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ABSTRACT

This paper concerns the reliability of thermosonically bondedm2%wu wires in the
combined high temperature with vibration conditions, under wihiehests have been carried
out on wire-bonded 48-pin Dual-in-Line (DIL) High Temperaturefitad Ceramic (HTCC)
electronic packages. Mechanical, optical and electrical sisaiyas been undertaken in order
to identify the failure mechanisms of bonded wires due @actimbined testing. The results
indicated a decrease in the electrical resistance afiew hours of testing as a result of the
annealing process of the Au wire during testing. In generdlshaar and wire pull strength
levels remained high after testing, showing no significateribration due to the tests under
the combined high temperature and vibration conditions. Howaveznd of the variation in
the strength values is identified with respect to thmlgined conditions for all wire-bonded
packages, which may be summarised as: i) increase @édliag temperature has led to a
decrease of both the shear and pull strength of the wire borith& mechanical behaviour of
the wires is affected due to crystallization that lemdmaterial softening and consequently

the deformation of wire.
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1. Introduction

Wire bonding in microelectronic packages has been used in ipdaostmore than 60
years. Since the world’s first wire bond was made in 194¢,number of wire bonds has
increased every year [1]. In 2010, the wire bonding markeegbalC packaging was more
than 85% (~192.2 billion wire bonded devices). The extensivefusge bonding lies on its
advantages: 1) increased vyields (<25 ppm defects), 2) dedrgatch (~20um for both
wedge and ball bonds), and 3) low process cost [1]. A varigtyref and alloy materials are
used in wire bonding [2]. These materials are mainly, Alb&drbonding, and Al for wedge
bonding, typically bonded on Au and Al bond pads. However, due thigheprice of Au,
efforts are being made to replace Au with Cu. In aerospadeoil & gas applications, the
wire bonded devices are subjected to a variety of loadingtemmiand most of the times to
a combination of them. For instance, the temperaturdslexperienced in such applications
can be up to 400°C and vibration excitation with frequencie® @®00Hz and acceleration
up to 20Gs

The reliability of wire-bonded electronic devices has been thalgugvestigated. The
main research focus is placed on the failures occurring ddhieignal cycling and high
temperature endurance. The reliability of Au-Al metalloagisystems has been studied
extensively. These systems have been proven to be unstaliteidiemetallics growth and
subsequent voids formation within a few hours of thermal agdirig7a C-200°C which
causes mechanical weakness of the bonds [3][4]. On the other teme@rch on the
performance of Au wire-bonds on Au bond pad metallization has shHwtrihese systems
are more reliable due to a more stable interface betwleenbond and the bond pad
metallization. Furthermore, the bond is not susceptible tofaiwrcorrosion or other bond-
degrading conditions. Shepherd et al. [5] examined the changdé®mna mechanical

behaviour and the underlying microstructural stability of Awmetallurgical systems under



thermal ageing at 250°C and 300°C. They reported that these systemschanically robust
in extreme environments with a stable microstructure.

In addition to problems caused by thermal exposure, electronensy®ften experience
vibration environments at the same time. In order to asswrdotiy term reliability of
components, the effects of vibration in combination with higmperature exposure
conditions need to be investigated. However, separate envintaliests are commonly
employed in qualification testing by the electronics industry, dvat unable to reveal the
effects of the combined conditions in terms of the failure maddseliability. Therefore, the
development of guidelines and testing standards is necessary lidy qelactronic
components that are required to operate in combined high tetumgerand vibration
conditions.

Initial work has been reported by the authors to understandfféeseof combined
vibration and thermal loadings on wire bonded electronic devicesder to assist to the
understanding of the significant degradation due to the comhesédg conditions [6][7][8].
Bending and distortion of wires was found to be the main failuwde as observed in the
experiments. Some fractures at the bonding interfaces betweehiphand substrate were
also taking place. The interfacial failure at the wire-boraag] subsequently lift-offs was
found mostly on the interconnections with the substrate. Ourigumewvork [7] on the
behaviour of the wire-bonded devices with respect to thetireof the vibration has also
indicated that the distortion and subsequent failure is mevers when the wires are
vertically oriented to the direction of the vibratiorailere modes such as wire lift-offs and
short circuits occurred more often in such a case. lalsasbeen proven that the wire loop
formation is affected by the combined testing. The distoxiiothe wires was mostly found

under low frequency vibration and high temperatures [8].



This paper reports a further investigation into the combiffikedts of temperature with
vibration on Au wire-bonded interconnects used in the production of leigiperature
electronic components. The study is focused on the relial@bting of Au wire-bonds on Au
bond pad metallization (hereafter refer to as Au-Au systander the combination of
temperature exposure up to 25@nd vibration loading with the sine frequency swept cycles
ranging from 5Hz to 2000Hz and acceleration up to,20Ghe wire-bonded Au-Au system
has been chosen due to its promise as a reliable solutimarsh environments. This work
aims to elaborate the fundamental aspects of Au-Au wire-bemdisheir failure mechanisms
by investigating the mechanical and electrical performahtieeovire-bond interconnections
where the effect of wire loop characteristics under sepaatiecombined vibration and

temperature storage tests has also been investigated.

2. Experimental details
2.1.Wire Bonding

The 48-pin Dual-in-Line (DIL) High Temperature Co-fired @mic (HTCC) devices, as
seen in Figure 1, were tested in this study. The dewias thermosonically bonded by
employing a K&S 4500 semi-automatic wire bonder, u-.g% purgires of 25um in
diameter onto Au metallised bond pads. Ball-wedge bondingresdisrmed by applying two
bonding profiles in order to investigate how the loop geometwpffected by the applied
testing conditions; one profile where the wires are forming @ldoop and one larger (see
Figure 2 for the bonding profile). The bonding parameters wptienized and provided in

Table 1.
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Table 1. Wire bonding process parameters

Description Small Loop Large Loop Ball Size I

Time (ms) 74 78
Ball bond Power (W) 1.42 1.42
Force (g (f 25 31
Time Erg’n(s))) 110 114 > um -
Wedge bond Power (W) 15 15
Force (g () 85 89
Loop Height (um) 200 270

2.2.Combined High Temperature with Vibration Test Profile

in‘the'testing profile. The vibration test profile and par@msewere based on guidelines and
test procedures that are used for qualification of airborngeguit, e.g. the RTCA Aviation
Standard DO-160E [9] which was applied along with thermalifgpat the aforementioned
temperature levels. The motion of the vibration shaker head/eréisal and in this work it
was assumed that this motion was onytlexis of a three-dimensional Cartesian coordinate
system, hence, the axis of vibration was yhaxis (see Figure 3). According to industry
guidelines, electronics equipment should be tested in each ofdbgment’s three
orthogonal axes (three orientations) [9]. For the purposes of thik, vihose three
orientations (orientations 1, 2, and 3 in Figure 3) were relatéde axis of the vibration in
order to identify the effect of the orientation of theesion the vibration system. Therefore,

the combined tests replicated three times i.e. one timeafdr of the equipment’s orthogonal
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axes. The duration of each test was 3 hours (one hour per&iris)requency sweep cycles
were performed varying the vibration frequency from the lo&4$1z) to the highest (2000

Hz) (up-sweep) to the lowest (down-sweep) with a logarithiate not exceeding 1.0 oct/min.
The acceleration was varying from 1 g-PK to 20 g-PKulite amplitude between 0.0001 to

0.1 inches (peak-to-peak). The sinusoidal vibration test ¢aryeen in Figure 4.
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An LDS V650 electro-dynamic shaker has been employed for thatiaibrtesting. The
vibration test profile was designed and applied using the nib@antrol vibration controller
and software. A specially designed hot plate was mounted @h#thker head for the heat-up
of samples which were fixed on the hot plate. A thermocougiehwas attached on the hot
plate close to test samples, were utilised to controltehgperature. Accelerometers were

fixed on the hot plate close to the wire-bonded devicess@sure the input signal.

2.3. Post Testing Characterisation

The mechanical strength of the wire bonds was evaluated bpshad ball shear and
wire pull strength measurements with the ball shear pestdsat 200 um/s and the wire pull
test speed set at 100 um/s. One sample was used pactehaation method, therefore,
forty-eight wires have been tested for the shear stiemgasurements and forty-four for the
wire pull strength measurements. Due to the design of the rigpadea, testing of the wire
pull strength of the wires located at the four corners obtmling area proved difficult as it
was observed that positioning and rotation of the tool under thinee would damage the
neighbouring wires thus, forty-four instead of forty-eight winese tested for their wire pull
strength. The electrical resistance values were redolidore and after each test by
employing a 4-point probe measurement system with the test caeteatt 10mA. Finally, the
mechanical deformation of the wires was observed by meamgstioal microscopy with the

magnification varying from x5 to x100.

3. Experimental Results

3.1.Effects of High Temperature with Vibration Test on the Mechhar8t@ngth of the
Bonded Wires

Figures 5 and 6 are the mechanical test results of badr sived wire pull strength

respectively. The mechanical tests were conducted thitewire bonded devices have been



tested under the three different combinations of testing conditiens, vibration test at 25°C,
180°C and 250°C. Table 2 presents the average values fdrathshear and wire pull
strength levels.

Figure 5 shows the ball shear test results for all the biowtisded in the package under
the three testing conditions. Accordingly, an obvious trend can beveldseith respect to
the effects of testing temperature along with the vibratemameters. After the vibration test
at 25°C the ball shear strength for both loop profiles remdirggd In this case, the bonds of
the large loop profile showed a higher average value howkedarge standard deviation of
10.6 shows large spread of the individual results of each borsdthiérefore believed that,
despite their lower average value, the bonds of the smalldonfpje performed better than
those of the large profile by having a more consistent ball boewigsh.

Deterioration of the ball shear strength was recorded mfteoducing thermal loading
(180°C) to the vibration excitation. The ball shear strengthbbth loop profiles reduced
significantly especially for the ball bonds of the larged profile. In this case of the large
loop wires, five out of twenty-four ball bonds failed to exc#eslindustry’s minimum value
of 30 g(f) [[L0] with the rest of the bonds having ball sheegngths very close to the
minimum value.

Weak performance was recorded for the ball bonds tested vibd&tion at 250°C. Both
loop profiles had ball bonds that failed to exceed the minimuoreval 30 g(f). The largest
number of failed ball bonds was recorded for the large loop erofilere fifteen out of

twenty-four ball bonds failing.
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Figure 5. Ball shear strength values of ball bonds aftmation test at 25°C, 180°C and
250°C

The recorded wire pull strength levels for the three testongitions are displayed in
Figure 6. All the bond pull strength levels of the wifesboth bonding profiles for all the
testing conditions exceeded the military standard minimughgtf) [11], although, similarly
to the shear strength results, the average wire puiligitrdevels decreased with increasing
temperature. It is believed that the decrease invire pull strength is associated with a
decrease in the yield strength of the wire. Decreasthanyield strength may lead to

mechanical softening of the wires which could explain thedaiiforce values.
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Figure 6. Wire pull strength values of wires after vilomatest at 25°C, 180°C and 250°C
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Table 2. Average ball shear and wire pull strength lefeeléu wires

Unit As®bonded 25°C/Vibration 180°C/Vibration 250°C/Vibration
Ball Shear 71.62 63.92 39.05 39.04
wire pull . 90 oz 10.02 8.35 7.9

3.2.Effect of High Temperature with Vibration Test on the eleaftriesistance of the
Bonded Wires

The electrical resistance of the wire bonded packagesneasured before and after the
combined high temperature with vibration tests between twacedf pins on the test
package which includes two wires and the associated niaels it can be seen from the X-
ray image that shows the tracks buried inside the packagegureF7a. A 4-probe
measurement system has been used for the assessment edéctinieal resistance. The

connector cables that were used for the electrical reséstapasurements (Figure 7b) were

connected to a micro-ohmmeter.

I: Pin Pair 1:|

L— Pin Pair 24—
b)

a)
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pad
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For the vibration tests at 25°C, 180°C and 250°C for 3 hours an unedpedial
electrical resistance decrease has been observed fdneabaimples tested under those
conditions compared to the values obtained from the as-bonded saiiplss it has been
decided to extend the duration of the testing regime to 9 houctal and also to include
temperature storage tests at 180°C and 250°C in the testitogqlrin order to gain a better
understanding of the electrical performance of the wire bondedede Figures 8 through 12
include the electrical resistance test results forimiteal and extended test profiles. The
percentage of the average electrical resistance changpicsaedl as a function of time.

The graph in Figure 8 shows the percentage of the avelagfeical resistance change of
the sample tested under vibration at 25°C for 3, 6 and 9 haurshé-first 3 hours of testing
the average electrical resistance decreased by -1ds#dlfie initial value. Further decrease (-
1.07%) has been recorded after the sample has been subgefttetier 3 hours of testing (6
hours in total). Finally, after testing for 9 hours in totdde resistance increased by

approximately 1% compared to the previously recorded value.
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Figure 8. Percentage of resistance change for the sa@spdel under vibration for 3h, 6h and
9h.

Similar electrical performance has been observed for the edegted under vibration at

180°C as seen in Figure 9. Introducing temperature to thetigbrregime resulted to
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relatively larger decrease (-1.51%) of the averagsteasie after 3 hours of testing compared
to the vibration test at 25°C (-1.5%). Further decreas@é2%4) has been observed after 6

hours of testing in total. Finally, the average resistanceased by 1.13% after 9 hours.

0.5
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Figure 9. Percentage of resistance change for the saespdel under vibration at 180°C for
3h, 6h and 9h.

Figure 10 shows the percentage of the electrical rasistahange for the sample tested
under vibration at 250°C for 3, 6 and 9 hours. A slightly largectgtal resistance decrease
(-1.52%) was recorded after the first 3 hours of testing cadpsr the results from the

sample tested under vibration at 180°C. Further decreask 18% was recorded after 6

hours of testing and an increase of 1.8% after 9 hours ofgest
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Figure 10. Percentage of resistance change for the stéespied under vibration at 250°C for
3h, 6h and 9h

As previously mentioned, the testing profile has been extetodedtlude the electrical
resistance results after temperature storage of thebwitded devices at 180°C and 250°C
for 3, 6 and 9 hours in order to reveal the effects of &gatpre as a single loading condition
and compare the results with those from the combined te§tiggres 11 and 12 show the
percentage of the average electrical resistance changaefdwo aforementioned testing
conditions. After temperature storage at 180°C (Figure 113 fusurs the average electrical
resistance decreased by -1.36%. Increase of the avemagianmee by 0.27% was recorded
after 6 hours of testing and further increase of 0.9% 8fteours of testing. In the case of
temperature storage at 250°C (Figure 12) for the first 3 htha'sesistance decreased by -0.7%
with a further decrease of -0.4% after 6 hours. Finallyr 8fteours of testing and increase of

1.7% has been recorded.
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Figure 11. Percentage of resistance change for the séesfge at 180°C for 3h, 6h and 9h
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Figure 12. Percentage of resistance change for the stasfie at 250°C for 3h, 6h and 9h.

3.3.Mechanical Deformation of Bonded Wires due to High Temperatute Wihration

Testing

Visual inspection has been performed to identify any waferdhation or distortion that
has been induced by the applied testing conditions. As reporteidysly [6], [7], [8], the
orientation of the wires in respect to the axis of the vibmatresults in different failure
modes.

In the case of the vibration test at 25°C specific wire defobomaatterns have been

identified. While the majority of the wires remained intafter testing, two failure modes
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were observed. Both failure modes are associatéd ehianges in the loop characteristics.
First, the wire loop collapsed sideways causing lttop height to reduce and the wire to
deform. Wires that were vertically oriented in resipto the direction of the vibration were
deformed following one direction (Figure 13a). Tegton the other two axes had the same
effect on some of the wires but no particular patef deformation was observed. Second,
the wire loop collapsed downwards (towards the Aad)p This phenomenon had two
different effects i.e. the collapse caused the svicetouch the edge of the Au bonding area
causing short circuiting (Figure 13b), phenomenioat tmostly observed at the large loop

wires, and also the wires appeared sharply curkiedkgd) at the highest point of the loop

(Figure 13c). The phenomenon mostly observed adriedl loop wires.

Figure 13. Wire deformation, loop collapsed a) widgs following one direction and, loop
collapsed downwards where a) the wire touched thebdnding area and b) the wire was
sharply curved after testing

Figure 14 shows a deformed wire after the vibratiest at 180°C. The wire loop
collapsed sideways and, in addition to this phermwne the wire appeared kinked at the

highest point of the loop. This phenomenon occuaedne of the wires that were vertically



oriented towards the direction of the vibrationisltclear that the deformation caused in a

vibration environment can be accelerated by tenperaelated effects.
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Figure 14. Sharply curved and deformed wire aftenlined testing.

The most severe deformation occurred by the vibmatest at 250°C. The same failure
modes that were identified from the vibration tegtat 25°C could also be seen in this case.
As it was explained above, temperature can acdeléna deformation caused in a vibration
environment. As seen in Figure 15, the majoritytloé wires were severely deformed
following again specific deformation patterns. Fgd5a shows the deformation for the large
loop wires. These particular wires were parallethi® direction of the vibration while testing.
As it was observed before, while testing on thigation, the wire deformation is random and
the loop collapses sideways either left or riglainfrthe initial wire position. Deformation
following one particular direction occurred for théres that where vertically oriented to the
direction of the vibration. An example can be seerfrig. 15b. Finally, wire deformation
occurred not only at the highest point of the woep but near the wedge bond as well, as
indicated in Fig. 15c. Table 3 presents the quatntd results of the failure modes and

percentages of their appearance for the Au-Au Byste



Figure 15. Wire deformation from testing a) on wifiwn axis, b) on axis vertical to direction
of vibration and, c) sharply curved wires closevexige bond



Table 3! Wire loop failure modes and deformation of Au wires

Failure Mode Au-Au System
Kinked wires 20.8%
Wire sweep 33.3%
Collapsed loop 41.6
Broken Wires 0
Wire short 0

It is therefore concluded, based on the visual inspection ofvitteebonded devices,
that the orientation of the wires in respect to the directiamboation plays an important role
in the wire deformation. Thus, it is essential, when desigwing bonded devices, to take
under consideration the vibration environment that they are seavidgalso measure the
vibration response of those devices in those specific conditidee, Another solution in
order to avoid wire deformation could be to improve the mechapioperties of the Au

wire by mechanical strengthening by impurity doping of 1% Siekample [1].
4. Discussion

4.1. Mechanical Strength of Bonds & Wires

Shepherd et al. [5] reported small deterioration of thedbedar and wire pull strength
after long-term thermal ageing at 250°C with the ball skaeat wire pull strength levels
remaining high even after 2000 hours of testing. The low mechatieagth levels resulted

from the combined tests in our work indicate the contributioralore of the vibration

effects to the temperature related effeGts. It is hypaidéshat fatigue due to temperature
applied and stresses caused on the wire bonds due to théowiltatling could be the main
reasons for such a significant reduction of the mechanicangth levels. From visual
inspection of the sheared ball bonds it was observed that thdailare mode was ball shear,
i.e. a thin layer of the bonding surface metallization reemiwith the wire bond and an
impression is left in the bonding surface. Apart from theptmature related effects that

caused the structural weakening at the interface betwednatl bond and the bond pad, the
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phenomenon is also believed to be associated with streappdied to the bond due to
vibration loading. Furthermore, a reduction in the wire yidléngth is assumed to be
associated with the low wire pull test results. Temperataseciated effects were identified
that led to mechanical softening of the wire and as atramsgt of the wires broke close to
the highest point of the wire pull.

Furthermore, during the visual inspection of the wire and bond mogphafter the wire
pull tests, it has been observed that most of the wires brokediately above the ball bond.
This could be explained by the grain structure of the wireeaztime above the ball bond.
The grain sizes of a wire affect the properties of the,wncluding its strength. During the
Au ball wire bonding process, a spark is used to melt the tipeofvire and create the free-air
ball which is then pressed against the bond pad to formathbdnd. The melting of the wire
has as a result the formation of coarse grains due todhthéd heat causes larger grain sizes.
As heat propagates to the wire it causes the graino$ilee wire above the ball bond to
increase too. This large grain area above the ball iscalted heat-affected zone (HAZ). As
the distance from the ball bond increases, the increake grain size diminishes due to less

exposure to heat [1].

4.2. Electrical Performance

A general trend was identified in terms of the changebegtectrical resistance values
for all the samples tested under the combined testing camsliind after thermal ageing.
This trend was similar in both testing profiles i.e. combitesting and thermal ageing and it
involved a decrease of the electrical resistance foriitste6f hours of exposure to the testing
conditions and an increase for further 3 hours (9 hours in t@aly. in the case of thermal
ageing at 180°C the electrical resistance decreased fdirgh& hours then increased for
further 6 hours of testing. Table 4 shows the change tendency ahdhsured electrical

resistance varied with the testing parameters. The wvaligpicted in the table are the
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percentage changes (increase (+) or decrease (-)) thatewerded after each measurement
was taken at 3, 6 and 9 hours of testing.

As it can be seen in Table 4, the combined conditions ithalthree cases i.e. vibration
test at room temperature, 180°C and 250°C for the first 6 houestig, had similar effect
on the electrical resistance. For the first 3 hoursdbistance decreased by approximately -
1.5% for all the combined testing conditions and approximately -1at%ufther 3 hours.
Further combined testing up to 9 hours resulted in an increassistance which was more
noticeable in the case of vibration test at 250°C. It is hyps#eghat during the first 6
hours of testing the wires and bonds underwent further annealingdlyahave changed the
material properties of the wire and the bond i.e. decrdasleairical resistance. Furthermore,
internal stresses at the interface between the ball bontharftbnd pad may have affected
the resistance change and resulted to an increasehaftérhours of testing. The increase of
the electrical resistance after 9 hours of testing, edpedta the samples tested under
vibration at 250°C, indicates that those failures occurred dtinagperiod of time. Further
investigation on the mechanisms that lead to an initialedse of the electrical resistance is
essential.

The contribution of vibration effect to the electrical pemiance of the wire bonded
system is not yet fully understood. However, the results ireit@t the change in the
electrical resistance at high temperatures i.e. thergaing at 250°C follows the same
pattern as after the vibration test at 250°C. Therefore;htarges in electrical resistance are
most likely temperature dependent and vibration has little oeffext on the electrical

resistance however further investigation is required in dodgain a full understanding.

Table 4. Percentage changes of the electrical resistanee with the testing parameters
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Test

Duration Testing Condition
(h) _
V;?:ig?q: Vibration Vibration ;ggirnn;a;t ;geeirnmga;t
temp. at 180°C at 250°C 180°C 250°C
3 -1.5% -1.51% -1.52% -1.36% -0.7%
6 -1.07% -1.12% -1.12% +0.27% -0.4%
9 +1% +1.13% +1.8% +0.9% +1.7%

It has to be noted that measuring the resistance changes wire bonds proved very
challenging because of the large fluctuations that can ocdheimterconnections between
the wires and the package during testing. Thereforsitu measurements of the electrical
resistance would be more favourable which can provide a betterstar#ing on the way
that the wire bonded interconnects behave electrically. Memveén-situ measurements
proved difficult due to the nature of the testing conditionshigh temperature and vibration,

which did not allow any of the conventional measurement techniquesapplied.

4.3. Mechanical Deformation of Bonding Wires

Specific wire deformation patterns have been identified ftbm combined high
temperature and vibration tests due to possible changes metiganical properties which
can be accelerated by vibration induced fatigue of theswifhe theory on the response of
electronic packages to vibration dictates that the madstatrlocation for components
mounted on an electronic device, and thus the most susceptfaitute, is at the centre of
the device causing the most rapid changes of curvature that dedng the fundamental
resonant frequency of the device [12]. The forces and strékaesare applied during
vibration excitation are related to the relative curvatofrdhe device during its resonant
condition which is linked to the displacement of the devicéhdfcomponent is placed away
from the centre, then the degree of curvature is reducddteerefore the relative motion

between the device and the components is also reduced as fegurenl6 [12]. In the case
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where the 48-pin HTCC-DIL packages the Au wires weratkxat at the periphery of the
centre of the package therefore their fatigue life is ed¢ated to the dynamic displacements

developed during vibration.

Cormponent
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relatrve
rantion

L '
<\PCB bending as
a sine vave

Figure 16. Relative motion between the componedttha PCB is reduced when the component is

mounted near the PCB edge [12]

It has been observed that specific deformation patterns ocaed ben the wire
orientation in relation to the vibration direction. Particlylathe most vulnerable orientation
for the wires is the one vertical to the direction @ thbration where wire sweep is often
experienced. Wire sweep and wire sag are a common probleireibonded devices which
can be accelerated when large loop profiles are uspdcrlly when small bond pitch and
layer pitch is required [13]. Wire sweep is the latenalvement of the wire while wire sag is
the downward deformation of the wire that can result éoviire touching the bond pad or
substrate which can lead to wire shorting and failure of ¢h¢l#l]. The wire sweep that
occurred during the combined high temperature with vibratistingg was mostly found

when testing on the axis vertical to the vibration directio?68°C.

In addition to the vibration related effects, wire softeningsed by the temperature
applied is also another factor that can explain the deformatiothe wires. The loop
characteristics (shape, height) of the Au wire are dyrgmtoportional to the mechanical

characteristics of the HAZ above the ball bond; generallylomger the HAZ, the higher the
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loop height [1]. The hardness values of the wire tends teedse with the distance from the
ball neck until it reaches a minimum value at around 166um, beybruh Wt rises rapidly
until it reaches the hardness of the heat unaffected Waeehardness dependence of the wire
on the HAZ is directly connected to the grain size effebhe HAZ is the most susceptible
part of the wire bond due to the large grain size in thimned\s temperature is applied on
the wire bond, the grain size increases therefore, thempasierties, hence the hardness, at
the HAZ deteriorate, also the hardness of the wire atistance of 166um resulting to a

softer wire.

5. Conclusions

The combined effects of temperature and vibration on Au-Au bdreled metallurgical
systems have been investigated. Sine frequency swedgs oyere performed with the
vibration frequency varying from 5Hz to 2000Hz, along with riedr loading at three
different levels (25°C, 180°C, 250°C). The results can be suised as follows:

1. A reduction in the ball shear failure strength has been olibé&nwa the ball shear tests
of test wire bonds. 43.75% of the bonds failed to exceechthestry’s minimum of 30
g(f) after the vibration test at 250°C. Neverthelesswtine pull strength levels remained
high in all the cases with a clear trend in respediedémperature rise; the average wire
pull strength decreases with increasing temperature. FFombne, the lowest strength
levels have been observed in the case of the large looprefite.

2. Fluctuations of the recorded electrical resistance vabfiegse bonded wires after high
temperature with vibration testing have been found, whiclikédy attributed to the
deformation and microstructural evolution of the wires due ttingesFor all the
combined testing conditions, the electrical resistance agedefor the first six hours of

testing, then increased between six and nine hours of testhmg.inErease in the
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temperature during the combined testing caused larger fluartsatompared to the
lower levels of temperature applied.

3. Different wire deformation patterns have been identifieddnoh combination of loading
conditions. Vibration testing as a single loading condition hasedati® collapse of
wires which landed onto the bonding pad causing short circuitingy, Ale wires
oriented vertically to direction of the vibration deformexre severely compared to
other directions, following one direction. Vibration testing dhesi 180°C or 250°C
caused mechanical softening and consequently severe defornudtidhe wires

especially for the large loop ones.
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Mechanical and electrical characterisation of Au wire interconnects in electronic
packages under the combined vibration and thermal testing conditions

M. Mirgkizoudi, C. Liu, P.P. Conway, S. Riches

Highlights

e The ball shear strength levels drop drastically after the combined testing while the wire
pull strength levels remain high.

e For all the combined testing conditions, the electrical resistance decreases for the first six
hours of testing, then increases between six and nine hours of testing.

e Wires orientated vertically towards the direction of vibration undergo more severe
deformation.
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Mechanical and electrical characterisation of Au wire interconnects in electronic
packages under the combined vibration and thermal testing conditions

M. Mirgkizoudi, C. Liu, P.P. Conway, S. Riches

The authors would like to sincerely thank the reviewers for taking the time to review the
manuscript and make all the valuable comments that certainly improved its quality. Below
are the authors’ responses to the comments of each reviewer. The authors also highlight the
changes that have been made (point by point) as raised in the comments in Italic font.

Reviewer#1 (changes in manuscript highlighted in yellow):

1.

In Figs. 1 and 2, include coordinate axes and relate to the directions when describing the
vibration experiment. In which direction are the vibrations?

The coordinate axis and the direction of vibration have been included in Section 2.2 in
Figure 3.

Inconsistent information at "Experimental Details™ section

a. It said 48-pin DIL device is used in that section, however, in "Abstract™ and Figure 1
caption it is said to be 40 pin. Make consistent.
The mistake of 40-pin instead of 48 has been corrected in the abstract section.

b. PDF page 9: "Forty-eight.....and forty-four for the wire pull strength...." These
numbers are per sample/package. The total amount of bonds required to complete this
study is much higher. Please add explanation or correction.

Explanation has been given in Section 2.3.

Separate sections for "Results" and "Discussion”

a. There are too much information in one section which at times become overwhelming.
Please split into two sections.
"Results” and "Discussion™ are now in two separate sections.

Use "25°C" instead of "room temperature” in "Results & Discussion” section if that is
what you mean.
“room temperature” has been replaced with "25°C" throughout the manuscript.

Last line of PDF page 12: "....failed ball bonds was recorder for..."
a. Should be saying "recorded" not "recorder".
Mistake has been corrected.

Add reference for each of the following and correct number where necessary:
a. PDF page 13: "military standard minimum of 3 g(f)"
Reference has been added

b. PDF page 13: last line: "...which could explain the lower pull force values".




10.

“lower” has been replaced with “low” which was the authors initial intention.

c. PDF page 26: "..industry's minimum of 30 g(f)..."
Reference has been added.

Quantify the comparative results

a. PDF page 17: "...a reduction in the wire yield strength was observed..." how much?
Provide guantitative data of the difference.
The statement has been rephrased as the reduction in the yield strength was a
hypothesis. The change can be found in Section 4 — Discussion — Sub-section 4.1, first
paragraph

b. PDF page 23: "...Both failure modes are associated with changes in the loop..." how
many bonds failed in first mode and how many in second mode? Provide quantitative
data.

A table with quantitative results has been added. See Table 3 in the manuscript.

c. Compared Major results (such as, pull strength variation due to temperature change)
using a graph or a table.
At this stage of the work the ball shear and wire pull strength has not been measured
for a purely thermal environment. Extended work on this subject will be present in a
manuscript in the near future.

Add further clarification on how the 4-point measurements are performed for electrical
resistance measurement. (PDF page 18) 9. Add an explanation of possible reason why
resistance values change after 6 hours.

Further clarification on how the electrical resistance measurements have been
performed has been added. For the possible reason why resistance values change after 6
hours please refer to Discussion — Electrical Performance section.

Add further clarification on the second statement of "Conclusion".

"..they would not affect the general performance of the system." Why not? Add further
clarification not in the conclusions but in the discussion section.

The statement has been removed as the degree on which the recorded changes in the
electrical resistance can affect the general performance of the system is not yet clear.

Figs. 4 to 9 should be improved. Titles information should be move to figure caption
(leave no titles). It is recommended to compress the data as boxplots in two figures only
for clarity and better comparability: one figure for shear data, the second for pull.

The data in Fig. 4 to 9 have been compressed and Fig. 4 to 9 have been replaced with
Fig5and 6

Reviewer#2 (changes in manuscript highlighted in green):

1.

In Sec.2.1 wire bonding conditions, what bonding temperature was applied?




10.

The bonding temperature has been added in Table 1.

As the shear test comparing the bond interface strength versus the bond ball diameter
(deformed severity), the bonded ball diameter in addition to the target 75um ball size
needs to be referenced.

Reference has been added.

Was the DIP package in test hermetically sealed? In what kind (gas) environment when
heating test? What was the exact device (bond) temperature when the hot plate heating at
the targeted testing temperature in testing? What was the heating profile? Was heating
applied prior vibration or the vibration applied once the target temperature reached? Such
detailed testing conditions may be needed to add for future reference.

Further description of the testing profile has been included in Section 2.2.

What was the gold wire composition in test? which is needed to contrast the 1%Si dopant
suggested in the conclusion and its strength (related wire properties may be also needed).
The composition of the gold wire has been added in the document.

What kind of gold plate pads in DIP package? Thickness? Composition? Related
mechanical properties?
These information are unknown

In Sec.2.3, how was the 4 point probe measurement applied to the bonding diagram with
a common Au pad?

Further clarification on how the electrical resistance measurements have been
performed has been added.

In Sec.3.1 measurement results, the sample size of each measurement needs to be
specified. How many DIPs were measured? or, the results were averaged from all the
bonds in one package with the targeted bonding profile? This may lead to the question of
the conclusion validity of measured bond strength upon bond directions.

Explanation has been given in Section 2.3.

The pull/shear test failure modes must be specified in order to judge together with its
strengths because each testing intends to test different aspects of bond goodness.
The failure modes are described in Section 4.1.

In order to compare the bond strength migration, what were the as-bonded bond strength
values?
Strength values for the as-bonded state have been added in Table 2.

In Sec.3.1, it is stated 'Fatigue due to temperature applied and stresses caused on the wire
bonds due to the vibration loading are believed to be the main reasons for such a
significant reduction of the mechanical strength levels.' Is there any evidence such as
photos and/or other analysis to support such statement?




The sentence has been revised as it was a hypothesis made by the authors and not a
statement based on results. The changes can be found in Section 4 — Discussion — Sub-
section 4.1, first paragraph

11. In Sec.3.2, it touched the wire deformation after vibration test. The questions are
followed as: How many wire deformation observed? Consistent in certain bond position?
More sever in certain vibration direction?

A table with quantitative results has been added. See Table 3.
For the vibration direction please refer to section 4.3

Reviewer#3 (changes in manuscript highlighted in light blue):

1. The number of wire bonds per vyear is grossly underreported. Even the number of
packages is higher that the supposed number of bonds.
The number of packages has been updated in “Introduction”, first paragraph.

2. It might have been instructive to report the failure mode distribution for shear and pull
testing. The nomenclature for the failure modes is well established.
The failure modes are described in Section 4.1.

3. Likewise, SEM graphs of some typical failures would have been enlightening.
The authors felt that this was not the scope of the work and thus no SEM pictures have
been taken of the failure modes that have been observed although they are described in
Section 4.1.

4. What is a possible reason for the degradation of the shear values while the pull values
remained rather robust?
Please refer to Section 4.1.

5. The test data is rather short time. The field use conditions as well as reliability test
standards reach thousands of hours. It would be interesting to see what the long term
effects of the stresses would be and then draw conclusions about the small albeit
consistent resistance changes.

The long term effects of the stresses are currently being examined and the results will be
presented in the near future. However, the effects of the combined conditions were
visible only after a few hours of testing.

Reviewer#4 (changes in manuscript highlighted in BifilK):

This is a good paper. It is on a subject that has been worked on for many years, but is for a
specialized niche in wire bonding. This reviewer felt that the properties of this Au wire
should be included (Au is doped to improve the neck above the ball -without such the loop
could not be uniquely formed. The dopants also effect the mechanical props of the entire
system. The manufacturers are secretive about what and how much of what --in <50 ppm-- is




added. My only suggestion is that you continue working with Mfgs. based in Japan and
Europe and see if the high temp vibration results are different. Another experiment would be
to use a better wire bonder that makes the loop and bonds absolutely the same length and
appearance in the future, and the bonds absolutely identical in length and loop height so the
mech. props are identical. If not the wire resonance could/would be different, possibly
causing differences observed. A good production autobonder (not a semiauto.)would be much!

better for that experiment. This is good work and valuable to your very--specialized
community! (I note that they have given it to several conferences and presumably added
explanations from comments?)

The authors would like to thank this reviewer for his kind comments and suggestions. The Au
wire used in this work was a 99.9% pure Au wire, no further information on the properties of
the wire are known.




