30 11 300 20 30
2 0 20 30 12 300 20 30
3 172 20 30 13 600 20 30
4 172 20 30 14 600 20 30
5 1 20 30 15 900 20 30
6 1 20 30 16 900 20 30
7 10 20 30 17 1300 20 30
8 10 20 30 18 1300 20 30
9 100 20 30 19 2000 20 30

10 100 20 30 11 300 20 30
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3.2. Die Attach

Before chips can be bonded they are die attach€etbIP packages. A standard die attach
method uses silver filled epoxy (Ablebond 84, AblesRancho Doniniguez, California) to glue
the chip in place, which is then cured in an over.this thesis, a colloidal silver (Pelco 16034
Colloidal Silver, Ted Pella Inc., Redding, Calif@phcomprised of 60% + 1% Ag is used instead
of the silver filled epoxy. The colloidal silverhich cures at room temperature over 24 h, is
reported as reliable at service temperatures oP2(Ja3]. It also offers the advantage of being
soluble by isopropanol, allowing for removal of tttep from relatively hard ceramic package for
subsequent cross sectioning. In a preliminary geship die attached with colloidal silver is
removed from a package after 48 h exposure toagapol, whereas a chip die attached with sil-
ver filled epoxy is still firmly attached after T2of exposure to isopropanol.

After die attach, the chips are plasma cleanedn@we organic contaminants from bond pads
and reduce surface oxide. All samples are placedplasma cleaner (plasma cleaner located at
Microbonds, Markham, Canada) which is evacuated20 mtorr, and a gas mixture of 90%Ag,
10% H is pumped into the cleaner until the pressuirgcreased back up to 270 mtorr. A radio fre-
guency (RF) generator operating at 380W createpl#sna inside the cleaner (Fig. 15) which is
maintained for 15 min. After plasma cleaning, th@s are immediately removed and vacuum

sealed in a container which is placed in nitrogenagye.

3.3. Preparation of Wire Bonding Samples

Prior to bonding the test chips, the bonding preée®ptimized for two reasons. First, it is desir-
able for the bond to be as strong as possibleagattendures aging for as long as possible. Sec-
ond, the quality of an optimized ball bond is expddo vary less between samples than the

guality of a non-optimized bond as illustrated ig.A6.
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All bonding is performed on the ESEC 3088 wire bemdESEC, Cham, Switzerland). The capil-
lary used is a SBNE-35BD-AZM-1/16-XL (Small PrecisiTools, Petaluma, California), which

is made for 1 mil wire, and has a chamfer diamef&dl pum. The wire used is 1 mil 4N Au wire
which has a breaking load of 10 gf, elongation.882 and a Vickers Hardness of 50. Wire bond-
ing test chips used for process optimization appked by ESEC and attached to PLCC44 lead-
frames. The bonding pads for the ball bonds areenoddtandard bond pad Al (with Si and Cu

dopants), and the metallization to which the welnlgieds are made to is Ag.

Fig. 15 Chips being plasma cleaned.

y )

A \

1@

Bond Quality

Unoptimized Optimized Bonding Parameters

Fig. 16 Optimization results in less varianceu#igyariations in bonding parameters will prc
duce greater change in bond quality of (a) unogthibonds compared to (b) optimized bon
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A low bonding temperature is desired to minimizg ageing effects while in process. The bond
temperature is 150 °C with an offset temperatu08€C and a temperature deviation of 5°C. Wire
loop parameters are shown in Table 2.

The first step of the optimization procedure iz¢oify the quality of the tail bondn order to be
acceptable, the tail bond should always stick éontlaterial and no fish-tailing (peeling) should be
observed. Tail bonds are made with the wedge barahpeters shown in Table 3, and found to be
acceptable. The tail bond parameters do not reqmirextensive optimization like the ball bond
parameters because the tail bond is being madesbatdu wire and Ag metallization on the
leadframe used for optimization, and will be madesMeen gold wire and gold leads on the Cer-
DIP package for the experiment. Bonds between Als pad Au wire form easily and are not
subject to problems encountered during HTS of dlidar metals such as interdiffusion, oxidation

and intermetallic formation. Since Au is soft armed not oxidize, there are relatively few prob-

Table 2: Wire Loop Parameters

Parameter Value
Loop Mode 1 Advanced Eng
Arc Path Standard
Loop Shape Standard
Loop Height 350 um

Table 3: Wedge Bond Parameters

Parameter Value
Wedge Impact Force 700 mN
Wedge Bond Force 400 mN
Wedge Bond Time 25 ms
Wedge Ultrasonic Power 25%
Wedge Adjust Mode disabled
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lems encountered in Au-Au bonding, and a wide rasfgerameters will result in acceptable
bonds.

The second step is the optimization of the balldogeometry. In order to obtain good signals
from the Z-stress sensors on the chip, the bond beusentered on the bond pad. Excess space is
left between the outside of the bond and the bartigre 70 um pad to verify bond centering. The
bond geometry is chosen as large as possible ar tsdnaximize strength and reliability. These
guidelines are met by a bonded ball size betweean8%0 pum in diameter, leaving between 5 to
7 um of space between the bond and the pad barderify bond centering. Thus, the target
diameter for the optimization process is 55 pum.

Standard engineering practice for the height tanéir ratio for the bond suggests values
between 1:4 and 1:3. A target ratio of 1:3 is chdse this optimization. The target height is
therefore 16.5 um. Such a ball height value witidarce a sufficiently uniform stress distribution
at the bond interface.

The bond height and bond diameter are optimizedlsameously by varying the FAB diameter
and the impact force, while keeping the bond famestant at 250 mN. The FAB diameter is a
function of EFO current, EFO time, electrode-toendlistance (EWD), and wire tail length. To
vary the size of the FAB, the current is variedlebther predefined parameters are kept constant.

The values of the predefined EFO parameters degllin Table 4.

Table 4: EFO Parameters

Parameter Value
Wire Tail Length 400 pm
Electrode to Wire Distance 350 pm
EFO Time 1.30 ms
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A target geometry DOE is conducted where the imfaace (IF) is varied as either 500 or 800
mN, and the EFO current is varied as either 224an?. As can be seen from Table 5, this results
in FAB diameters ranging from 47.2 to 55.7 um. Triee air ball diameters are measured inthe
andy directions, and the average of these two measuntsimetaken as the FAB diameter

(Fig. 17).

The ultrasonic leveldS) is minimized to prevent deformation during borgdiA test bond for
each set of parameters is first made at 2080Bonds are made at constantly decreasigintil
some of the ball bonds no longer stick to the pest which occurs at 12%S. At this point the
USis increased by 1% to 134Sand the test bonds are made. Four to five tesidare made
for each combination of parameters, and the reguliond heightgH) and ball diameter mea-
sured at the capillary imprinBDC) are measured as is shown in Table 5. BHds calculated
from the different microscope focus required tau®on the bottom or top of the ball bond (Figs.

18 a and b). ThBDCis measured twice in orthogonal directions ancatherage is taken (Fig. 18

Fig. 17 FAB diameter measurements
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b). All bonds are made on the same day with theeszapillary, and no changes are made to the
machine.
Average values for each set of parameters are jtakehcontour plots are made whereBieC

andBH are plotted against the inplit andlgeo parameters. The contour plot in Fig. 19 a shows

Table5: Geometry Results

| =22 mA | =24 mA
Parameter | Sample Ng

BH BDC BH BDC
IF =500 1 13 53 19 53.8
mN 2 12 51.3 21 54.6
3 7.5 52 19 55.2
4 11 52.8 17 55.1
5 10 53.2 18 54.5

Average 10.7 52.5 18.8 54.7
IF =800 1 6 58.8 13 62.7
mN 2 8.5 58.8 11 61.1
3 6.5 58.7 12 61.6

4 6 56.6 135 63
5 n/a n/a 12 60.9

Average 6.8 58.2 12.3 61.9

(b)

Fig. 18 Ball Bond Measurements. (a) Focus isamdipad. (b) Focus is ®@DC. Ball height is
measured by the change in focBEIC is calculated as an average of BI2C measurements ir
the x and y directions.
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the line which represents the sets of parameteishwhsulting in the targd8DC. The contour
plot in Fig. 19 b shows the line which represehéspgarameter sets resulting in the tagfét Fig-

ure 20 shows the intersection of the two linestesgnting the individual parameter set which is

expected to result in both tard&tl andBDC.

The optimized parameters at the intersection acegito this method arg:fo= 23.63 mA and

IF =536 mN. These parameters are now tested withmaltuS parameter (13%). Ten test bonds
are made. The avera@®C is calculated to be 54.9 um, and the aveilges 16.8 um. This is

within the acceptable range, and results in a Git®DC to BH of 3.25 which is also acceptable.

The free air ball diameter at the optimidedgis 52 pm.

The third step is optimizingS. To do this, ten bonds were made on test chipat of the fol-
lowing USvalues: 15%, 20%, 25%, 30%, 35%, representedraston of the full ultrasonic
amplitude available. ThBH andBDC for each bond are then measured and the bondheae

tested with a Dage 4000 shear tester (Nordson Bagkinghamshire, UK) as shown in Fig.

BDC [pum] BH [um]

61 60 59 58 57 56 55 54 53 18 17 16 15 14 13 12 11 10 9 8 7
@ HI T "
24
23.8
23.6 Line of tar-
23.4
23.2
23
22.8
22.6
22.4
22.2

22
500 550 600 650 700 750 800 22500 550 600 650 700 750 800

IF [mN] IF [mN]
Fig. 19 (a)BDC plotted as a function oo andIF. (b) BH plotted as a function oo andIF

leFo [MA]
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21 b. Shear tests are all performed in the direafaitrasound, and towards the wedge bond
(Fig. 21 a). Bonds made with different ultrasoracgmeters are randomly alternated on each chip
to reduce the effects of systematic variations betwtest chips if present. TB&l, BDC, and

shear force§F results are tabulated and plotted in Fig. 22la -

24

23.8

23.6 Line of target T

BDC = 55 um.

\\

Line of target

23.4

23.21

g BH =16.5 um.
< 23F i
LL
u
22.8+ -
Set of parameters where
both BH and BDC are
22,6+ - s
optimized.
224+ -
222+ -
22 | | | |
500 520 540 560 580 600 620 640

IF [mN]
Fig. 20 Optimized parameters for bond geometry

(@)
(b)

Direction of ball
bond ultrasound

\

Direction of shearing
ram during shear test

Fig. 21 (a) Direction of shear testing. (b) Banrdchip being sheared.
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The shear strengtlsS is calculated by converting the shear force fgrams force (gf) to New-
tons, and dividing by an estimate of the crossiseat area of the bond which is calculated from

the BDC using:

SS=(SFx 4 x 9.81x16) / (1000 xn x BDC?) (4)

The calculate®Sis plotted agains$Sin Fig. 22 b. When observing this plot, tB8is expected
to have its maximum between 20 and 28% so the average value of 239%is taken as the
optimized parameter. A total of 32 bonds are predumeasured, and sheared at 2B834or ver-
ification. These results are also shown in Figb22onfirming the expectation.

WhenUShas been optimized at 23%, it is at a level witenesults in slight ultrasonic deforma-
tion to the ball bond. As is shown in Fig. 22 & #tverag8DC at low ultrasound levels is below
55 um. Below about 20% ultrasound, the ultrasonic patamis insufficient to deform the bond
and deformation is caused by the normal impacefatone. When the ultrasound increases above
20%, the averagBDC rapidly increases due tdtrasound enhanced deformatiQdED). This
onset of UED corresponds approximately with thekpeahear strength [21].

The process capability index, cpk [24], is verifiadbrder to ensure that the bond process is

acceptable and consistent. The cpk value is caénlilasing:

cpk=(u—LSD)/ 3o (5)
wherey, LSL, ando are the mean, lower specification limit, and stadddeviation o85S respec-
tively. TheLSLis defined to be 62.3 MPa according to the JED&@dard 22-B116 [25]. The
averageSSis 130.53 MPa, ane including outliers is 8.2 MPa. This results inadcalated cpk of
2.77. Since the cpk is greater than 2, the progeaslfies as six sigma quality, ensuring that the

selected bonding parameters will consistently pceduall bonds that meet the JEDEC standard.
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3.4. Test Chip

A layout and photograph of the test chip [4, 2Q,u&kd for the study are shown in Figs. 23 a and
b, respectively. The chip has two main regions. fliséregion consists of a set of 13 bond pads,
each equipped with a set of piezoresistive streissas which are linked to a multiplexer. The
multiplexer outputs the stress signal of any orgtipahe form of a voltage differential between
Vz, andVz, which is used to calculat®&by Equ. 2. The second region of the chip is a |

pad which accommodates 4-wire contact resistaRgerieasurements. Multiple bonds can be

made on this pad. The test chip also containsiadditbonding pads which cannot be used to
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record non-destructive data, but can be used wge@dditional bond samples for destructive

analysis.
Bond pads with piezoresistive stress sensors
A
(a) ( }
13121110 9 8 7 6 5 4 3 21
Multiplexer L Multiplexer
output input

Outputs for
4-wire R

Vzi measurement

Extra
bond
pads

V22

Extra bond pad Bond pad with 4 wire resistancd) measurement

Bond pad has different metallization
and cannot be used.

(b)

Fig. 23 Test chip [4, 20, 21]. (a) Layout (b) kigraph
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3.5. Destr uctive Tests

A total of 19 chips are aged for destructive analysigure 24 shows the bonding diagram for the

chips used and assigns a number to each wire Btvedoonds which are destructively tested are

referred to with 2 subscripts: one denoting the e@md one denoting the bond. For example,

S&4,16Will refer to the shear strength of bond numbep@&hip number 4.

Terminals
i Direction of ultrasound / Direction of shear tests
25| (24| |23 |22 |21 |20 ‘ 19 '/
26 / \ 18
131211
27 o2 17
Bonds 28 16
1-13 -
Bonds 1 \ 15
14-17 » Bonds
36-37
Bond™®
2 14
38
3 13
4 K 12
5

27|28 2930 311 3233 3435

18 19 20 21 22232425 26

Fig. 24 Wiring Diagram for Destructive Analysis
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3.6. High Temperature Sorage for Accelerated Bond Aging
The chips are aged in the oven at 175 °C, andat&ttdrom the oven after 30 min, 1 h, 10 h, 100

h, 300 h, 600 h, 900 h, and 1300 h. One chip ieted after 2000 h and a pair of chips are
destructively tested without any aging to serva pair of baseline samples. The allocation of
chips for the destructive testing plan is outlimedable 1.

For each time interval, there is a potential maximaf 40 ball bond samples for shear testing and
60 samples for sectioning.

Bonds 1-17, and 36-38 as shown on Fig. 24 are useshéar tests. The shear tests are performed
by the Dage 4000 shear tester at a height of 5pthreisame direction as the applied ultrasound
during bonding and towards the wedge bond.

Bonds 18-35, and A-M are used for sectioning ireotd characterize voids and intermetallic
compounds (IMCs). Prior to sectioning, the exteabunsheared bonds are examined with opti-
cal and scanning electron microscopy to obserezdatMC growth and Al pad depletion. The
surfaces of sheared bonds are examined to studshdae interface. A JEOL JSM 6460 tungsten
filament scanning electron microscope (SEM) is u3é@ chip is removed from the package
before grinding and polishing by breaking the weldgeds and dissolving the colloidal silver
with isopropanol as is shown in Fig 25. Referendpshre sectioned with the &5 package to
verify that package removal does not influence betnalcture. The chip is mounted in a puck of
slow curing epoxy and cross sectioned by grindimg) @olishing with 9, 3, and 1 um diamonds
with alcohol based lubricant and 0.25um colloidia solution on silk pads until the center of
each row of ball bonds is reached. More detailsiatie polishing method are described in [26].
Cross sections are analyzed with both optical ,smwpy and SEM. Prior to SEM analysis, the

samples are carbon coated. For cross section @&)aysEO 1530 field emission SEM with
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EDAX EDS detector is used, as this provides higmage resolution (as fine as 3um) than the

JEOL SEM.

3.7. Bonding Plan for Contact Resistance and Stress Sensor Signal Monitoring

A total of 9 chips are bonded for continuous nostdetiveR- andS measurement as shown in
Fig. 26. Redundant bonds fgy andl; connections used R- measurement are made from the
large Al pad to package leads 14 and 22 to enkatert the event of bond failure, the chance of
signal wires failing before test bonds is reduced.

Stress sensor bonds 1-10 as shown on Fig. 26 ate omasensor pads #3 to #12, respectively,
also shown schematically in Fig. 27. A total of&8lp are left unbonded. The stress signals mea-
sured on the unbonded pads serve as a set ofrimstiss signals for comparison.

The sensors are connected to an on-chip bus Vietéigperature switches, and the bus is con-
nected to bonding pads serving as outputs. A niekgy is built into the chip and is controlled
using a 4 digit binary code connected as 0 V avd#@nals to pads 15 through 18, denoted DO to

D3, respectively, as shown in Fig. 26. The binagyals, as well as the sensing voltage and

(@)

(b) (c)
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35.6 mm
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Fig. 25 Mounting of chip for sectioning. (a) Clgoremoved from package. (b) Chip is insel
into metal clip to keep bonds perpendicular todng surface. (c) Chip is encapsulated in sl
curing epoxy which experiences negligible volumaraye upon curing, minimizing effect on
bond quality.
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grounding are provided by a data acquisition bdBAQ) (Measurement Computing USB Temp-

Al Data Acquisition Board, Measurement Computingstdn, Massachussets) which is con-

(@
Stress 3V Z2 Nu R2  Nul 4V G
Sensor:; (b) / \
Bonds
5 4 |23 |22 |21 |20 |19
G\% / \ /1:8 DO
z1 Q ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ /1:7 D1
|
%ﬁ 28\\ _ | 16 | |p2
Rcl ml' i 5 it | 15 | [D3
Bot L. = 4
2 —1 EE\ RC
ClE 14 ]
2 1 7
pe I 13 | |Re]
e 12 7
s \_ J Ret
VAR ] \ X AN
5| ['s] | 5| (10 |1
Contact 5 6 7 1 11
Resistance
Bonds 11-1 K /

R3 RA RA RS RS R6 R
Bot Top Bot Top Bot Top Bot

Fig. 26 Non-Destructive Bonded Chip. (a) Chip med on package, showing the 28 numbe
package pins. (b) Detail of chip on package withdsofrom chip to the 28 package leads.
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trolled by the software. The multiplexer is respblesfor operating the high temperature switches
in a way that the signals of only one test bondcareected to the bus at a time.

Rc measurements are taken for bonds #1 to #7 oratbe tectangular pad in the center of the
chip as shown in Fig. 2&- is measured using the 4-wire method, which reguin® electrical
connections to the ball bond, and two connectiortee pad. For each bond, two connections are
provided through the gold wire of the double balhd, and two connections are provided through
the substrate pad which are common to all bonasgaekage leads 14 and 22 in Fig. 26). A con-
stant current of 1 mA is fed through the bond irteef while voltage across the substrate and ball
bond is measured: is obtained by applying Ohm'’s law to the knownreat and measured volt-
age. A Mainframe (Keithley 2700 Mainframe, Keithlegtruments, Cleveland, Ohio) with a
multiplexer (MUX) [Model 7708 40 channel multiplex&eithley Instruments, Cleveland, Ohio]

is used to select individual ball bonds Ry measurement. A basic electrical schematic of the
multiplexer selection with resistance measurenmgshown in Fig. 28.

All bonds which have their contact resistance nooeid will be referred to with 2 subscripts: one
denoting the chip and one denoting the bond. Famgte,RC-1 geWill refer to the 6th double
bond on chip 1. For bonds on the row of pads eqdppith stress sensors, bonds are referred to
with 2 subscripts: one denoting the chip, and ametng the bond pad used as defined in Fig.
23. Therefore, V&, s3.1refers to the stress signals from bonded padsignld, while

VZc13 s1-2 and Vz 11 sagrefers to the pads which are left unbonded.
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4. Experimental Setupsfor Accelerated Bond Aging

Two setups are used for the experiment. Setupuaasl for bonds on chips wheRg andS are

monitored. Setup B is used for bonds which arerglte@and destructively tested. Setup A which is

shown in Fig. 17 consists of an oven operatingr&t°C, which houses the test chips as well as a

Pt100 temperature sensor (Pt100 sensor, Heraeusa®g). High temperature wires running

under the oven door allow the chips to communigatie the monitoring equipment. All equip-

ment interfaces with a computer which selects iidial bonds for monitoring, and graphically

displays signals from the bonds.

Setup B consists of a second oven operating at@ mhich contains the chips to be destructively

tested and a Pt100 temperature sensor. Theseahkipged in an oven separate from the non-

destructive set of chips to avoid possible distodes to the electrical equipment when the oven is

periodically opened for chip removal.

Compute

NanoVolt Meter

PC  Matlab Software “Correlate.m’

GPIB Cable for interfacing
between computer and equipme

\olt

Constant 1 mA

LAlEiE= @ @ current supply

chip | | Hﬂ

2

On-chip connection
P
common to all bond

D OUDlE ball bonds

0__—01 H
0__ O ~
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B
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Keithley
Multiplexer
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|
4—.— Wires from double
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Fig. 28 Multiplexer Selection of Target Ball Bofat one chip. Configuration shown measui

R6.
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4.1. Setup A

The setup for the non-destructively monitored cligpshown in Fig. 29, and a schematic of the
setup is shown in Fig. 30. Chips are stored inveanoHigh temperature feedthrough cables
described in a following section lead from the shipit of the oven to a switchbox. This switch-
box relays instructions from controlling softwacethhe chips via a DAQ. The switchbox transfers
output signals from the chips to a set of MUXs diéstl in Section 4.1.5 which seld®g andS
signals from individual bond pads as directed leygbftware. These signals are forwarded to
micro-ohm meters (foR:) and a multimeter (foB) which measures their values. The software
stores a record of all readings and displays theapldcally in real time. Elements of the setup to
be discussed in further detail are the: oven, béghperature cabling, chip-holding rig, switch
box, transistor board, DAQ, multiplexers / measgiiguipment / power supplies, and computer

software.

Power supplies.
4V - MUX inputs

chips to be
continuously Js

Multiplexers
(MUX):
i - 2 forRe

Switchbox  Transistor Switches

Fig. 29 Setup A
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Fig. 30 Setup for non-destructive monitoring dgraging
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4.1.1. Oven

An identical oven is used for each setup. In ea@npa Pt100 sensor is located next to the test

chips to accurately monitor the temperature. Duagmg, the temperature of the oven in setup A
is 175.3 £ 0.49 °C. The oven in setup B has anagestemperature of 174.9 £ 0.14 °C. The tem-
perature difference between the two ovens is neéebed to cause significant differences in bond

aging. Figure 31 shows measured temperatures faom @ven over a sample period of 1 week.

4.1.2. High Temperature Cabling

High temperature teflon insulated wires (Daburrcitmics & Cable Corp., Dover, New Jersey)
are soldered directly on to the pins of the packdgeoptimal electrical connections using high-
temperature solder. The solder used (Farnell Coemsritd., Leeds, UK) is composed of 5%
Sn, 93.5% Pb, 1.5% Ag alloy with a melting temper@bf 301 °C. The wires are arranged in flat
bands and are fed out of the oven between the deenand the frame as shown in Figs. 32 a

and b.

1765 T T T T T T

T for setup A
176

175.5

T [°C]

175: q‘# )

1 1 1 1 1 1
174 1 2 3 4 5 6 7

Time [days]
Fig. 31 Temperature measurements from setup Asangh B as measured by Pt100 sensor
located in the ovens. Increased variation in sétigodue to small gap in oven door required
wire feed-through.

1745 T for setup B
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4.1.3. RigtoHold Test Chips

An aluminum rig is designed and built to hold tle+destructively tested chips in place while
providing space for all required cabling. A moreailed design description is available in [27].
Figs. 33a and b show a schematic and photogragteafd, respectively. The packages are

placed in the rig upside down with the chips canitgy the test bonds positioned between the sup-

Fig. 33 Package holder for oven. (a) CAD desighatder. (b) Holder with package.
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port bars exposed to air. Bars are screwed downltbthe packages in place. Fig. 32 depicts test

chips in the rig with high temperature cabling ted of the oven.

4.1.4. Switch Box

A switch box shown in Fig. 34 a interfaces betwtenchips and the measurement devices. The
switchbox is equipped with 36-pin female connectdfge male connectors are attached to the
high temperature wires connected to the chips @4g:), and to ribbons of low temperature wires
for all other equipment as shown in Fig. 34 b. $tMchbox groups inputs and outputs, so that
Rc measurements from all chips may be accessed hyithés from one set of ports, @imea-
surements from another port, and inputs to thelopUX as well as common grounds and
sensing voltageVg) for all chips may be supplied via another induatiport. A wiring diagram

for the switchbox is given in Appendix A.

Fig. 34 (a) Switchbox (b) Connector with banduirfes (c) Connector with band of high ter
perature wires.
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4.15. Devices

A total of 3 Keithley 2700 Mainframes (Keithley tnsents Inc., Cleveland, Ohio) equipped
with Keithley Model 7708 40 channel multiplexer @siare used. Each MUX card has 40 chan-
nels. Since the number BE measurements exceeds the available channels araohe? cards
are used to multiplex the tdf connections\(i, Iy) supplied by the wire bonds, and another
mainframe with 2 cards is used to select the b@utlgonnections\, |, ) for 4-wire measure-
ment. A mainframe with one MUX card is used to sesechip from which to reafl

An Agilent 34401A 6 1/2 Digital Multimeter (Agileritechnologies, Santa Clara, California) is
used to measui®@and a pair of Agilent 34420A 7 1/2 Digital Nanowdicro-ohm Meters with 6
digit resolution and offset compensation are usadéasurdc.

A set of transistors is used to amplify the sigrsaigplied by the DAQ as described in Appendix
B. The amplified power is provided by a pair of pelwer 3645A DC power supplies (Tekpower
Inc., Taipei, Taiwan). One power supply will progid 3V sensing current to the stress sensors.

The other will provide 4V used to operate the oipdUXs.

4.1.6. Software

A program called Correlate.m is written using Mat{@he Mathworks Inc., Novi, Michigan) and
is used to record oven temperature and non-dessteudata which is displayed graphically in real
time and is stored in a .csv file.

The software cycles through & measurements and all S measurements. At each repssu
interval (Table 1), the program records a sirgfaneasurement and a sin@esignal before
switching focus to the next double ball bond aredritbxt set of stress sensors. For the first %h, th
program allows an average of 14 s between measuatenidis provides a time resolution of 14.2

min betweerR- measurements of the same bond or 27.3 min betmeasurements of the same
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sensor signal. As the rate andR- change is expected to slow down over time, thsger
between measurements is increased to 42.5 s &ffehlto 83 s after 45.3 h, and to 114 s after
99.3 h incrementally reducing the size of the ditgacreated, and reducing the number of data
points plotted. If the measurement frequency isredticed in this way, the program has been

observed to crash due to memory overconsumption.

4.2. Setup B

Chips for destructive testing are placed on a shsifle an oven with a Pt100 temperature sensor

as shown in Fig. 35. The temperature sensor sigmatorded by the same DAQ used in setup A.

Package with
Pt100 sensor

Fig. 35 Chips on shelf in oven in setup B.
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5. Microstructural Analysis

A cross sectional analysis and observation of tdrellexterior are conducted on samples for each
aging duration given in Table. 1. At each timein&d, physical quantities (properties) of the bond
are measured as described in the following sectlasple sizes for each measurement are given

in Table 6.

5.1. Properties Evaluated

Table 7 lists the quantities evaluated to charemt¢he bond microstructure during aging. Each of

these quantities are described in the paragrapih$atow.

5.1.1. Quantitative M easures

As shown in Fig. 13, IMCs formation lateral to thend (AuAl, AuAl,) causes a volume increase
and results in compressive force felt by the senslements. These are Al-rich IMCs, and their

formation may result in the depletion of pad Alaant to the bond. Formation of AyA$ char-

Table 6: Sample sizes

Hours of | Cross Sectional Measurement Overview Measurement
HTS (AIT, AIC, OCV, PPD, PAC) (LIW)
0 12 9
0.5 23 12
1 13 11
10 14 10
100 12 9
300 16 8
600 18 16
900 20 12
1300 36 6
2000 3 18
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acteristic of bonds in late stages of aging aradten observed soon before bond failure, earning
it the name “purple plague” [5].

The amount of lateral IMC is measured from overh®Bd images, as a SEM allows for wide
depth of focus on areas of the bond at differerghts, while providing higher resolution than
optical microscopy. Overhead images are used assepto cross sections, because failure to
section the exact center of the bond may misrepteke width of the lateral IMC ring as shown
in Fig. 36 a, and because overhead images showgitd@th for the entire bond periphery as
opposed to one specific location. It is also pdedimat brittle lateral IMCs are damaged during
sectioning.

The lateral IMC width is measured in 4 directioasd sample of bonds at each time interval, as
shown in Fig. 36 b, and the average of the 4 measents, LIW for all bonds is determined for
each time interval. Due to curvature of the bondrasvn in Fig. 37, the actual lateral LIW is
approximately 2 um greater than the measured LIM&lfdoonds. However, while the overhead

measurement does not represent the exact vahlmgstaccurately describe its incremental

growth.
Table 7: Bond Properties
Quantity Abbreviation Unit
Lateral IMC Width LIW pm
Interfacial IMC Thickness AIT Mm
Average IMC Coverage AIC % of interface
Oxide / crack / voids at interface ocv % of interface
Penetration of Diffusion Barrier PPD % of bonds
Full Pad Conversion to IMC PAC % of bonds
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The thickness of the interfacial IMCs is measure8 @ndom locations at the cross section of
each sectioned bond as shown in Fig. 38. Measutsraentaken from the top of the IMC layer
to the bottom of the IMC layer. The AIT is the aage of these measurements.

In the early stages of aging, IMCs do not coverethiire interfacial surface between Au and Al;

there are regions of unbonded base metals. Toakaze lateral IMC growth under the ball, the

(a) (b)
t1

Fig. 36 Lateral IMC measurement. (a) IMC thicksyean be misinterpreted if it is measured
through sections. Lateral IMCs appear wider if sresction is away from bond center (t1) as
opposed to at the bond center (t2). (b) PeripH®t@ls measured at 4 locations on chip 17, b
20. Average IMC width = 2.17 pm.

Fig. 37 Some lateral IMCs are not visible dueuovature of bond
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percent of the interface covered by IMCs, AIC, éseidmined at each time interval by dividing
cross sectional area with IMCs by the total cresdisnal width of the bond as shown in Fig. 39.
Close-up images are required to identify IMC region relatively unaged bonds.

Both voids/cracks and oxide appear as dark regiudmesn examined with both SEM and optical
microscopy. While oxide regions have visible préefes, it is not always possible to distinguish
them from void regions so they are measured togéitthis work. Both regions are expected to
lower shear strength of the bond and both regiom&@pected to increase contact resistance. The
oxide regions are expected to generate compressagEs on sensors as they create a 7% volume

expansion compared to the volume of,AlU[3]. Cracking is expected to have a tensile eiffe

Fig. 38 IMC thickness measurements. Example fthip D19 bond J with average thicknes:
4.47um

otal interracial length of imag

0.5 um

Fig. 39 Example measurement of interfacial cogerfaom chip D3 bond 3.
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radially on the sensor elements as it releaselsdhded ball from the pad. The bonded ball com-
presses the sensor elements due to its thermahgxpa

The degree of cracking/voiding/oxidation at therface, OCV, is measured in the same way as
the interfacial IMC coverage (Fig. 40). The widthtlze region is measured but the thickness of
this region is not taken into account because dmonels with 100% interfacial cracking/oxida-
tion are lifted off the IMC layer during grindingnd polishing, making the oxide/crack height
unmeasurable for these bonds.

When the DBL separating the 2 layers of Al in tload pad is broken and penetrated by IMC
growth, Au-rich IMCs are given access to a largsuépply from the lower pad layer. This results
in a period of rapid IMC growth. To quantify thisgnomenon, at each time interval, the percent
of examined bonds with penetrated DBL, PPD, isudated. Figure 41 a depicts a bond with the
DBL intact, and Fig. 41 b depicts a bond with theLDpenetrated after 300 h.

When the Al under the pad is fully consumed by IgtGwth, the IMCs under the ball (i.e. the
interfacial IMCs) may no longer expand downwards] their growth rate decreases. At each
time interval, the percentage of bonds where badtlayers of the bond pad are consumed, PAC,
is determined. Figures 41 a and b show bonds witbmplete Al consumption. Figure 42 shows

a bond where all Al directly beneath the bond isstoned.

\oid/oxide widths

nterfacial bond diamete

Fig. 40 Example void/crack/oxidation fraction mesement from chip D10, bond B. In this ¢
19% of the bond diameter is covered by of voidexade.
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5.1.2. ldentification of IMCs

IMCs are identified by EDS analysis and visual gsial EDS analysis is performed using an

EDAX detector with an accelerating voltage (EHT)LO6for 15 keV. An Electron Flight Simulator

Intact diffusion barrier

(@)

Diffusion barrier penetration

Fig. 41 (a) Bond J from chip D8. IMCs formed op Al layer. No DBL penetration. (b) Bond
from chip D10. DBL has been broken and IMCs havengé in lower Al layer.

Remnants of diffusion barrier between 2 Al layers

Fig. 42 Bond with All under-pad Al converted tdCs.
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(Small World LLC, Vienna, Virginia) Monte Carlo sirfation showing the volume of interaction
where x-rays can be generated during EDS with 20BdT is shown in Fig. 43. This reveals a
spot size of approximately 0.7um diameter, whiclightly larger than the interaction volume
created with a 15 keV EHT. Therefore, EDS analgais be considered reliable for IMC regions
with larger than 0.7 um diameter.

Visual identification of different IMC regions i©psible due to different IMC colours [28].
AuAl, may be observed at the ball periphery due toutplp colour (hence the nickname “purple
plague”). AyAl is slightly darker than AgAl 5, which are both grey in colour. Aél is matte yel-
low, but less bright than Au, and can normally tnenfd at the top of the IMC layer next to the Au
ball. In later stages of aging, a yellow phase passibly is AyAl, but may actually be an

unidentified ternary Au-Al-Ti phase, is observe@nthe DBL.

0
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0.33
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Fig. 43 Monte Carlo simulation of the interactmslume for Au with 20 keV EHT.
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5.2. Microstructural Evolution

The microstructural evolution is observed at eaule interval, and the physical properties of the

bond are measured and quantified. Cross sectioa$ lmdnds are found in [29].

5.2.1. Unaged (As-bonded)

Figures 44 a, b, and d show cross sections fopiaalybond in the unaged condition. As can be
seen, there is very little IMC formation due to tbe temperature bond conditions, and the
majority of the upper pad layer is still unreactddinterfacial IMCs are less than 1/4 um thick
and cannot be identified by EDS, although it iSapated that AgAl; would be the first IMC to

form at the interface [1]. No visible pad depletmfriateral IMC formation is present.

Fig. 44 Unaged bond. (a) Optical micrograph pidgl unaged bond. (b) SEM image of the
same bond. (c) Overhead view of typical unaged b)d25000 x magnification of bond intel
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5.2.2. Half Hour Age

Figures 45 a, b, and d depict cross sectionsyiaal bond aged for 1/2 h. IMCs at the interface
have expanded upwards into the Au ball and downthme first Al layer. Some patches are now
large enough to be identified by EDS, and are fdorae AgAl;. The majority of the first Al
layer has not yet been converted to IMCs. No changlee ball periphery or surrounding pad is

visible from an overhead view (Fig. 45 c).

5.2.3. OneHour Age
After 1 h, the IMC has consumed the Al down tofitet DBL in some spots despite the fact that

there are still unbonded regions on the interfa

CRER
ol

nin Fig 46 a and b. EDS analysis identifies

the columnar IMC grains visible in the IMC layerAassAl 3, and the more equiaxed grains below

Al upper)
Al (lower)

Sio,

Fig. 45 Bond after 1/2 h age. (a) Optical miceqwr. (b) SEM image (c) Overhead SEM ime
(d) 20,000x magnification of bond interface. IM@idified as AgAl; by EDS
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them as AyAl as shown in Fig. 46 d. It is expected that & fayer of AuAl may exist directly

below the Au ball; however this has not been idietiby EDS in any of the bonds aged for 1h.

5.24. Ten Hour Age

After 10 h, the IMCs cover the entire bonded anesoime bonds, and the first layer of Al directly
underneath the bond has been consumed. In othdspooverage is not lower than 69% with
average IMC thickness of 3.22um + 0.32um. It iglemt that significant grain growth has
occurred in the IMCs, as the gA ; grains have grown in size since 1 h as showngs &6 d and
47 d. IMCs have formed directly under the ball eemind are growing vertically upward into the
ball. The edges of the bonded ball have no IMCsutitem. This is the start of the Au hook for-

mation observed by Breach et. al [2]. /Aliis now identifiable under the bond by EDS. Laler

Fig. 46 Bond after 1 h age. (a) Optical microgpraptypical bond. (b) SEM micrograph (c) SE
overview (d) Interfacial IMC region at 20,000x mé#gation. AugAl 5 grain size is small com-
pared to grains after 10h, as 7g4Alli; grain boundaries are crossed by a 2 pm long line
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low density IMCs start to form at the periphery aadAl is identified at the bond periphery as

shown in Fig. 47 e.

5.2.5. Hundred Hour Age
By 100 h, all of the first Al layer has been consahunder all of the bonds. For 7 of the 12 bonds

examined, the IMC layer has penetrated the Ti bagndnd started to consume small amounts of
the second Al layer as shown in Fig 48. As Au pextes the boundary layer more readily than
Al, and a large supply of Al is available for tHew-diffusing Au, AwAIl forms in the new lower
IMC region as shown in Fig. 48.

Dark regions, possibly pores or oxidized,Al} have started to form along the boundary between

the base Au and the IMCs as shown in Fig 49.thesrized that pores are formed as a result of a

Fig. 47 Typical bond aged for 10 h. (a) Opticatnograph (b) SEM image (c) Overhead SE
image (d) Interfacial IMC region at 20,000x magrafion. Large AgAl, AugAl; grains presen
3 AugAl 3 grain boundaries are crossed by a 2um line. (€) t&fion at bond periphery at
20,000x magnification. Note formation of AuAl.
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combination of the Kirkendall effect where basedMfuses into the IMC faster than IMCs can

consume the base Au, leaving voids behind [13Jumad differences between IMCs may also

Upper IMC
Region

Lower IMC
Region

Fig. 48 Initial IMC formation in the lower Al pddyer (after 100 h).

(@)

void or Oxide
il ma

Fig. 49 Typical bond after 100h age. (a) Optroarograph. Dark regions appear along the
low line of Au,Al, which may either be oxidized IMC, or voids/ckac (b) SEM micrograph. (c
Overhead SEM image (d) Lateral IMCs at 20,000x nifaggtion. IMCs identified by EDS. (d)
Interfacial IMCs at 20,000x magnification. IMCs idi#ied by EDS
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result in interfacial cracking. IMCs under the battink, while lateral (Al-rich) IMCs adjacent
to the bond expand and push the Au ball upwards MBrnatively, evidence of these dark
regions being oxidized Al is given by the fact that all dark regions ocourthe yellow line of

AuAl in Fig. 49 a.

5.2.6. ThreeHundred Hour Age

The entire lower layer of Al has been consumedahtBe 16 bonds examined. Two lines are now
visible where the upper DBL previously separatedAhlayers. The composition above, below,
and in between the lines is a mixture of mainlyAly and AyAl grains. At the interface with

the lower DBL which separates the bond pad froncthip, there is a high concentration of
Au,Al as this location is the last IMC region to whigh will diffuse and form Au-rich IMCs.

A yellow IMC line is forming at the DBL which is mointegrated into the IMC bulk. Ti is
detected in varying concentrations in some EDSyaeal and is sometimes not detected at all in
this region. The ratio of Au:Al is 4:1; togethertivthe yellow colour, this suggests that this is a
layer of AyAl forming in the middle of the IMC layer. This clouoccur because Au can pass
through the DBL while Al cannot due to its loweffdsivity in Ti [16]. Where the AgAl IMCs,

and the Au “hooks” in the upper Al layer contaat DBL, Au diffuses through to the lower Al
layer, allowing for the formation of AWAl. The result is a layer of Ayl sandwiched between

two AugAl 3 layers as shown in Fig. 50 b (iii). This internmegdi Au4Al layer is not present in sin-
gle-layer bond pads which develop a microstrucsumelar to that shown in Fig. 50 a.

The dark region at the interface is seen to fortween the AyAl IMC and the AgAl 3 IMC near

the unbonded hook region of the ball where oxygeabie to reach the IMCs, indicating that this

region is likely oxidized AyAl as seen in Fig. 51.
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At the periphery, the AuAl and AuAkegions have grown since first observed at 100hie. Au
hook now curves in underneath the top layer of INfdg. 52 a and b). The peripheral IMCs
extend in some places further outward than theature of the Au ball as shown from above in

Fig. 52 c.

AU4A|

m-

AU8A| 3 AU2A|

-~

Fig. 50 Development of second fAl layer. (a) In a chip with 1 Au layer typical ofost reliabil
ity studies, AyAl forms near Au ball; Other IMCs form below. (b)) §imilar microstructure to
(a) forms. (ii) Au passes the diffusion barrierniing another AyAl layer in second Al layer. (iii
Due to thickness of Al, a lot of Au diffusion isgq@red for IMC formation resulting in excessi
Kirkendall voiding at Au/IMC interface.

(@)

Oxidized region

Oxygen access under hook

Fig. 51 Dark region next to Au4Al and exposeditdsalikely oxide.
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5.2.7. Six Hundred Hour Age

The first continuous dark regions (oxide with pdiiy some cracking) are observed running the
whole length of the interface between the Au ardlhC layers. In the thicker parts of these dark
regions, Au precipitates can be found as seerrifrid). 53 b detail, suggesting that /Al oxi-
dizes forming dark AlO5 oxide with Au precipitates. In all bonds, a lifefw4Al is found in the
middle of the IMC layer near the DBL lines, borditebove and below with A#l 3 grains (Fig.

19 a). This lower AyAl region has grown since 300h without oxididizirige the upper AyAl
layer.

At the periphery, significant formation of low déiysAuAl , is evident. The IMCs extending past

the edge of the ball bond as viewed from an ovetlaegle shown in Fig. 53 c. The peripheral

AU8A| 3 . AUZAI
0.5 um

AusAl AuAl
1pm—

Fig. 52 Bond aged 300 h. (a) Optical micrograptypical bond. (b) SEM micrograph of bon
(c) Overhead view. (d, €) 25000 x magnificatioftoohd interface at bond center and at peript
The dark wavy region consists of bothgAli; and AAL.
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IMCs have grown visibly since the 300 h intervaddaome Al pad depletion is visible at the

edges of the IMCs extending farthest from the bond.

5.2.8. NineHundred Hour Age
The vertical thickness of the IMCs has decreasecess00h from 6.26 um to 5.13 um. This is

due to continued oxidation of most remaining uppesAl, and diffusion of Au to the lateral
IMCs where significant growth has occurred. Sangpbss sections are shown in Figs. 54 a, b, d,

and e. An overhead view of the bond showing latéi& growth is given in Fig. 54 c.

o ;\3\ = Au
s W
. .,___,,.«._;l" i
AusA 300 7 AULAl

Fig. 53 Typical bond after 600 h age. (a) Optroarograph (b) SEM micrograph. Detail sho
Au precipitates indicating that the dark regionx&le and not a void. (c) SEM overview of bo
Detail shows Al pad depletion in high contrast.l{dC region with EDS identification.
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5.2.9. OneThousand Three Hundred Hour Age

Little has changed at the interfacial IMC layereTMC thickness has slightly decreased due to
further Au,Al oxidation. Oxidation and possibly voids and d&®aow cover 100% of the bond-
ing interface at each cross section examined asisdgg. 55 a, b, d, and e. Lateral IMCs have

increased in volume as seen in Fig. 55 c.

5.2.10. Two Thousand Hour Age

There is very little change at the interfacial IM&3sall under-pad Al has long been consumed, the

Au,Al layer next to the ball has been completely medi, and the oxide layer next to the ball has

Fig. 54 Bond after 900 h age. (a) Optical micrpgré) SEM micrograph (c) SEM overview |
SEM close-up of IMC layer at center of bond withE&[@entification. Note some AAl grains
remain at the very bottom of the IMC layer. Alsaenthat AyAl which appears lighter on SE!
images matches locations with yellow IMC from ogtimicrograph. (e) IMCs at bond periph
with EDS identification
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eliminated the supply of Au required for further@uwevelopment. As the lateral IMCs have
grown, they consumed a lot of the base Al from adothe ball bond. As a result, there are
regions of depleted Al (Kirkendall voids [30]) ine pad encircling the bond as shown in

Fig. 56 c. Cross sections of a typical bond, indregatMCs identified by EDS analysis are shown

in Fig. 56 a, b, d, and f.

5.3. Measurements of Physical Changes

At each interval, values for all variables listedlable 7 are measured. Fig. 57 plots all of these
properties as a function of HTS time. A discussibthese results in relation 8 R, andSS

results is found in Section 9.

Au precipitate in oxide
Yellow Au,A

Purple AuA

Fig. 55 Typical bond after 1300 h age. (a) Optiarograph (b) SEM micrograph (c) SEM
overview (d) EDS IMC identification
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6. Shear Test Results

6.1. Shear Srength of Bonds
Shear strength of bonds over 2000 h HTS at 175pited in Fig. 58. Shear strength initially

increases, peaks between 10 and 100 h, and thps. dbits peak, the shear strength of the bonds

is higher than the shear strength of the as-boAdedire.

AU2A| AU4A| 05 pm

Fig. 56 Typical bond after 2000 h age. (a) Optoarograph (b) SEM micrograph (c) SEM
overview with detail showing high degree of Al pdebletion adjacent to lateral IMCs (d) ED
identification of IMCs under bond center. Note e precipitates indicating that the dark reg
is oxide. (e) EDS identification of IMCs at bondripéery.
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The relatively low shear strength initially obsetva unaged bonds is explained by the lower
adhesion of interfacial regions without IMCs congghto regions with IMCs. During shear test-
ing the bonds lift off, failing in shear mode 1. th& bond ages, the Al pad is consumed by IMC
growth as the initial IMC islands grow to cover #@ire bond interface. As the IMCs are 3 to 10
times harder than the base Au [1], the bond sleats weakest point through the Au via shear
mode 2a. As spikes of IMC grow vertically into thl, higher than the 5um height of the shear-
ing ram, some IMCs are sheared along with the Ais Tauses the shear stress to exceed the
shear stress of the base Au. As aging progressebond interface degrades due to oxidation of

the AuAl layer, and formation of Kirkendall voids [13]axlg the interface between the IMC
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Fig. 57 Physical properties of aging bonds.
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layer and the Au bump. After 300 h, a brittle oxiager forms at the AJAI IMC, which may also
result in crack formation due to mechanical stre$$€é]. Some bonds are sheared at the layer of
cracks and oxidation, lifting the ball off the IM€gion and failing by shear mode 2b; these bonds
have lower shear strengths. The combination oR¢&hand 2b failure modes results in an average
shear strength decrease. As time passes, the/avaide region between the Au and the IMCs
grows larger, and the percentage of bonds failugtd shear through the separating ball / IMC
interface grows. As a result of this, shear striemigbps continuously for the remainder of the
2000 h period. By 1300 h, it is noted that contumicegions of oxidized Ayl (and possibly
cracks or voids) run the length of all Au-IMC irfeces as described in Section 5.2.9. ThgAhu
layer next to the ball is greatly reduced indicgtihat the supply of Au from the bump has been
cut off. Therefore, there is very little fresh Aiffdsion from this point onwards, slowing the
growth of Kirkendall voids. As the AW\l layer has been oxidized, there is little furtioaide

growth. As a result, the shear strength does gaifgiantly decrease between 1300 and 2000 h.
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Fig. 58 Shear strength results over 2000 h.
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6.2. Shear Interfaces

Examination of the shear interfaces at differenbisan the aging process verify the causes of
shear failure. Figures 59 a, b and ¢ show typicaasinterfaces at early, mid, and late stages of
the aging process corresponding to respective agires of 0, 300, and 1300 h. As can be seen,
three failure modes are present. The bonds arerdiftied off the substrate as in the un-aged bond
shown in Fig. 59 a, sheared through the Au as in39¢, or sheared through the cracked, brittle,
oxidized Au / IMC interface as shown in Fig. 59&sulting in brittle fracture. As expected, the
majority of lift-off failures occur early on, whiliailure between the IMC and Au base metal
occurs in more heavily aged bonds. In Fig. 60 pgreentage of bonds which fail due to each

mechanism is plotted against aging time.

Fig. 59 (a) Typical shear interface of unaged bé@lure mode 1: bond liftoff. (i) Optical
image. (i) SEM image of the same bond. (b) Typstedar interface of bond aged 300 h. Fail
mode 2a: shear through Au. (i) Optical image.SBEM image. (c) Typical shear interface of b
aged 1300 h. Failure mode 2b: shear through irtderfarittle failure. (a) Optical image. (b) SE
image.
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7. Contact Resistance Results

The contact resistancB{) is measured as described in Section 3.7. Itsgghawer time is shown
in Fig. 61 a for all bonds, and in Figs. 61 b aridraone typical sample bond for clarity. Figure 61
a illustrates the strong dependenc&®gbn location, as thB: offset is similar for all bonds of
each separate bond location described in SectibrA8er an initial resistance rise caused by the
increased temperaturg decreases by an average of 04 due to a pad resistance effect dis-
cussed in Appendix C for approximately the firgtyshours before increasing again for the
remainder of the experimerRe is measured at room temperature of 30 °C befaleafiar the

2000 h age, and is found to have increased angweieb.35+ 0.52 92 during HTS.

100 T T T
90 +
80
70 - / Au sheared
Shear Mode 2a
60 - Lift-off

Shear
50 Model

% of bonds

IMCs sheared
Shear Mode 2b

40 -

30 -

~a

20 -

10

0 | L L LLILIL 1 Ll 1L 1I1l)
0.1 1 10 100 1000
time [h]
Fig. 60 Shear failure modes vs. time. Unaged béatpredominantly by lift-off. Bonds aged
between ~ 2 and 300 hours fail in the Au. Bonds &g8d0h fail at the interface between Au :
IMCs.

1 L1l 11l Ll 111l Il L 1111l
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7.1. Factor s Distorting R¢ Signal

In [4], Rc measured for a 60 um ball bond on a 70 pm pagpiaimately 2 2 at 50 °C. When

Rc is measured for bonds on individual pads, onlytitved interface resistance is measured as

55 T T T T

[9))

T T T
: Glitch caused by temperature spik
__Bond locations described in

15 é --------------------------- X -
! Temperature Characterization'; ~ Temperature Characterization
Lol | BeforeAging || After2000h i
5 | | | | | | | | | |
0 500 1000 1500 2000 2500 3000 3500 4000
time [h]
45
40
= 35
) £
E o
@) o 30
a4
25| - > :
! '/¥ ! | ~5mQ
20 ! i i | ii E i ! 20 ||||||||: i | |||||||i | L1111l
0 1000 2000 3000 4000 -18 -1 6 0 1 100 10000

time [h] time [h]

Fig. 61 (a) AllR: measurements during aging. (b) Sample measuremndmear scale includin
temperature characterization conducted before #Hadaging (¢c) Sample measurement on lo
rithmic time scale. (i) Pre-agirf®: characterization (ii) Aging (iii) Post-agirig- characteriza-
tion. (iv) Continued aging after 2000 h experimisrfinished. At room temperature after high
temperature storagBc has experienced a permanent increase.
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shown in Fig. 62 a and b. In the present experinignis measured for bonds on a large thin pad
whose area greatly exceeds the interfacial boralamnd whose square resistance is greater than
the bond resistance. The inclusion of this exthneaistance as shown in Fig. 62 ¢ provides each
bond with a unique, high offset which depends @nlibnds’ proximity to the 4-wire pad connec-
tions. This is explained in more detail in Appen@ix

The resistance of an empty pad is found to decraaset 0.5 2 over the first 160 h of aging as
described in Appendix C due to grain recovery. iiteal anneals and dislocations which hinder
electron movement are eliminated, resulting inrdststance decrease. As only a fraction of the
pad resistance is included in edghmeasurement, this effect is only partially resjiaedor the
initial R~ drop observed, and does not affectRaancrease experienced after about 80 h in all

bonds.

(@) (b) (©

. Resistance of pad
being measured

"7\

Fig. 62 (a, b) Contact resistance measured froiona on small bond pad. All of the voltage
drop occurs at the wire bond. (c) Contact resiganeasured from bond on large rectangula
pad used in this experiment. Part of the pad @asigt is incorporated into the measurement.
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7.2. Average Rq Signal

For all bonds, the times at which the first resistapeak (average occurrence at #6329 h),
and first resistance minimum (average occurren&8att 14 h) are calculated, and plotted

along with standard deviations in Fig. 63.

7.3. Initial R Decrease

Mechanisms causing- decrease are already in effect before the fissstance peak at 16.2 h.
The thermal coefficient of resistance (TCR) fortehond location is calculated from an initial
temperature characterization wh&eis measured for the bonds at 30, 47, 56, and §bR€Efull
test is explained in Appendix C). The resistanazljwted by the TCR is found to be higher than

the actual measured resistance as shown in Fig.hgis likely due to pad recovery.

32 . . . .

30l Oven temperature |
stable at 175 °C

28 |

06| 16.2h+3.9 i

7 hzx14
24 &

Re [mQ]

22

20

18

161 1 10 00 1000 0000

time [h]

Fig. 63 Average contact resistance for all bor@timns. Standard deviations of maximum a
minimum R which characterize the: dip experienced near the start of aging are lggkdid.
Standard deviations of resistance are not inclalledto pad effects.
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8. Sress Sensor Results

Figure 65 a plots the stress signal over time id2abonds and 8 reference pads. Room tempera-
ture offsetsx,, are removed for all original stress sign&g;y, so that all sensors have a sigBal

= Sorig - o that is 0 mV/V at their initial room temperatutate (30 °C). Figures 65 b and ¢ ot

for one typical sample bond, and one reference fadore clearly see variations between
bonds, all signals from one chip are plotted in Bi§} As can be seen in Figs. 65 and 66, after an
initial signal decrease caused by thermal exparmsiematch as a result of the temperature
increase (wire and pad expand more than Si cliip)stress signal experiences a local minimum
and then increases for approximately 6 h. Thisliswed by a period of relative constant signal

with little further signal changes until approxiragt56 h. At this point, the stress signal once

0045 T T T
0.04 - —
Bond 3
003y .
Bond 1
Bond 2
0.03 -
S Bond 4
o 0.025 —
********************* Bond 5
0.02 —
Bond 6
005 i ——— — — — — — — — — — — — — — — — = Bond 7
0.01 -
0005 | | | | | | |
0 20 40 60 80 100 120 140

Time [h]

Fig. 64 Experimentally observd®} vs. TCR predicted resistance. Horizontal dashestlrepre
sent the TCR predicted resistance. Bold solid laresexperimentally observed resiste
es during temperature increase.
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again increases until approximately 221 h. Aftel BBurs, the stress signal decreases strongly

for the rest of the experiment.

references
\ without
OF ™ — == o - - - - - - - - - - - = })onds

(@)

I

I Il
I Il
I Il
1

0

A Y |
-18 -12 -6

T 1 Y Y T R AT
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time [h]

1 T T T T M 1 : T T T ! N T T T
réference without bond : H

S [mV/V]

25 L1 i Ll i i 1 i: L -2.5 ; L 1 HH
J18-12 6 0 T 10 100 1000 10000 0 1000 2000

time [h] time [h]

3000 4000

Fig. 65 (a) All sensor measurements during agmgample measurement on logarithmic tit
scale (c) Sample measurement on linear time ggpkre-aging stress signal characterization
Aging (iii) Post-aging temperature characterizatidhroom temperature, there is a permane
signal increase after aging. (iv) Continued agiftgrahe 2000h experiment has finished.
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8.1. Average Sensor Response to Aging

An average sensor signal is constructed from adlsuesd signals by identifying times of pro-
nounced sensor signal changes as are highlightéid.i67, and finding the average occurrences
of these changes. As defined in Fig. 67, the maxanthminima are found by sorting the sensor
readings to find the lowest point under 10 h (p&intthe lowest point after 10 h (point 6) and the
highest point after 10 h (point 4). The point aiefthe first tensile stress increase finishesr(poi
2) is defined as the farthest point on the stresgecfrom the line joining points 1 and 4. The
inflection point marking the beginning of the seddansile strength increase is found where the
distance between the stress curve and the linegppoints 2 and 4 is maximized. Point 5 is
defined as the location on the sensor signal cwrhage the distance from the line joining points 2

and 6 is maximized. In some bonds, there is a lplafeau after point 4 before the stress signal

1 T I T T —
| |

05L Characterization 2000 h aging experiment | After |
' | | 2000H

ol Ll - - — - - - — — — — — — — — - — -

-15+

N A WA 1
1 10 100 1000 10000

time [h]

B 30
-18 -1 -6

Fig. 66 All sensor signals from one test chip
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drops rapidly. In all bonds, the start of this chgrop is defined by point 5. At each point of mte
est, the average time of occurrence and averaggsstignal are calculated. These values are

shown in Table. 8 and plotted in Fig. 68. Standadations forSand time of each point are plot-

ted as crosshairs at each point.

8.2. Sensor Char acterizations Before and After HTS

The stress signal is measured at 30°C before &dagfing. For bonds, it is observed tBad
1.03 £ 0.39 mV/V higher after aging, and for refere padsSis 0.928 + 0.29 mV/V higher. A t-
test shows that there is no significant differeimeeffset increases between sensors at bonded and

unbonded pads. This increases indicates a net eotaduction and a net tensile stress experi-

enced.

S [mV/V]

1.4 | IIIIIIIi | IIIIIIIi | IIIIIIIi IIIIIIIi

0.1 1 10 100 1000
time [h]

Fig. 67 Key points in stress signal profile. (I5sEminimum (2) End of first IMC growth (3)
Inflection point where second IMC growth beging. Absolute maximum tensile stress. (5)
Drop-off point. (6) Absolute minimum
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A temperature characterization of the stress sens@onducted before and after the aging exper-
iment. Before the experiment is conduct®d measured at temperatures of 30, 47, 56, aR@.65

The relationship betweehand temperaturd] is calculated using the average linear fit equmti

-0.2 =

-0.6 - -

S [mV/V]
o
oo
Xa—
w —
|

-1.2+

14+ 6

_16 L1 1L 1Illl L il | L1 LIl L Ll
0.1 1 10 100 1000

time [h]

Fig. 68 Stress signal, S, vs. lateral IMC growithe sensor signal curve is plotted using avel
values at key points 1-6.

Table 8. Aver age times and values of key signal changes

Point of | Time of occurrencel Outliers (% of Sensor signal, S | Outliers (% of
interest (h) measurements) (mV/IV) measurements
1 1.49 +0.17 3.6 -0.76 £ 0.032 1.2
2 544 +28 2.4 -0.639 + 0.044 2.4
3 57.6 +16 24 -0.634 + 0.056 3.6
4 221 + 66 3.6 -0.498 + 0.054 9.7
5 462 + 210 8.5 -0.554+0.1 12.2
6 1950 + 77 0 -1.38+0.18 6.1
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as calculated from all bonds. Figure 69 shows & profile during a temperature ramp-up,
and the corresponding linear relationship. After éixperiment, the signals are measured at tem-
peratures of 29, 50, 58, 67, and 72 °C. Againtehgerature dependenceSit calculated. Aver-
age signal temperature relationships before ard hfinding are plotted in Fig. 70 and listed in

Table 9. After aging, the sensor temperature degrsalhas increased for both reference pads and

(@ (b)

0.3 T T T 70
0.25 0.7
' - 65 0.6 Extrapolation _
0.2 160 05 L / |
0.15 - 55 04+ Measured data points
— 0.1 i
s 150 2 03
Z 0.05 £ Eo2
s 445 + wn
n 0 0.1
-1 40
0.05 Or
o1 435 0.1}
i 30 _02 1 1 1 1 1 1
-0.15 0 10 20 30 40 50 60 70
- L 1 1 T [OC]
0'20 5 10 15 2025

time [h]

Fig. 69 Typical temperature ramp-up with measi8dgd) Temperature profile arprofile plot-
ted together. Data points are taken at each temyperplateau. (b$ plotted against using a lin-
ear fit.

Table 9: Temperature characterization of sensors

Pre-HTS characterizatior) Post-HTS characterization
att=0h att=2000h
Temperature characterizar .0.00884 + 6.6 x 18 -0.013 + 0.0061
tion for reference pad (mV/
V/°C)
Number of outliers 0 0
Temperature characterizat -0.0117 + 0.00033 -0.0169 + 0.0018
tion for bonds (mV/V/°C)
Number of outliers 2 (2.4% of bonds) 2 (2.4% of bgnds

84



pads with bonds. The increased CTE of the padkalyldue to removal of dislocations during

the annealing process, allowing for more expanaiwhcontraction.

8.3. Sresses M easured After 2000 h

Although the study concludes after 2000 h, foupstare kept in the oven to observe stresses
experienced after more aging at the same temperasushown in Figs. 65, 66. For pads with ball

bonds,Scontinues to decrease.

@

(i)
(iii)

(iv)

0 10 20 30 40 50 60 70
T[°C]
Fig. 70 Averag&(T) before and after aging for reference pads, amdiéod pads. (i) Reference
pads as received (ii) Ball bond - as bonded. R@ference pad post HTS (iv) Ball bond post |
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9. Discussion

9.1. The Evolution of Bond Aging
Microstructural changes which are accelerated b$ IH¥sult in changes 8S R, andS. By

relating changes of these measurements to thetewohf the bond interface, methods are found
to evaluate bond quality and predict shear strealgdmges from non destructive measurements
alone.
The HTS history is divided into 5 stages:
Stage (a) 0- 2 h: Temperature increases to 175°C
Stage (b) 2-5.5 h: Initial interdiffusion and qolete conversion of all top Al pad
layer into IMCs.
Stage (c) 5.5-58 h: Growth of IMC layer
Stage (d) 58 - 300 h:  Penetration of DBL and cosivarof lower Al layer into IMCs.
Stage (e) 300 - 2000 h: Lateral IMC growth while tkgion under the bond is relatively
static.

All measurements taken are plotted together in.Fifjs and ii. Stages are highlighted for clarity.

9.1.1. Sage(a)

The temperature increase is shown in Fig. 72k#égd.1 h for the temperature to reach 90% of its
final value, and 2 h for the temperature to reath ?C. During stage (a), two mechanisms are
affecting measurements: the temperature changé@dormation. As the temperature
increases, the Au and Al expand more than the &&#@, due to their high coefficients of ther-
mal expansion (CTE) listed in Table 10. The tempeeaincrease also causes an increased elec-
trical resistance due to the temperature dependenoaterial resistance [4]. Calculated

temperature coefficients of resistance (TCRs) efltbnds are found in Appendix C. Diffusion
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and IMC formation accelerate as the temperatureases [11]. The IMCs which form at the
interface during this time, (A#l3, AuAl, and AuAl) all have high densities and result in vol-

ume reduction of 2-3%, as listed in Fig. 13.
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Fig. 71 Destructive and non-destructive measurésn@h Average shear strength, average |
eral IMC growth, averag8 and typicaR: measurements from different samples. (ii) Averag
IMC thickness, interfacial IMC coverage, interfdaeacking/oxidation, and times at which d
fusion barrier is penetrated and bottom Al layeulyy consumed.
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The shear strength increases due to the formatitM@s at the interface which improve the
bonding strength. The stress signal drops indigatisompressive stress caused by the CTE mis-

match of chip materials. During the last half hotithis stage, when the temperature is increasing

T =90% of 175°C. time=1.1h

801 /'/ T=175°C. time = 2h 3
60 1 I I N ||/IIIIIII 1 | | | | L1 1111l

0.1 1 10 100 1,000 10,000
time [h]

Fig. 72 Temperature profile during aging

Table 10: Material Properties

Material Linear C(?efficient o_f Thermal Resistivity € - cm) [30]
Expansion (><1I§K 1) [30]
Au 14.2 2.3
Al 23.1 3.2
Si 2.6
SiO, 0.5
AuAl, 9.4 7.9
AuAl 12 12.4
AuLAl 13 13.1
AugAl 5 14 25.5
Au Al 12 37.5
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from 110 °C to 175 °C, the tensile stresses camggdowing IMCs outweigh the stress caused by
CTE mismatch and the stress signal reaches arfmoghum and begins to increase.

The contact resistance in this stage increasestantperature due to the TCR. However, as seen
in Fig. 64,R: does not increase to the level predicted by TC®tdwan increase of interfacial

bond area and recovery in the Al pad reducing tlegadl resistance.

9.1.2. Sage (b)

As IMCs consume more of the top Al pad layer dowthe DBL, the IMC thickness increases,
and the interfacial coverage increases to almd4t 9ICs grow around the voids formed at the

Au-IMC interface during bonding as shown in Fig.a&3'hese initial voids do not grow upon fur-

(a) Voids

Au ball

(©

Al Pad
Existing IMC
DBL <
E N
\\ | /.
/ - — —
[ L= /
Sio,
IMC growth  Stress exertéd
Al consumed down to DBL  No interfacial IMC coverage here on elements

Sensor Elements

(b)

Initial Pad Height

¥

Fig. 73 Stage b. (a) Voids at Au-IMC interfaceeaftOh. (b) Cross section of sheared bond.
Shearing occurs through Au and ball does not fift(o) Formation of low-volume IMCs creat:
a tensile stress felt by the sensor elements.
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ther HTS and IMC growth and are distinct from tloéde/oxide stages which later form due to
solid state reactions, as anticipated by Karpédl [MCs have also grown vertically to the Au ball
and Al pad.

The continued consolidation of the interfacial aesults in increased shear strength, as the bonds
now shear through the Au layer and do not liftth# interface as shown in Fig. 73 b. The first
layer of Al pad is observed through cross sectiomalographs to be almost entirely consumed
between 1 and 10 h of HTS. The sensor signal isegeantil on average 5.44 h, indicating tensile
stress caused by the formation of the high demsi€ys (Fig. 73 c). Contact resistance also
increases on average during this interval, alth@ighgreatly reduced rate. This increase is likely
caused by the increased thickness of the IMC stegBVICs have higher resistivity than pure Au

or Al as listed in Table 10.

9.1.3. Sage(c)

After 5.5 h, the bonding interface is still strongfean the Au ball, and shear strength results
remain the same. The tensile stress caused by iowef the remaining Al to IMC and vertical
growth of IMCs into the Au ball is balanced by t@mpressive stress of AuAl formation at the
ball periphery and oxidation of the IMCs which &fan this stage. As a resuidoes not change
significantly. Conversion of Au ball into IMCs i®hexpected to affe@as much as downward or
lateral growth, as it produces stress on a plartlediafrom the sensors as illustrated in Fig. 74 a
and b. During stage (dR: actually decreases on average. This decreasessatay a combina-
tion of the 2 resistances being measure&gythe actual contact resistan&g,,4 and the resis-
tance of the Al substratB,q(See Section 7.1). From Appendix C, it is obsethedR,,4drops
for the first 140 h of agindR,,nqiS a function of material resistivity, length, L, and cross sec-

tional area, A, as given by:
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Rhona=p - (L/A) (6)
Examining bonds at 10 and 100 h shows that thé&rtk&s of IMCs has increased. However, the

lateral coverage of IMCs, both at the ball perighaerd directly under the ball (where IMC forma-
tion patches up unbonded base metals) has procaedddster rate. Measuring the ratio of L/A
for typical bonds (Figs. 75 a and b) at 10 and 1§ields ratios of 0.0013 and 0.0008 'ﬁm
respectively, indicating that the increasd=gf, if any, is too small to offset the dropfy,4
Therefore, during stage (&¢ drops while the interface is consolidated.

@
(b)

IMC growth
N ———— ) Al pad |
1 i : : ]
H N . -!_(") C — E——
— S i =[]
Sensor - Existir§g IMC >

Element
Fig. 74 Stage c. (a) Tensile forces at top of IM&ye (i) are detected by the sensors less th
forces at the bottom of the IMC stage (ii) dueheit greater distance from the sensing elem
(b) Small tensile forces from vertical IMC growthdasmall compressive forces from slight la
eral IMC growth result in no net force felt by serss

(@) (b)

Fig. 75 Typical cross sections. (a) Bond aged.1IMR thickness (L) = 2.07 um. Diameter of
IMCs = 45.5 pm. Ratio of L/A = 0.00127|13m(b) Bond aged 100 h. IMC thickness = 2.07p1
Diameter of IMC coverage = 57.5 um. L/A = 0.00078 h
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9.1.4. Sage(d)
In micrographs taken at 100 h, IMC growth penegréte DBL in the average bond, providing a

large new volume of Al for further IMC growth. lhis stage of time, three mechanisms are at
work: Au diffuses through the IMC layer and alohg DBL converting the Al into IMCs and
possibly leaving Kirkendall voids behind due to essive diffusion; the AJAl layer at the IMC/
ball interface is oxidized resulting in volume erpen and decreased electrical conductivity; lat-
eral low density IMCs form adjacent to the ball @hhalso result in volume expansion.

The shear strength drops in this stage due toisi@egrating interface. Oxide which forms as
shown in Fig. 76 a weakly adheres to Au [3], ardlioes strength. In this stag@increases dra-
matically due to the rapid conversion of Al intgher density IMCs. Although lateral IMC
growth is accelerating in this stage and;Alis oxidizing, causing compressive stress, IMG fo
mation at the pure Al layer occurs very rapidly &ewkile stresses dominal®; has bottomed out
and increases after 58 h due to IMC, oxide and faahation which are observed to increase for

the remainder of the experiment.

Oxidation
(@) Lateral IMC growth
- / \ . (b)
T Netnbors e _ Eisting ve [ ©dation
. : ( R xisting \
= ]
<+ |MC growth =

Fig. 76 Stage d. (a) Micrograph showing startaflation, and IMC growth. This interfacial o
dation increases bond electrical resistance anedses shear strength. (b) Tensile forces ce
by downwards IMC growth greatly exceed compresgivees caused by oxide formation or [
eral IMC growth.
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9.1.5. Sage(e)

After the Al under the pad is completely consumgdWCs, two major phenomena occur for the
remainder of observed aging time: the;Allayer at the top of the IMCs is further oxidizeaus-
ing the overall IMC thickness to decrease (IMC khiess chart in Fig. 71 ii) and IMCs grow lat-
eral to the bond as Au diffuses out to consumethgad shown in Fig. 77 b. Shear strength
decreases as interfacial oxide forms. After 90&nhoxide layer is observed to cover the entire
bond interface as seen in Fig. 54 a. As the buottide layer cannot spread laterally any further
(although it does continue to grow vertically itbh@ Au,Al), the shear strength decrease greatly
slows (average shear strength decrease of 653dViBa between 900 and 2000 h).

As the two major phenomena both result in densitiuction and volumetric expansidis
observed to greatly decrease in this stage indigdtigh compressive stress at sensor elements.
The drop inSappears particularly excessive because the ldM€2d are located much closer to
the sensors than the IMCs under the bond (Fig).77 b

Rc continues to increase for the duration of the grpent. This is due to continued oxidation of
the Ay,Al and void formation, and may also be due to tbgletion of Al around the bond as seen

in Fig. 56 c.

(@ Oxides at shear interface Hook region where no adhesion occurs

g
R R R R AR R R R R AR R AR AR AR

Existing IMC

Fig. 77 Stage e. (a) Cross section of sheared dloos shearing interface at oxide layer vel
ing that low shear strength is due to oxidatiof.Gbmpressive stresses are generated by ox
tion and lateral IMC growth.
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9.2. Evidence of Contact Resistance Increase Primarily Dueto Oxide For mation

Harman [1] suggests thBE increases in the ~8@nrange during the first thousand hours is due
to IMC formation, as IMCs have higher resistivibiah base metals (See Table 10). In this experi-
ment, the resistance drops when the first Al lageonverted to IMCs because the measted
decrease caused by a combination of pad resistltcease and increased bonded area, out-
weighs the resistance increase caused by IMC favmat

During conversion of the second Al layer into IMBg,increase caused by oxidation of Aliis
significantly greater thaR increase caused by IMC growth. At the end of s{@yeonce the

entire pad is converted to IMCs and vertical IMOwth is impeded by an oxide layer at the Au
ball and by a DBL at the bottom of the pad, IMC &xgion stops, and IMC formation can no lon-
ger increas&c. If no oxidation were occurring, it is expecteditkhe rate oR: increase would
abruptly slow after stage (d). From Fig. 71 a, thislearly not the case, Bg continues to

increase monotonically with no clear features oupbslope changes during stage (e). As the
other major mechanisms at work to increBgeare the oxidation of AJAl and lateral IMC

growth which continue after IMC growth stops, it@ncluded that these mechanisms are primar-
ily responsible for the increase R

WhenSchanges from tensile to compressive, indicatiregetid of IMC growth under the ball, yet
Rc continues to increase at a relatively constaet rats concluded that this increase is driven

primarily by oxidation.

9.3. Sensor Signal and Contact Resistance as Possible Tools for Predicting Bond Failure

9.3.1. Relation of Stress Sensor Signal to Changes at Microstructure

WhenSincreases, tensile forces are observed at seaelngents which, during aging, are caused

by formation of high density IMCs directly undeethond (AyAl, AugAls, and AgAl). WhenS
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drops, the sensing elements experience comprestsass due to either growth of low density lat-
eral IMCs or oxidation of AyAl. WhenSis stable for long periods of time, IMCs may bewr

ing vertically into the Au ball as observed betwé&esnd 58 h, but no significant changes are
happening at or below the bond interface. ShoibperofS stability occur when 2 counteracting
mechanisms are at work, e.g. formation of high eh¥ICs at the bond interface and formation
of low density IMCs at the periphery. However, tgegriods (in stage (a) and at the transition

between stages (d) and (e) as shown in Fig. 7)eayebrief.

9.3.2. Relation to Shear Strength

Generally, when the bond is not degradiigy constant (stable), indicating a static integfaath
little microstructural change. A stalfigndicates no oxidation and low rates of lateral amerfa-
cial IMC growth. As the bond interface weakens 8&decreases, the rateRf change increases
andSchanges. The increaseRg is caused by lateral IMC growth, vertical IMC grtbvand oxi-
dation. The changes Bare caused by the same mechanisms. VBligincreasing, vertical IMC
growth dominates. Wheidecreases, lateral IMC growth and oxidation doteindertical IMC
growth decreaseSSby forming Kirkendall voids as base metals diffieelMC formation, and

by crack formation due to stress induced by volehenge [17]. Oxidation reduc&Sby lower
adhesion of the oxide layer [3], and by possiblesst crack formation. Examination of shear
interfaces in Section 6.2 and the cross sectioowsiin Figs. 73 and 77 verify that weakened
bonds experience failure at the top of the bratele layer as anticipated.

ThroughSandR: measurement, the onset of strength loss may leetddtin this way. However,
the plateauing of shear strength observed whereaasers the entire interface (Fig. 71 i, 1300 -
2000 h) cannot be observed using the non desteusigynals, as the rate of signal change remains

constant, not reflecting this plateauing phenomenon
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9.4. Application of Stress Sensors

The stress sensor signals are related to micréstadlchanges and strength changes which occur
and may be used to compare bonds against each\then observing signals from several
bonds, the shape of the signal curve can be aumatpianalyzed by custom made software, and
it can be determined which bonds have higher Irsti@ngths and reliabilities. Microstructural
evolution of bonds with high reliability has a l@rgluration before cracking, voiding and oxidiz-
ing and there is slower lateral IMC formation. ¢frfal pads are made from multiple Al layers sep-
arated with diffusion barriers, reliable bondstlet diffusion barriers remain intact for as long as
possible. It is shown [16] that the most reliabdedls are on the relatively thin pads. Thick pads
allow for more IMC formation, more stresses whicaynhead to cracking and more voids result-
ing from increased interdiffusion. Penetration B growth of the DBL will result in a thicker
pad and reduce reliability. DBLs may be damageal iough bonding process, for example Cu
bonding processes which require higher impact amdi hiorces [21]. DBLs may also be pene-
trated due to rapid diffusion which may be slowe@acelerated depending on wire chemistry.
As a result, sensors adjacent to strong bonds iexera quick initial tensile stress increase
which has a low magnitude. This indicates thatntiagority of the interface is welded to the sub-
strate during the bonding process. In a weak bibredfirst signal rise is slow and of high magni-
tude as the islands of bonded material gradudtvahterdiffusion to convert a large amount of
unbonded base metal to IMCs. In reliable bondssémsors exhibit a second tensile stress
increase (due to DBL penetration) later than legalsle bonds. Reliable bonds experience less
oxidation [3] and less lateral IMC growth [1] fogaven aging time, which results in a slower
compressive signal drop. As oxidation is delayedllateral IMC growth is slower, this compres-

sive drop occurs at a later time. The stress chandencreased rate Bf rise which indicate
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voiding and shear strength decrease occur lataara@hthe overall magnitude Bf increase is
expected to be less. If two bonds denoted bondidand b are made and monitored producing
the outputs shown in Fig. 78, bond b would be recgl as superior, without the need for exten-
sive testing. This tool becomes relevant when niaomds made with different parameters are to
be quickly compared.

In an experiment conducted at the University oféllab’s Center for Advanced Materials Join-
ing (CAMJ), 11 bonds are made with an ESEC 310@ Wander at varying ultrasound levels (all
other bond parameters are constant), and age@®@n &t 200 °C [31]. The stress sensor profiles
are reproduced in Fig. 79 a. Generally, it is exgathat bonds made with higher ultrasound have
better initial bond quality, and bonds made witbeptionally low ultrasound levels have low ini-
tial bond quality and low reliability. From measugithe sensor signals alone, it is evident that the
bonds made with higher ultrasound are more sirtoldaond b in Fig. 78, as the initial tensile
stress increase occurs rapidly and reaches a lmagnitude than the low ultrasound samples
(Fig. 79 b and c). This is a result of diffusionrgeable to occur quickly and less Al being avail-

able for IMC formation, which indicates that extimesbonding is present before the start of HTS.

Rc from bond 9'
, s’

” "
- ‘ﬁc from bond b

= 0

0 Temperatur?,

Increase " « S from bond b
Y 4
,l
. /4 S from bond

time [h]
Fig. 78 Example of non-destructive signals foratde and unreliable bonds
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The samples made with low ultrasound can be obddovkave lower reliability as they experi-
ence prolonged compressive stress, which contittudscrease to relatively high magnitudes

after the stress fields around the strong bonds ptateaued.

@ 1 : - . . T
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Fig. 79 (a) Bonds made at varying ultrasonic Ieepressed as a percentage of maximum
ducer amplitude, and aged at 200 °C [31]. (b) Bgicofile for bond well made at high ultra-
sound. (c) Typical profile for bond poorly maddaw ultrasound. Sensor profile indicates the
less adhesion occurred during bonding becauséffydion and IMC formation took more tim
(i) More high density IMC forms during aging whiaidicates that relatively little IMC must
have formed during bonding. Reliability is lower fbis bond a§drops much more due to eitt
oxidation or excessive lateral IMC formation.
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There is not enough data at this time to correlaesignals directly to standard reliability tests,
determining whether bonds pass or fail by monitptime signals alone, as only one set of identi-
cal bonds has been analyzed. In order to directlsetateSto bond shear strength, many sets of

bonds made with many sets of parameters would tteleel examined.

9.5. Investigation of Additional Potential Correlations

Stress sensor data is analyzed to determine whatlyesrdditional correlations exist. For exam-
ple, in the experiment shown in Fig. 79, bonds Jatker US are expected to be weaker and show
a peak inrSwhich occurs later. The subsequent compressive foontinues for the entire experi-
ment andS reaches lower values than are seen for bonds misludigh US. In that experiment,
the degree of signal drop could be related toithe of the initial peak, providing a bond quality
indicator less than 50 h into the experiment.

For the 2000 h age large sample size experimevgngearameters shown in Fig. 80 which char-
acterize thé& profile are compared to each other to investigatsible correlations. All compari-
sons are found in Appendix D. No strong correlatiare found except for (i) vs. (c), which is
irrelevant because (c) comprises the majorityraktperiod (i). Therefore, in this case reliability
differences resulting from minor random variatioambond quality cannot be predicted from early

Smeasurements.
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10.Chip Design for Future Studies

An upgraded test chip is designed for future nostrdetive reliability testing. This test chip has
55 test bond pads which are equippedSforeasurement and simultaneéy¢smeasurement. The
chip is also equipped with x and y-force measurdésehich can be used to monitor bond pro-
cesses [21], and a resistive temperature deteRTM ) for precise temperature measurement. An
on-chip MUX provides for measurements from one sigetpad at a time. This chip is shown in
Figs. 81 a and b by photograph and design layespetctively.

Various test structures are included to help tresitibot. Voltage measurements are available at

various locations along the bus to characterizessiple drop in sensing voltage due to resistance

2 Pre-aging
> 04 - .
E characterization
D 06

0.8 -

1+
12+
-1.4 '

1
time [h]

Fig. 80 Parameters used for early indicator cati@h test. Parameters are (a) duration of ini
tensile stress (b) duration Splateau (c) duration of second tensile stressn@nitude of firs&
increase (e) magnitude of secddinhcrease (f) magnitude &decrease (g) change in offset d
ing aging (h) Average signal during tBelateau (i) total time befor®peaks
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of chip circuitry. Resistance measurements at MXches are also provided. Stand-alone X, Y,

and z direction stress sensors are present foacteaization.

Test Bond Pads witR:, andS, Vx, W Measurements \oltage

HH Measurement
\oltage

Measureme

Rc Outputs

Multiplexer Inputs

Sensor Outputs

Switch
Resistance
Measurement

Switches

RTD I/04 &

RTD Diode Temperature Detector
Test Sensors
with individual
Bond Pads

Fig. 81 Upgraded Test Chip. (a) Photograph (b)drekayout showing chip components
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11.Miniaturized Bond Aging System

A miniaturized bond aging system is designed tdifate future HTS experiments whe$and

Rc are recorded in real time. For the experimentudised so far in the thesis, electrical connec-
tion between the package and monitoring equipmeniogated in the oven which may reduce
connection reliability and increases the electniealstance of the auxiliary wire connections.
Construction of chip holding rigs and solderinchafh temperature wires directly to package
connections is time consuming to prepare, espgafathultiple devices are tested after each
other. To aid in future work, a miniaturized hegtsystem is built which can run on relatively low
power and maintains a low temperature at the packag where electrical connections are

located.

11.1. Design

The miniaturized heating system is designed forwitie 28-pin CerDIP packages with cavities

measuring 1cm or less. Figure 82 shows a schenfatit @dmponents in the system. A PC con-

Multimeters Measuring
Output from Device(Sja—
being heated in
Mini-Oven

\Voltage

Multimeter——
I— Amplifiers<1

<> DAQ le——»1 suitch
»| POWerl—p-| BOX <l

PC

Supply|

v

Current Mini-Oven
Multimeter

Fig. 82 Schematic of system
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tains the software controlling the oven’s powergypThe software also sends and receives sig-
nals to chips being aged via multimeters, a DAQ sigdal amplifiers. The software contains a
PID controller which varies the power suppliedie heater to maintain desired temperature.
Multimeters measure the actual current and volsagmplied to the heating wire. All signals are
organized by a switch box which interfaces betwieractual heater device called the "mini-

oven" and all other associated equipment.

11.2. Mini-Oven Design

The mini-oven consists of 3 components: the hetttersockets, and the clamping mechanism.
These components are labelled on Fig. 83.

A chip is die-attached to the package which isquaio socket #2. Socket #1 contains a Pt100
temperature sensor that is die attached to a 2&@iDIP package. If a temperature sensor is not
required, socket #1 may be used to age a secopd chi

The toggle clamps are closed, pressing the packaggasst the open ends of the heating element,

which is a hollow square copper tube surrounded bgating coil. The PID controller in the soft-

Fig. 83 Overview of mini-oven with components
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ware varies the supplied voltage so that the désiee point temperatures are maintained by the
oven. Cables attached to the sockets carry sitpealgeen the devices being aged and the switch-
box. Any number of setpoint temperatures can bgraramed to be maintained by the oven for
any lengths of time, while any number of signalya recorded and displayed graphically on
the screen. A detailed description of the mini-odesign is found in [32] which includes part

descriptions, dimensions, and assembly instructions

11.3. Thermal Characterization

Thermal characterization of the mini-oven is pearfed to:

(a) Evaluate how accurately a temperature is maisda

(b) Evaluate how accurately a temperature measureoh®ne package predicts the tem-

perature of the other package.

(c) Determine the maximum operating temperaturth®bven.

(d) Characterize temperature distribution acrostaea of the mini-oven structure.
For (a) and (b), Pt100 temperature sensors areglagackages at each side of the mini-oven.
The Pt100 sensors are first calibrated to ensatethleir measured temperatures differed by
<0.1°C. This is done by placing the 2 sensors toegtich other in a standard convection oven,
and ramping the temperature up to 200 °C while @img the measurements of each sensor.
The mini-oven is programmed to maintain temperatofec0°C, 100°C, 150°C, and 200°C for 40
min per interval. This test is repeated 6 timeguFé 84 shows a visualization of the average tem-
peratures maintained at each package locatiomésetsetpoint temperatures.
As can be seen in Table 11, the temperatures ahvihsides differ by a mean of 0.68°C at 200°C.

The tests with the smallest and largest temperditfierences are plotted in Fig. 85.
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The maximum theoretical operating temperature efoen is 260°C, as this is the highest tem-
perature which the teflon will withstand. The ceragoating can withstand up to 1200°C, and the
high-temperature solder connecting the Pt100 teatpes sensors to the package can withstand
up to 300 °C.

The upper temperature limits are tested by hedliegven to 225, 250, and 260°C. Each of these
temperatures is successfully reached and maintéme3lhours.

The temperature is measured at various locatiotfseafini-oven structure, with the mini-oven

operating at 100°C and 200°C. The locations arenstamd numbered in Fig. 10. Measurements

220
200
180 +
160 -

[°C]

0 0.5 1 15 2 25
Time [h]

Fig. 84 Temperatures of both sides of the minirogtering thermal characterization experim
plotted on top of each other. No difference visittethis scale.

Table 11: Temperatures of Each Side of Mini-
Oven Averaged over 6 Tests

Tf;tgf’[':é] T1[°C] T2 [°C]
50 50.23+0.35 50.57 + 0.42
100 100.17 +0.29 100.40 +0.31
150 150.19 +0.16 149.95 + 0.40
200 200.13 +0.20 199.45 + 0.53
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are taken after maintaining the oven at these satfonperatures for at least 3 hours to allow the
entire structure to reach a stable temperature afift@ent room temperature is 29°C. To obtain
the distribution, a thermal paste is applied tosindace, and a Pt100 temperature sensor with a 4-
wire connection is placed in the paste. The medd@raperature is averaged over at least 15 sec-

onds and 5 measurements. The temperature distribatiross the oven is shown in Fig. 86 and

1.8
16t

14+

12+
150°C] 200°C

AT [°C]

0.8
0.6
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| |
| |
| |
50°C : lOO°C:
| |
| |
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o2 oo

0 ! l |
0 0.5 1 15 2 25

time [h]

Fig. 85 (a) Largest and (b) smallest temperatifferdnces between the two sides of the mir
oven at setpoint temperatures of 50°C, 100°C, 158 200°C. Evaluated from six test repe
tions.

Fig. 86 Locations of temperature measurementsiaroven.
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Table 12. The temperature distribution is sliglathymmetrical, with the left side (points 6, 7, 8)

having a slightly higher temperature than the rigjte (points 13, 4, 5).

11.4. Burn In Test

It is desired that the oven should be able to raairtemperatures of 175-200°C for extended peri-
ods in order to perform standard wire bond acctddraging tests [3]. To verify that the miniatur-
ized bond ageing system is robust and the uppeofktiis temperature range, the oven is
programmed to maintain a setpoint temperature 0f20for 1120 h. During this burn-in test, the
power drawn by the oven and resistance of thergatire is recorded. As is shown in Figs 87 a
and b, the resistance and required power incregiséicantly in the first 300 h. After 900 h, the
rate of increase approaches zero. During the3i6th, the power required to maintain the tem-
perature increases at an average rate of 4.1 mMiiincrease might be due to the seal between
the hot oven and relatively cool packages degradimgn changing room temperature causes
thermal expansion and contraction of mini-ovenp&T, .y~ 9°C between day and night).

After 900 h, the required power is only increadiygan average of 0.040/N/h which is negligi-

Table 12: Mini-Oven temperature at
various locations on surface

. T, = T =
postion | e | T
1 49°C +0.70 75°C £1.14
2 34°C £0.19 46.5°C £ 0.25
3 39°C +1.76 63°C +0.78
4 37°C £0.20 50.5°C +0.10
5 36°C +0.22 48.5°C £ 0.53
6 43°C £0.21 63.5°C +1.41
7 38°C +£0.93 52°C £ 0.25
8 36.5°C £ 0.30 49°C + 0.08
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ble given that the oven is consuming 28 W of powwasperate. Given that the required power
fluctuates by £ 0.37mW as the controller adjustéstdmperature, and the correlation coefficient, r
= 0.048, for the heater resistance data points résistance increase is not statistically signifi-
cant.This indicates that the heating element idlegrading over time, and the mini-oven should

be reliable for long term use.

11.5. Thermal Cycling Test

A thermal cycling test is performed to ensure @i@bility of the mini-oven when performing
temperature cycles. The mini-oven is programmexytbe the temperature of a Pt100 sensor
between 55 °C and 195 °C, fon@ of 140 °C, using the temperature profile showRig 88. The
heating part of the cycle lasts approximately 4,ramd the cooling lasts about 7.5 min. After per-

forming 5700 of these cycles, there are no obsévatanges to the oven or to the heating wires.

13 5 T T T T T 30 T T T ] T

G 13 1

o 281 d
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m =137 x 10°® W/h

m=4.1x103W/h m=4.6x10= W/h

m = 2.3 x10°3 W/h
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Fig. 87 a) Resistance of heating wire during ltergh test b) Heating power during long tern
test. Linear fits provided for i) first 270 h ii)¥2 h to 920 h iii) 920 h to 1120 h. Rates of pow
and resistance increases over time are given asapes, m, of the linear fits for the first 27
last 300 h of the long term test.
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12. Recommendations

The integrated stress sensors have proven capadbdteting stress changes associated with
microstructural developments. However, here arecadere multiple developments occur
simultaneously, and it is unclear what their relainfluences are on the sensors. When oxidation
and lateral IMC growth are occurring simultaneoubbth generate compressive stresses at the
sensor elements that cannot be discerned by tiserssignal. To determine the degree to which
this stress may be attributed to the lateral IM@\dh as opposed to oxidation, it is recommended
that similar bonds be made and aged in similar itiomd, except one set of bonds should be in an
air environment while the other set is in a vacuwarmert environment (e.g./Nwhere oxides
cannot form. An experiment such as this could bisased to verify whether a continued contact
resistance increase while the stress field chaingestensile to compressive (indicating no more
vertical IMC formation) necessarily indicates oxida of Au,Al.

In several published studies [2, 11, 13, 17] wmadmicrostructures are examined for bonds

made on single layer metallizations. While studeist with bonds made on multi-layer metalli-
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Fig. 88 Temperature profile for thermal cyclimgt (a) Less than 4 mins to reach 195°C. (k
Less than 7.5 min too cool back to 50 °C.
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zations with diffusion barriers [16, 19, 4] theseno in depth analysis on the yellow intermetallic
which forms near the diffusion barrier when intetatlee growth consumes the lower Al layer of
pad. While EDS analysis identifies this region agA, and while Ti is not detected in any con-
stant ratio, it is recommended that this regiomoee closely examined with transmission elec-
tron microscopy to more accurately identify thiewl If it is discovered that it is in fact a terga
alloy, and is not AgAl, then the volume change associated with its &drom could be calculated
which could help improve the understanding of ttness sensor signal.

While the sensors have demonstrated the abiliigteotify microstructural changes which indi-
cate bond quality and bond reliability, more resbarould be done to determine whether the
magnitude of signal change can correlate direcilly shear and pull strength. To do this, testing
a range of bonds with intentionally different réligies is suggested. It is also recommended that
alternative wire materials be examined such as Geiand Al ribbons used for power applica-
tions, to discover whether correlations exist betvsensor signals and failure modes associated
with such other materials.

Contact resistance measurements offer useful smepil information regarding the state of the
electrical connection. In this study, contact nesise measurement is taken from a separate set of
bonds than stress measurement which increasesiia®ion when comparing these results. For
future reliability studies, it is recommended ttie new test chip described in Section 10 is used,
where resistance and stress are both measureddotest bond. To facilitate setup and avoid
problems which may result from soldering individuates to every package pin, it is recom-

mended to perform reliability tests with the minigted heating system described in Section 11.
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13.Conclusions

Observing and analyzing the microstructural evolutnd strength degradation of a sample of
ball bonds during high temperature storage carebgtime and cost intensive if performed with
traditional destructive methods. Using custom ¢egbs with integrated stress sensors as
described in this thesis allows for automated bmrdparisons that can be quick and inexpensive.
Where destructive methods require multiple bondsheracterize the aging process at a set of
discrete intervals, the custom test chip can gorginuous histories of bond evolution for each
individual test bond made.

The sensor signals provide more information on hefidbility than contact resistance measure-
ments. Contact resistance can indicate the stédmd degradation when the rate of resistance
increase abruptly rises; however, no other feataresletected and reliability cannot be assessed
by contact resistance measurements alone.

Sensor signals have multiple features and prowvisiglt into the microstructural evolution with-
out the need for sectioning a bond which is otheewequired. The sensors are sensitive enough
to observe the effect that a diffusion barrier imadelaying aging, and can differentiate between
interfacial and lateral IMC growth which have ditet effects on the bond.

The practical application for the sensors is amafor a quick initial comparison of bonds made
with a wide variety of parameters (wire bonder paeters, different wire sizes, different materi-
als, etc...). By comparing different bonds, thenalg can characterize the relative degree of initia
bonding, the relative reliabilities of the bondsdahe residual stresses in the bonds. With aesing|
test chip, multiple bonds may be quickly comparg@btomated software, and the bond process

development may be accelerated.
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It is possible that the sensors might provide asohibe measure of bond quality, and therefore
may be suitable as a process qualification tooinVestigate such a possible correlation would
require an additional study with multiple sets ohlds with intentionally different reliabilities. If
the stress signals of bonds with different agirggdnies share common features, then a correlation
might exist.

It is also suggested to study which respectiveceffBMC oxidation and lateral IMC growth have
on the magnitude of the sensor signal decreasé. lBethanisms generate compressive stresses
at the sensor elements. To determine this, itdsmenended that identical bonds be aged in both
air and vacuum environments, and the signal diffeeebe characterized.

It is possible to customize the design of the nexgiaging oven so that it is miniaturized and
allows for more convenient operation (samples @ailyebe replaced) with low power require-
ments and rapid heating capability. Such a minizédrbond aging system allows for more effi-
cient use of laboratory space when multiple mimiaad ovens are stacked, creating a footprint

similar to that required for a single conventiooaén.
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Appendix A: Wiring Diagram for Switchbox

The wiring diagram for the switchbox is shown ig.R89. The switchbox can interface with up to
12 chips, a DAQ which controls the on-chip MUX,eternal MUX to switch between chips for
Smeasurements, a MUX to switch between chip&fomeasurements, and 2 MUX for switch-
ing between double ball bonds fRg measurements.

In Fig. 89, connections to the chips are labell@diiP 1” through “CHIP 12”. For each connec-
tion, individual pins are labelled. Pins labellddhabetically A-X are connections to the stress
signals. Each chip has 2 such connections to medsarsignal as a differential voltage. All out-
puts are wired to the port labelled “Z-Stress”. EBach chip, the lowdR®- connectionl( andV, )

are labelled by a single digit 1-24. Each chiplasch connections, one oddly numberedAar
and one evenly numbered figr. All of these are wired to a single port labelte@dR:". The
individual R- wire bonds on each chip are denoted by a hypheépaie of numbers, e.g. 2-6. The
first number indicates the chip. The second nunrmicates the bond. Ports shown as white cir-
cles indicate the lower ball bond, and hatchedesrindicate the upper bond. These connections
are wired to the corresponding pins of the 5 oupouts named “WirdR".

The port labelled “DAQ” provides the same inputitbchips simultaneously. Each input is
denoted by a colour which is wired to the sameuwr@d pin for each of the 12 chip ports. The red,
blue, orange, and green pins correspond to sengét iMputs D3, D2, D1, DO and are controlled
by the DAQ. The purple and dark green pins sugpdyGround and ¥ connections respectively

which are supplied by an external power supply, raridhe DAQ.
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Appendix B: Transistor Switches

Controlling software uses a DAQ to output signalshie on-chip multiplexer to select an individ-
ual stress sensor for signal monitoring. WhileD#e& is capable of providing up to 5V output to
a chip, connection of multiple chips draws morenttiee rated amount of current causing the out-
put DAQ voltage to drop. To avoid this problemeparate power supply provides the power
required to operate the MUX switches (4V) and aaoffower supply provides the sensing volt-
age (3V). The DAQ operates a set of 4 transistaickes corresponding to on-chip MUX inputs
DO0-D3. The DAQ opens or closes these switches allp¥he supplied power to go through to the
chips. The default switch condition is open, areldpplication of voltage causes the switch to
close. Therefore, the DAQ output must be inverkaxt.example, if the desired address is 0,0,0,0,
the DAQ should supply signals of 1,1,1,1 in ordeclose all 4 switches. Figure 90 shows the

transistor switch setup.

input from power

isupply to power DO-D

Fig. 90 Power amplification with transistor swiésh
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Transistor Switch Operation

A ULN2002A Darlington Transistor Array shown in F@0 and 91 is used. Inputs DO-D3 from

the DAQ are provided to ports numbered 1B - 4B eetipely. A power supply provides 5V to

inputs 1C-4C. 2kW resistors are inserted betweemptwer supply and the switches. If a DAQ

input of 0 is provided to one of the “B” inputsethorresponding “C” input is not connected to

anything inside the switch as shown in Fig. 91Hhergfore, the supplied 4V is output to the chips.

If a DAQ input of 1 is provided, the correspondi'@j input is grounded in the switch as shown

in Fig. 91 c. The majority of the voltage drop wake place over the 2kresistor, so the voltage

provided to the chip will be approximately OV.

1C
2C
3C
4C

DO—— 1B
Input From | p1—— 2B
DAQ D2—1] 3B
D3——1] 4B
DAQ grounidtl_g
G
Power supply grou
Input
0 0 M— 4V
v
Output
G L\

Power supply 4V
2kQ
K ‘W_
E MW
K A
| W
i DO
i D1
1l D2
D3
Output to
Chips
nput
1 A 4V
ov
Output
G

Fig. 91 Transistor Switch Operation. (a) Switcyolat. (b) Switch operation with input of O (O\

(c) Switch operation with input of 1 (3-5V).
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Appendix C: Resistance of Empty Pad

Four wire resistance of the Al pad metallizatiomisasured during aging at 175°C in order to
determine whether the resistance of the pad isgithgrn a way which might affect the measured
Rc of test bonds, and in order to evaluate whetrehtghR: values can be explained by the pad
resistance.

M easured resistance across length of pad

Ball bonds are made at each corner of the largeélas shown in Fig. 92. A sensing current of
1mA is provided along the length of the pad at side, and the induced voltage is measured on
the other side of the pad. An Agilent 34420A 7 Digital NanoVolt Meter is used to perform the
measurements and calculate the resistance of thél'ha temperature is increased to a target
temperature of 175 °C (actual oven temperatureeasuned by Pt100 sensor is 178°C) in steps
(as shown in Fig.93) to determine the temperataedficient of resistance (TCR) of the pad

which is calculated to be 0.0039 4@om Equ. 7.

B | I“‘J

Fig. 92 Wiring for pad resistance measurement.
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a=m/(m* T+ b) (7)

where m is the slope of the resistance-temperaturee, b is the intercept &, andT,q¢is a ref-
erence temperature (0°C in this case).

The sheet resistance of the pad is calculated td.Bent2 per square. The temperature is then
maintained for an additional 140 hours as showkign94. The resistance of the pad drops by 0.5
mQ, or 3.2% of its total. This occurs due to Al gra@covery, and helps explain the drop of
approximately 0.5 €2 experienced by the wire bonds during the first b60rs of aging.

Problems with built-in pads for measuring the ollgesistance of large metallization region.

As seen in the bond diagram in Fig. 95, the test icitludes bond pads connected to lines which
attach to all 4 corners of the large Al pad, arediatended for measuring the resistance of the pad

in total. In order to measure resistance with tethod, the chip is bonded as shown in Fig. 95

25}

24}

| I |
14 16 18 20

23}

R [mQ]

m = 0.06466

150 T T T : f T 22r

100 i 21}

Linear Fit:
R = 0.064658T + 16.4837 -

T [°C]

0 ! ! ! ! ! ! ! ! ! 19 ! | ! | |
0 2 4 6 8 10 12 14 16 18 20 40 60 80 100 120 140 160

time [h] T[°C]

Fig. 93 Resistance-temperature characterizatiofifding TCR of Al test pad.
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Fig. 94 Pad resistance drop experienced duridghldf HTS at 175 °C

Fig. 95 Wiring diagram for measuring pad resiséansing on-chip connections. This methc
does not work, as the on-chip connections areeietle

123



and the resistance measurement is taken as temmgeigincreased from room temperature to
~100°C. Figure 96 shows the measured 4-wire resistainthe pad over this time period. As can
be seen, a clear signal is not attainable. Sigmaldalown consistently occurred when the temper-
ature reaches 40-50°C. It has not been determihatldesign flaw is present which prevents

resistance measurements from being obtained wghrtathod.

124



0 ! ! I I ! I
0 2 4 6 8 10 12 14

time [h]

\

w
o
T

$
e
.
.
.
$

v

25 | [ [ | |
0

0.1 0.2 0.3 0.4 0.5 0.6 0.7
time [h]

0.02 T T T |

0.019 ‘v‘w.\..'“\ .

0 r Re
0.018 brakes -

down

Rc [Q]

0.017 ! I I ! I I
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

time [h]
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Appendix D: Effect of Bond L ocation on Contact Resistance

Fig. 26 shows the bonding plan for chips which meashe contact resistance of test bonds.
Seven test bonds are made on the large bondinonphae center of the chip. The contact resis-
tance Rc) is measured using the 4-wire method, betweetwbeavires comprising the double
bond, and the 4 corners of the bonding pad. Adezseen in Fig. 97, th&: of bonds on the large
bonding pad is very high for an optimized bond, diffiérs greatly between each bond. This vari-
ation is systematic between chips, as bond 3 alWwagghe highest resistance and bond 7 always
has the lowest resistance. The reason chip 6 i;mdoded in the analysis is that due to a limited
number of multiplexer channels, chip 6 is made witly 5 bonds which have different locations
than the other chips. TH&: variation is caused by the size of the large pad,the placement of

bonds with respect to the corners of the pad.

0.025

002 ¢

0.015 ¢

.01 ¢

0.005 -

MeasuredR: at Room Temperature (30°C)][

Chip

Fig. 97 Contact resistance variation between bonds
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Verification of a Systematic L ocation Effect

Fig. 98 shows the average for each bond location averaged over 8 of thei@scii\s can be
seen, the resistance varies greatly with locafitis verifies that the location effect is a reaéph
nomenon.

Evaluated Thermal Coefficient of Resistance (TCR)

Before the aging experiment was started, the TGRsedbonds on all chips are calculated by
heating the bonds in the oven while recording @sestance. The oven was heated in steps from
room temperature (30 °C) to 47°C, 56°C, and 65%¢hetl temperatures were not used because it
was important that the bonds are not aged duriegliaracterization step. Figure 99 shows an
example of how stabilized temperature and resistameasurements are taken at each tempera-

ture plateau to be used for the calculation. Th® T&) is calculated as shown in Equ. 8.

0025 T T 5;';' T T

= L[]

0.02 —

0.015- .

Re [Q]
I

0.01 .

0.005 —

0 I I ! I ! I !
1 2 3 4 5 6 7

Bond Location
Fig. 98 Average contact resistance for each boaation
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a=m/(m* T+ b), (8)

where m is the slope of the resistance-temperaturee, b is the intercept &, andT,q¢is a ref-

erence temperature (0 °C in this case).

a) Find corresponding temperatures and contact resistances. Example shown for 1 bond.

70 | T T T
65 0.0128
0.0126
60
0.0124
55
0.0122
50
0.012 —
°6 45 %
= 0.0118
40
0.0116
35 0.0114
304 0.0112
o5 [(9ee l 1 l l 1 1 l l 0.011
0 2 4 6 8 10 12 14 16 18
Time [h]
b) ¢
12.5 T T T
= 12 —
£
@)
T 115F -
11
25 30 35 40 45 50 55 60 65 70

T [°C]

Fig. 99 Temperature ramp-up used for TCR charaet#on. (a) Temperature ramp-up for fin
ing TCR. (b) Contact resistance plotted againsptrature
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TCRs of all bonds are plotted against each oth€ign100. As can be seen, bonds which were
earlier observed to have higl values also have high TCR values.

Bond Aging with TCR Effects Accounted for.

The TCR is used to extrapolate the contact resistemwnhat it would expected to be at 175 °C,
were no metallurgical changes occurring. As casdem in Fig. 101, the experimentally observed
resistances are lower than would be expected.niigbt be because as the chip heats up, the
bond initially strengthens, and the Al in the bgradl undergoes a recovery [8] which causes the
resistance in the Al to drop. As can be seen in 4, the resistance of bonds which are more

affected by the Al have measured resistances noweér lthan would be expected by TCR calcu-

39F ' ' T

3.85F ! | | - |

3.8 N

375 N

3.7+ ' .

TCR [1/°Cx107]

3.65| ' -

3.6 .

3.55 N

35 | | | | | |
1 2 3 4 5 6

Bond

~ -

Fig. 100 Comparison of TCRs between bonds
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lations alone. Conversely, bonds which are lessctdtl by the Al have resistances only slightly
lower than would be expected by TCR calculations.

Figure 102 shows an attempt to compare all dafaditing all measured resistance as an increase
above the expected TCR calculated resistance 8C12s expected, the bonds with the highest
TCR have the highest resistances. The slopes tifeatiesistance increases, however, all are sim-
ilar. This suggests that after an initial heatifighe chips, the only mechanism affecting resis-
tance is the interface degradation which is ocongrto the same degree in all bonds. Figure 103
shows a comparison of the slopes of resistandengerature for each bond, after 100 hours. As
can be seen the same trend is present. The botidkiglher TCRs have higher resistance

increases over time.

0045 T T T
0.04 -
Bond 3
00354 _ .
Bond 1
Bond 2
0.03 -
@ Bond 4
L 0025 .
********************* Bond 5
0.02 -
Bond 6
0015pp 04—+ — — — — — — — — — — — — — — — — — = Bond 7
0.01 -
0.005 | | | | | | |
0 20 40 60 80 100 120 140

Time [h]

Fig. 101 Experimentally observ& vs. TCR predicted resistance. Horizontal dasheskirep:
resent the TCR predicted resistance. Bold solesliawre experimentally observed resistance
during temperature increase.
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Appendix E: Investigation of Possible Correlations

Figures 104 to 107 show all combinations of steegsal features described in Fig. 80 plotted

against each other with calculated correlation faoents.

132



200 | 600 | 0.2
r=0.32
[ )
y 400 * -
< 100 - - 0.1 _|
. o 200 . -
®ee
Y [ ]
° | I'|: 0.42
0 0 0
10 20 20 10 20
a a a
0.4 T 1.5 T 2
r=0.05
1 —
o 0.2 — o 1 —
0.5 —
0 0 ' 0 '
20 10 20 10 20
a a a
0 T 600 l 600 |
r=0.29 . s r=-018
400 . a0’ .
ST
< -05 . - ) . .
0e0® o %o
St
i . 200 1 200 —.\c\‘\ -
< S,
° Gl
M ' ©
1 ' 0 0 :
10 20 20 100 200
a a b

Fig. 104 Correlation tests for stress signalaReaters are defined in Fig. 80 in Section 9.5.
calculated correlation coefficient, r, is given &ach set of parameters.
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=ig. 105 Correlation tests for stress signalaReters are defined in Fig. 80 in Section 9.5."
-alculated correlation coefficient, r, is given &ach set of parameters. There is a weak corre
ion between ‘e’ and ‘c’. If oxidation and latet®dC growth is delayed, vertical IMC will caus
ensile stresses to dominate for a longer timeraadh a higher value.
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-ig. 106 Correlation tests for stress signalaReaters are defined in Fig. 80 in Section 9.5.
calculated correlation coefficient, r, is given &ach set of parameters. The correlation betw:
I" and ‘h’ only exists because the time intervdl,consists mainly of the time interval, ‘h’. The

s a weak correlation between ‘d’ and ‘h’ whicHikely due to the some signals being strong
‘han other signals.
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Fig. 107 Correlation tests for stress signalaReaters are defined in Fig.
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calculated correlation coefficient, r, is given &ach set of parameters.
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80 in Section 9.5.



