(3

AALBORG UNIVERSITY

Comparative Study of Wire Bond Degradation
Under Power and Mechanical Cycling Tests

by Steffen Buhrkal-Donau
May 2018

Department of Materials and Production
Aalborg University






(&

AALBORG UNIVERSITY Department of Physics & Nanotechnology
Skjernvej 4A
9220 Aalborg @
Telephone (+45) 9940 9215
http://www.nano.aau.dk

Title:
Comparative Study of Wire Bond De-
gradation Under Power and Mechanical
Cycling Tests

Theme:

Synopsis:
Power Electronics

This project aims to compare failure develop-
ment in wire bonds of IGBT modules subjected

Project period: to traditional active temperature cycling (ATC)

September 1st, 2016 to and pure mechanical high-frequency share loads
May 15th, 2018 (MC). Micro-sectioning and optical microscopy

are employed to examine the crack formation and

Author: development in the bonds. For both cycling met-
Steffen Buhrkal-Donau hods atypical crack propagation paths are seen

which is likely due to poor bonding quality. The
crack propagation rate appears similar for low to
. moderate cycled wires, although large deviations
Supervisors: . .
o are seen for each cycling method. Some discrepan-
Vladimir Popok cies in the bond fracturing rate close to estimated
Kristian Bonderup Pedersen end-of-life is observed for MC wires. These diffe-
rences requires further investigation.

No. of Pages: 48
No. of Appendix Pages: 0
Total no. of pages: 48

Completed: 15-05-18

The contents of this report is freely accessible, however publication (with source references) is

only allowed upon agreement with the author.






Resumeé

IGBT-baserede effektmoduler anvendes inden for mange forskellige omrader. Pa
grund af krav til palideligheden af disse moduler og deres levetid pa mellem 10-30
ar, er producenterne ngdt til at undersgge, hvornar og hvordan modulerne fejler
gennem en rekke forskellige accelererede tests. En af de tests, der ofte benyttes
til at undersgge f.eks. nedbrydning af wire bonds er aktiv termisk cycling (ATC),
hvor der induceres temperatursvingninger via elektriske effekttab i modulet ved
drift drift. Denne cycling metode tager ofte flere uger at gennemfgre, hvorfor det
i denne rapport undersgges, hvorvidt ren mekanisk cycling (MC) kan anvendes
som et alternativ. Mekanisk cycling er markant hurtigere end ATC og tager typisk
under et minut.

Dette projekt baserer sig pa en r&kke moduler, hvoraf nogle er cyclet via ATC
og andre via MC. Efterfglgende er der udfgrt micro-sectioning, hvor der legges
et snit gennem wire bondet, hvorefter det via optisk mikroskopi er muligt at un-
dersgge dannelsen og udbredelsen af revner som fglge af eksempelvis fatigue.
Nogle af prgverne, bade ATC og MC, er efterfglgende blevet udsat for electro-
etching, der fremkalder kornstrukturen i Al-wiren, som herefter kan undersgges
via optisk mikroskopi med polariseret lys.

Det er ved undersggelsen observeret, at revnerne i ATC-modulerne spredte sig
under interfacet mellem metalisering og wire, hvilket er meget atypisk. Dette for-
ventes at skyldes en darlig kvalitet af wire bondet. For MC-modulerne forplantede
revnerne sig i stgrre grad i wire-materialet, hvilket er i overensstemmelse med,
hvad der normalt ville forventes. Undersggelser af kornstrukturen for modulerne
afslgrede, at der ikke var noget refinement omrade med mindre korn, der styrker



bondet, i ATC wires, mens der var et mere tydeligt refinement omrade for MC
wires. Derudover sas der generelt mindre korn i wiren for MC-modulerne. Dette
kan indikere, at MC medfgrer en rekonstruktion af kornstrukturen i wiren.
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numbered x, sections are X.y and subsections are x.y.z, e.g. the subsection two of
the third section in chapter one is numbered 1.3.2. Equations, figures and tables
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respectively.
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Introduction

Insulated gate bipolar transistors (IGBT) are used in a wide range of applications
from consumer electronics such as chargers for mobile phones and laptops to high
power electronics used in aviation, the automotive industry and in power genera-
tion and distribution. Accordingly, the requirements for the devices have a large
span. The voltage can vary from a few hundreds of volts in battery chargers to
several kilovolts when used in wind turbines etc. Similarly, the currents can vary
from a few amperes to kiloamperes. Furthermore, the surrounding environment
varies from indoor to off-shore conditions. It is expected that the devices will
perform within product specifications in a reliable way under all these different
conditions. For high power modules the expected lifetime is often between 10
and 30 years [1, 2].

To ensure the reliability of components, manufacturers have to carry out tests to
proof the longevity of the device. Under normal circumstances, evidence that the
device is suitable for the application it was made for, would take as long as the
lifetime of the device. This is obviously not practical due to the long lifetime of the
devices, why accelerated tests are used. One commonly used accelerated method
for testing the reliability of wire bonds and solders is active temperature cycling
(ATC). This test induces temperature swings causing thermo-mechanical stress in
junctions between materials of different coefficients of thermal expansion (CTE).
The temperature difference during ATC is higher than what would be expected for
the device to experience in the field, causing the acceleration of the degradation of
the device. With this increased temperature swing the cycling of the device to end
of life (EOL) will take weeks instead of years [3, 4]. The risk of this approach is
that under accelerated test conditions different types of failure mechanisms can be
introduced compared to the ordinary operation conditions. Therefore, one needs



Chapter 1. Introduction

carefully look into the physics-of-failure and related key stressors.

Even though ATC is significantly accelerated compared to field conditions, it is
still a time consuming process. Therefore, even faster methods for cycling of
devices are of interest. One such method for cycling of wire bonds using pure
mechanical load is proposed in [5]. This mechanical cycling (MC) method can
have cycling frequencies of several kilohertz, allowing for cycling to EOL in sec-
onds. This has the potential to save both time and money when testing reliability
of wire bonds of new devices. However, a better understanding of how this cy-
cling method compares to real life conditions is needed, in order for this method
to be useful. The aim of this work is to compare the degradation of the wire bond
during MC to those formed during traditional ATC. Furthermore, it is examined if
the crack growth rate follows what is expected from physical models. Thereby, it
is examined whether MC is suitable for replacing the much more time consuming
ATC for lifetime prediction of wire bonds.



Failures of Power Modules

This chapter describes the layout and main components of IGBT power modules
along with modes of operation, various failure mechanisms and different types of
accelerated tests used to estimate the EOL of power modules.

2.1 Layout and Main Components of a Power Mod-
ule

The main purpose of a power module is to handle high electrical power. For that,
three main properties should be considered: Current handling, blocking voltage
and power dissipation. Today IGBT modules are most commonly used, as they
have a high blocking voltage and good current handling capabilities.

One of the most commonly used types of power modules is the wire bonded IGBT
module. This type of device typically consists of several sections of IGBTs and
free-wheeling diodes mounted on a base plate and packed in a plastic housing, as
seen in Fig. 2.1a. Almost all power modules, including both IGBT and MOS-
FET (metal-oxide-semiconductor field-effect transistor) modules, contain free-
wheeling diodes, that are connected anti-parallel to the transistor. The purpose
of the free-wheeling diode is to give the reverse inductive currents, that occur dur-
ing switching, a path to run and thereby preventing reverse voltage spikes. The
only active components of an IGBT power module are the IGBTs and the free-
wheeling diodes. Aside from the active components, a power module consists
of numerous in-active components that are responsible for optimizing operation
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conditions for, and ensuring good electrical contact to the active components, thus
ensuring high performance and reliability of the module [1, 4].

“ j‘! {{ Al'bond wire

Control circuit

Al metallization

Ff'{n.“, LT . 5

Solder

(@ (b)

Figure 2.1 A top-view of an opened IGBT power module with control circuit, IGBTs and
free-wheeling diodes (a). The layered structure of an IGBT module is seen in

(b).

The main purpose of the plastic housing is to ensure both mechanical stability and
high tensile strength of the module during operation, as well as ensuring electrical
insulation and protection against environmental factors such as dust and moisture.

Apart from the active power handling chips, some modules also contain a con-
trol circuit. The main purpose of the control circuit is to control the gate. Apart
from gate drivers, the control circuit can contain a number of different protection
systems, such as over current protection, short circuit protection, under current
protection and overheating protection. By continuously doing electrical and tem-
perature measurements on the IGBTs, it is possible to take action in case an error
occurs, to prevent damage to the modules [6].

The silicon chips are mounted on a direct copper bonded (DCB) substrate using
a conducting solder. A tin-silver solder (SnAg) or a tin-lead solder (SnPb) is
commonly used. However, due to environmental and health impacts of lead-based
solders, silver based solders are getting still more popular. A vacuum soldering
process is used in order to prevent the formation of air pockets in the solder layer,
that will increase the thermal resistance, which may cause early failure of the
device [3, 4, 7].

The DCB substrate consists of two copper layers separated by a dielectric ceramic,

4
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commonly Al,O3 or AIN. The ceramics are used due to their low thermal resis-
tance compared to polymer insulators. Furthermore, there is a greater mismatch
of CTE between copper and a polymer insulator, than between copper and a ce-
ramic insulator. The copper surfaces may be nickel-plated for protection against
the formation of copper sulfide (CuS), which is conductive and can spread along
the electric field and cause short circuit, causing the device to fail. In the top Cu
layer of the DCB substrate trenches separate the Cu layer into different current
tracks, to which terminals can be attached to get electrical contact with the envi-
ronment. The DCB substrate has to provide both electrical insulation and thermal
connection between the power components and the cooling medium, as well as
conduct current from the power components via copper tracks. The DCB sub-
strate may be mounted on a copper baseplate using a similar solder as used for the
chips [3]. This layered structure can bee seen in Fig. 2.1b.

Apart from the Cu tracks of the DCB and the chip solder, electrical connections
for the load current within the module are established using heavy Al bond wires.
These are ultrasonically (US) bonded to a thin Al metallization layer, that ensures
good electrical contact with the chip, and the Cu tracks of the DCB substrate.
They normally consist of 99.99 % Al and have a thickness between 100-500 pm.
Thin bond wires are used for connections that do not carry the load current, such
as gate connections. These typically consist of 99 % Al and 1 % Si and have a
thickness between 17-100 um. The bonding process is carried out at room tem-
perature with frequencies ranging from 40-100 kHz. During the bonding only
limited temperature changes occur. The bonding process is believed to be a solid
state process consisting of a series of overlapping processes:

1. The applied force from the wedge causes hardening of the wire.

2. The yield and tensile strength of the Al wire is decreased due to the US
vibrations (US softening).

3. The two previous processes cause deformation of the wire, which enables
diffusion and removal of impurities.

4. US hardening of the wire occurs after the US softening.
The combination of all of these processes results in an adhesion process ending in
a polycrystalline interface [3, 8].

On top of the active components, filling the entire plastic housing, is a soft sili-
cone mould. The silicone mould fills up the space around the other components
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of the power module in the plastic housing serving as further protection against
the environment. Furthermore, as the voltage drop between nearby components
within the module can exceed the breakdown voltage of air, the silicone gel serves
as a dielectric, preventing short-circuit due to dielectric breakdown [2, 3, 4].

2.1.1 IGBT Architecture and Modes of Operation

The structure of an IGBT is very similar to that of a MOSFET, however there is
an extra highly doped P* region at the drain (called collector for IGBTs), as seen
in Fig. 2.2. For IGBTs the notation for the cathode is emitter and the anode is
called the collector, as it is for bipolar junction transistors.

Considering the IGBT structure in Fig. 2.2b, where the emitter voltage (V,) is
lower than the collector voltage (V,), i.e. the collector-emitter voltage V., = V. —
V. > 0, and there is either negative or no potential to the gate (V, < 0), the IGBT
is in forward blocking mode. Here the pn-junction J, seen in Fig. 2.2 b is reverse
biased and thereby blocking the current. The junctions J; and J; are forward
biased and are therefore not contributing to the current blocking.

Source Gate Emitter Gate
Gate oxide Q f Gate oxide Q T

'.l_LJ_T_ e e —
=, AE— |

\ L n+/  n+ \
N p J

7 2 _

n- n-
Jl ‘ p+
Drain Collector
(a) (b)

Figure 2.2 The structure of a vertical MOSFET (a) and IGBT (b).

Applying a positive voltage higher than the threshold voltage to the gate causes
an inversion channel to form in the p-region under the gate. This allows electrons
to flow from the n*-region to the n™-region (drift zone). From here the electrons
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can flow through the forward biased junction J; into the p* region and finally to
the collector. The flow of electrons from the emitter to the drift zone causes the
potential in the drift zone to drop, causing holes to flow from the p*-region into the
drift zone. This flow of holes will under normal operating conditions be sufficient
to ensure a hole concentration in the drift zone several orders of magnitude higher
than the dopant concentration in the drift zone. This in turn causes even more
electrons to flow from the n*-region to the drift zone to ensure charge neutrality.
The high flow of charge carriers to the low doped drift zone causes the resistance in
the drift zone to drop dramatically. This process is called conduction modulation,
and causes the voltage drop across an IGBT to be significantly reduced.

If the gate voltage (V,) is insufficient, the inversion channel is weak, causing a
lower number of electrons to flow to the drift zone, increasing the voltage drop
across the IGBT. When this happens the IGBT is operating in the active region
of it characteristic curve, seen in Fig. 2.3 a. While operating in the active region
there are significant power losses in the IGBT, which over time will destroy it.
Therefore, it is important to avoid to operate in the active region apart from during
switching.

I
. Increasing
i gate voltage
{ Active =
! . (3
{ Tegion B,
o
2
<
B MOSFET, IGBT
] t
Vee IGBT
Tail Current
(@) (b)

Figure 2.3 The characteristic curve of an IGBT at different gate voltages is seen in (a).
The difference between the turn-off characteristics of a MOSFET without tail
current and an IGBT with tail current is seen in (b).

When the gate voltage is turned off, the inversion channel is closed and the elec-
trons cannot flow from the n*-region at the emitter to the n~ drift zone. Due to
the high concentration of charge carriers in the drift zone at this point in time, a
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current will continue to be for some time after the gate is turned off. Electrons
will be flowing from the drift zone into the P*-region at the collector and the
holes will flow into the lower doped P-region at the emitter side. As the charge
carrier concentration is going down, the current flow comes to a standstill, and
the remaining charge carriers will be removed by recombination. The turn-off of
an IGBT can therefore be divided into a MOSFET-like phase, with a rapid drop
in current as the inversion channel is closed, and a bipolar phase forming a tail-
current with a slower decreasing current, as seen in Fig. 2.3 b. This tail-current
causes greater turn-off losses in IGBTs compared to power MOSFETs. When the
gate is turned off (V, < 0) and the emitter potential is higher than the collector po-
tential (V. < 0) the IGBT is in reverse blocking mode. Here the pn-junctions J;
and J3 are blocking the current as they are reverse biased. The blocking capability
for reverse blocking is not necessarily the same as for forward blocking [3].

2.2 Failure Mechanisms

During operation, a number of factors will contribute to material ageing and fa-
tigue and thus to the eventual failure of a power module [1]. To improve lifetime
and performance of power systems, knowledge of these processes is of great im-
portance. The typical types of failure mechanisms depend on the different types of
modules and the application; e.g. wire bond degradation, reconstruction of met-
allization and solder fatigue are the dominant failure mechanisms of multichip
high-power IGBT modules [2, 9]. For all these mechanisms, thermo-mechanical
stresses, which are developed in the multilayer structures of devices due to differ-
ence in CTE, play a very important role. Therefore, key issues of these stresses
are described below.

2.2.1 Thermo-Mechanical Stress

During operation any power semiconductor device will be subject to temperature
swings due to electrical losses in the devices [10]. As different materials in the
layered structure of power devices have different CTE (), thermo-mechanical
stresses occur at the interfaces leading to fatigue [10, 11, 12].

Thermo-mechanical stress between Al and Si gives rise to both wire lift-off and
metallization reconstruction. Properties relevant to thermo-mechanical stress be-
tween Al and Si are listed in Tab. 2.1. As Si is brittle it will behave elastic, while
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Al is ductile with a low yield stress, and is thus assumed to behave elastic/ideal
plastic under temperature variations. The resulting plastic strain in the Al gives
rise to the failure of wire bonds in power semiconductor devices. A basic under-
standing of the strains can be gained using a simple two-layer model, as shown in
Fig. 2.4 [10].

Al Al
},7 e + &y

|
Si Al ‘
Al ~ ~ -,
CTE a[10°9K] 28 235 g ‘ h‘ .
Youngs modulus E [GPa] 168 70 Si o
Yield stress oy[MPa] 20 e

Si
el

(0]

Table 2.1 Selected material properties for

) Figure 2.4 A simple model of an Al/Si
Al and Si [10].

interface heated up; inspired
from [10].

Separately, the Si and Al would expand differently under thermal heating due to
the difference in CTE, however, as they are connected the total strain in the Si and
the Al will evolve as shown in Fig. 2.4. This can be described mathematically as:

Al Al | AL _ Si Si Al _ (AL _Si Al | _Si
Emn ~ (gel + 8pl) =&, te,, = &= (8;4}1 - Szhl) - (‘9e1 + gezl) 2.1
where &, describes the strain in the free state and €,; corresponds to the elastic
strain. The first part on the right of Eq.2.1 can be written in terms of a for Si (a°")
and for Al (') and the temperature change (AT).

The elastic strains (g,;) can be described by Hooke’s law using the yield stress for
Al (6" and Young’s modulus (E) for the two materials [13, chapter 6]. The yield
stress for Al is the maximum stress that can arise in either the Si or the Al, which
is used to determine the strain under plastic deformation:
. oAl Al
Al _ ! Si
&= (" -a )AT—(ﬁ+ﬁ) (2.2)
In the case of Al and Si, the second term of Eq. 2.2 describing elastic strain is
much smaller than the first term describing the thermal strain; thus, for very low
temperature changes it can be neglected, reducing Eq. 2.2 to [14]:

ghf = (o - o) AT (2.3)

Eq. 2.2 states that the plastic strain is the difference between the thermal strain
and the elastic deformation of Al and Si, however this is only an aproximation.

9
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In reality it is a multi-axial state and real ductile materials do not behave linearly.
Therefore, the real stresses and strains have to be calculated using numerical meth-
ods such as finite element method (FEM) [1].

2.2.2 Solder Fatigue and Solder Voids

As mentioned in Sec. 2.1, a SnAg- or SnPb-based solder is used to attach the
Si chips to the DCB, and to attach the DCB to the baseplate. These solder lay-
ers experience periodical thermal stress during operation causing fatigue related
degradation of the solder. Three types of strain occur during the cycling: Creep,
elastic strain and plastic strain; according to [15] creep is the main contributor
to solder degradation. The degradation of the solder causes delamination, cracks
and voids in the solder. In Fig. 2.5 acoustic microscope images of a mint solder
(Fig. 2.5 a) and a solder with voids after temperature cycling (Fig. 2.5b) is seen.
As mentioned in Sec. 2.1, these formation voids from gaseous inclusions can be
minimized using a vacuum soldering process. This is of great importance, as these
voids will increase in size during thermal cycles and they can promote crack initi-
ation at the edge and corners of the die/DCB. Crack formation and delamination
will initiate at the border of the solder joint, where the stress is the greatest, and
are further promoted by sharp corners of the Si chip or DCB. In [16] it has been
shown, both experimentally and numerically, that the solder lifetime is both de-
pendant on AT and 7,.,,. Furthermore, a larger area of solder increases the stress
in the solder, promoting solder degradation, and the rate of temperature change
influences the stress distribution and relaxation, as creep is rate dependant.

The degradation of the solder layers will cause a decrease in thermal conductivity
between the active components and the heat sink, resulting in higher peak tem-
peratures. Furthermore, as the chip solder also acts as an electrical connection
between the active components and the DCB substrate, degradation of this layer
can also increase the electrical resistance [2, 15, 16, 17, 18].

10
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Ll

Figure 2.5 Acoustic microscope images of a new solder (a) and a solder with voids after
temperature cycling (b).

2.2.3 Aluminium Metallization Reconstruction

In typical power modules, Si chips are covered by a few micrometer thick Al met-
allization layers which provide electrical connection across the die and serve for
making wire bonds. The large mismatch in CTE between Al and Si causes period-
ical compressive and tensile stress in the Al metallization during thermal cycling.
These stresses can exceed the yield stress of Al. In IGBT modules this leads to
the occurrence of plastic deformation at the grain boundary which can cause ex-
trusion of Al grains, cavitation effects at grain boundaries and crack formations in
the metallization. This causes roughening of the metallization surface, which can
be seen in Fig. 2.6, showing the metallization of a mint IGBT (Fig. 2.6a), and
the metallization of an IGBT that has been subjected to ATC (Fig. 2.6b). Met-
allization reconstruction reduces the effective cross-section of the metallization,
causing an increase of the sheet resistance of the Al layer. This contributes to
the increase in Vg for an increasing number of cycles. In cases of severe metal-
lization reconstruction, interruption of single emitter windows can occur, causing
the loss of connection to IGBT cells. This leads to an uneven current density in
the metallization, with critical areas where the current density can get sufficiently
high for melting and electromigration to occur. As the reconstruction of the met-
allization causes the resistance to increase, it will cause the power dissipation to
increase too. Therefore the temperature swings will also increase, accelerating
both the metallization reconstruction and other failure modes, such as wire bond
degradation [1, 2, 19].

11
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(a) (b)
Figure 2.6 Metallization of a mint IGBT (a), and an IGBT after ATC (b).

2.2.4 Burnout Failures

Burnout failure is often seen as the final consequence of wear out, or due to ran-
dom events such as cosmic radiation. Often in burnout there is a short circuit,
where a large current flows through parts of the device while supporting the full
line voltage. Sustaining this short circuit current for a long time rapidly leads to
thermal runaway. When this happens the current spikes in the range of 100 kA,
causing most of the capacitive energy in the device to be released in a few hun-
dreds of nanoseconds, resulting in a peak power of up to 100 MW. All of this
energy is dissipated by ohmic heating mainly in the Al wires and the Si chips.
This causes an adiabatic heating process and evaporation of the Al wires, causing
a shock wave in the silicone gel, destroying the device.

There can be a number of different reasons for a shourt circuit to form such as
inhomogeneous current sharing, which can be caused by multiple wire lift-offs,
overheating due to degradation of solder, leading to poor thermal contact to the
heat sink, damages to the DCB substrate or cosmic radiation [1, 2].

2.2.5 Wire Bond Fatigue

Wire bond fatigue is related to the structural degradation of the wire/metallization
interface due to thermo-mechanical stress. This type of failure can be subdivided
into heel cracking, which is caused by repeated flexure of the wire due to ohmic
self heating, and wire lift-off caused by a CTE-mismatch at the Al/Si-interface as

12
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described in Sec. 2.2.1. Wire bond fatigue is seen as a low cyclic stress with
a progressive degradation over time which keeps the device functional until a
catastrophic failure. As wire lift-off is the dominating type of wire bond fatigue
in modern power modules, this will be the focus of this section [20].

During operation of the device, the plastic strain caused by thermo-mechanical
stress leads to the development of cracks. Typically, crack formation originates
near the bond wire termination, which is seen in Fig. 2.7 a, as the stress in this area
is higher due to the limited expansion freedom. Furthermore, imperfect bonding
can lead to crack initiation sites at the edges of the bonding area. Fig. 2.7b and
Fig. 2.7 c show the heel and toe of a wire bond on a mint IGBT. The heel bond
(Fig. 2.7b) shows a close to ideal bond termination, where the toe (Fig. 2.7 c)
shows a possible initiation site for cracks to start forming [20].

Apart from the high stress and possible initiation sites at the wire-metallization
interface, another reason for cracks to form here is that the interface can be weak-
ened due to oxides and other impurities trapped in the interface during the US
bonding [10]. These defects can be seen in the interface both near the heel and toe
of the mint IGBT wire bond seen in Fig. 2.7 b and Fig. 2.7 c.

13
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(b) (c)
Figure 2.7 IGBT showing cracks initiating from both heel and toe after ATC (c). Heel (b)
and toe (c) of a mint IGBT.

After initiation, the crack propagates into the wire itself. This is due to hardening
of the Al near the interface caused by the US bonding process, which causes a
large degree of deformation to occur near the interface, resulting in a decrease in
grain size and thereby hardening of the material, as seen in Fig. 2.8a [10, 21].
This hardened area near the interface is called the refinement area. The 3D shape
of the refinement area has previously been shown to roughly span half an ellipsoid
[10]. Studies of the grain structure show three different fracture types: Delamina-
tion, where the wire material separates from the metallization, intergranular frac-
ture, where the crack propagates between grains and transgranular, where cracks
go through the grains. It was observed that delamination occured mainly in the
beginning of the crack development, after whitch intergranular fracture occurred
and towards the end both trans- and intergranular fractures occurred [20].

14
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High-vac.  SEI PC-high 10KV

(a) (b)

Figure 2.8 Crack propagating above smaller grains in the refinement area (a). Elliptic
footprint after wire lift-off (b).

Eventually the cracks will meet around the center of the wire resulting in complete
lift-off of the wire. After lift-off, wire residue will be seen on the metallization in
an elliptic footprint as seen in Fig. 2.8 b. These leftovers of wire material on the
metallization confirm that the fracturing occurs not exactly at the interface but
through the boundary of the refinement area in the wire.

2.3 Lifetime Estimation of Wire Bonds

Different models for estimating the wire bond lifetime in power modules have
been proposed. The most commonly used plastic strain based model is the Coffin-
Manson model, relating the number of cycles before a wire lift-off (Ny) to the
plastic strain (&,;):

Ny o< (e,1) (2.4)

where 7 is a positive number. By combining Eq. 2.4 and Eq. 2.3 from Sec. 2.2.1,
N can be found as a function of AT

Ny =a(AT)™ (2.5)

The coeflicients a and n can either be estimated from numerical simulations or
be obtained from experimental measurements of real cycled devices. This model
allows for estimation of lifetime of a device based on either ATC or PTC (passive
temperature cycling) tests [2]. The Coffin-Manson model is built on the assump-
tion that AT is the sole stressor. This, however, is not the case, as other factors
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Chapter 2. Failures of Power Modules

such as wire geometry, composition and structure also affect the lifetime. Devi-
ations in production quality is also an important parameter. Several expansions
have been made to the Coffin-Manson model to try and accommodate some of
these factors. These terms take into account the mean junction temperature (7'j,,),
the wire bond aspect ratio, pulse duration and chip thickness. With all of these
extra terms, the main stressor will still be AT or T),,..,. The extra terms contain a
number of component related parameters, why a large number of accelerated tests
is needed to provide reliable results [1, 2, 22, 23]. Another big problem is that
the reliability data obtained for one type of device is not transferable to another
model, moreover, even hardly transferable to the same type of device operating
under different conditions.

2.3.1 Physics-of-Failure

Another approach suggested in last years is physics-of-failure (PoF) analysis [24,
25, 26]. PoF Is based on the analysis of key factors leading to fatigue and failure
applying physics knowledge about structure, composition and properties of ma-
terials used for device production as well as phenomena and effects taking place
in the devices during operation. To utilize such approach for given components,
devices or systems one needs to obtain clear physical understanding of the failure
mechanism and accumulate systematic data about change of material properties,
structure etc. This data is then used to build advanced models, which can for
example utilize finite element analysis approach and predict development of fail-
ure. Thus, PoF approach can provide a deeper understanding of the reliability
aspects and it can be easier transferred to different load conditions and different
power devices for which the lifetime must be estimated. A good example of a PoF
method is presented in [27] for wire bond fatigue, where a computational model
for a section of a power module is developed, the key factors affecting wire bond
fatigue under power cycling are estimated and the damage accumulation is pre-
dicted. The model is verified by comprehensive physical analysis of wire bond
degradation [28].

An important part of analysis of wire bond fatigue in PoF approach is the Paris’
law. This is based on fracture mechanics and describes the crack growth (da) per
cycle (dN) using the strain density factor range AK,!' [29]:

da "
N C (AK,) (2.6)

I'The stress intensity factor (K) is used to predict the stress state near the tip of a crack.
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where C and n are material constants determined from empirical data. AK, is
dependant on the temperature load and can be calculated using FEM. In order to
use this model to predict the number of cycles to failure of a wire bond a critical
length, defining the length a crack can propagate, before the bond is considered to
have failed, is selected [29]. Using this approach, one can put physics background
into the analysis of crack development and wire lift-off, and compare different test
methods.

2.4 Accelerated Tests

Due to the long lifetime of power devices under normal field conformal stress con-
ditions (10-30 years), reliability testing under these conditions are not an option.
Therefore a number of accelerated cycling methods have been developed. These
accelerated tests can be used to estimate the expected functionality during the en-
tire lifetime of the device. Depending on what failure mechanism is desired to
examine, different tests are used [4]. A number of these tests are breafly described
below.

2.4.1 Thermal Cycling Methods

In order to estimate failures due to thermo-mechanical stress, such as solder fa-
tigue and wire lift-off, PTC or ATC is commonly used. These tests work by in-
ducing temperature swings and gradients in the power modules causing thermo-
mechanical fatigue. During these accelerated tests the temperature swings and
gradients are typically higher than what will occur during field use, allowing for
testing until EOL within weeks instead of decades [30]. This might however give
rise to material related mechanisms normally not seen on devices in the field [1].

Passive Temperature Cycling (PTC)

During PTC the device is heated and cooled passively by the environment which
is usually done simply by exposing the device to temperature variations. PTC
has a long cycling period varying between 15 minutes up to one hour. The long
cycling time is necessary to ensure that the entire device has reached the desired
temperature. During PTC the temperature distribution throughout the device is
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Chapter 2. Failures of Power Modules

spatially homogeneous [1, 31].

As the entire device is heated (and cooled) during PTC, one of the main advan-
tages compared to ATC is that PTC allows for the examination of the thermo-
mechanical robustness of the entire device rather than just the components heated
during operation [1].

Active Temperature Cycling (ATC)

Compared to passive temperature cycling ATC is a closer resemblance to the real-
life conditions. During ATC the device is heated due to on-state losses from either
AC or more commonly for IGBT- and MOSFET-based modules pulsed DC [1].
Under testing the device is normally mounted on a heat sink as in real application
[4]. The heat sink can either be based on air-cooling or liquid-cooling, where
liquid-cooling systems are more complicated but also more effective, allowing for
a higher maximum cycling frequency.

When the device is conducting the load current (/) the temperature will in-
crease. After the time (#,,) when the maximum junction temperature (7;,;) 18
reached, the current is switched off causing the chip to cool down. The chip will
be cooling for the time (7, 77), until it reaches a minimal junction temperature (7},,,)
thus completing the cycle. In the beginning of the heating and cooling period, the
rate of change in temperature is higher than approaching the end of the heating
and cooling periods, as seen in Fig.2.9 [1]. T}, and T}, define the characteristic
parameters for ATC: The temperature swing (A7) as given by Eq. 2.7 and the
medium temperature (7,,) defined by Eq. 2.8 [4].

ATj = Thigh = Tiow (2.7)

Thigh - Tlow

Tm = Tlow + 2

(2.8)

Compared to passive temperature cycling ATC has a short cycling time of typi-
cally 0,2 seconds to 1 minute [31]. Apart from the high load current a low mea-
suring current (/,,) can be applied, which is used for measurements of electrical
thermo-sensitive parameters, allowing for estimations of the junction temperature
(Tj) during the test [32].
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Figure 2.9 Example of changing T'; due to pulsed DC current.

There are several different control strategies with the most commonly used be-
ing keeping t,, and 7,;; constant along with the load current (/;,,s). During the
test T'jmins T jmax and AT; will change due to the degradation of the device with
no compensation from the control strategy. This approach has the closest resem-
blance to field conditions. Other approaches include keeping the change in heat
sink temperature (AT,) constant, keeping power losses (P,) constant or keeping
AT constant [31].

During ATC different parameters can be monitored. Two of these parameters,
the thermal resistance between the junction and baseplate (R;,) and the on-state
voltage (V.. for IGBTs), are considered to be good indicators of ageing in power
devices, and are therefore monitored. The on-state voltage is an indicator for wire
bonds’ degradation and lift-off. Wire lift-off can be seen as a stepwise increase in
the on-state voltage. R, indicates the state of the solder. When fractures appear in
the solder it will modify the heat transfer from the chip to the baseplate. R;, can
be calculated from the power dissipation P; as:

ijax - Tc ijax - TC
Ry, = = 2.9)
Pd Vce sat (Iload + Im)

T, is normally measured using a thermocouple glued to the baseplate. For measur-

19



Chapter 2. Failures of Power Modules

ing T; there are several approaches. For close moulded packages direct measure-
ment of the temperature is not an option. Therefore thermo-sensitive parameters
are used. These can be measured either by monitoring on-state voltage and current
or by 7,,. In the case of open modules with access to the die, 7; can be measured
directly on the chip surface. This can be done either by a thermocouple, an optic
fibre with crystal sensors (either GaAs or phosphor) or an infrared camera; the
infrared camera has the advantage of being fast, precise and not in contact with
the die. The temperature is measured over the entire module, which is useful as it
gives a first evaluation of the temperature distribution in the module. As thermo-
couples are in contact with the chip, poor thermal contact can greatly influence the
accuracy and response time using thermocouples. Optical fibres allow for precise
measurement of the temperature and do not require thermal contact. The response
time is however slightly higher than that of thermocouples [31].

ATC allows for online monitoring of temperature and electrical data during each
cycle leading to the estimation of the module lifetime based on a predetermined
EOL criteria. If for instance the observed values increase more 20 % the EOL
criteria is met and the corresponding number of cycles for failure (V) defines the
lifetime of the device [1, 31].

2.4.2 Other Tests

Aside from thermal cycling methods various other accelerated test methods exist;
some of these are briefly described in the following.

High Temperature Reverse Bias Test

This test is used to verify the long-term stability of the chips’ leakage currents.
During this test the device is stressed with a reverse voltage at or just below the
reverse blocking capability of the device at an ambient temperature near the op-
erational limit of the device. While no degradation in the bulk silicon is expected
during these conditions, the test is able to reveal weaknesses and degradation ef-
fects at the chip edges and in the passivation layer at the chip surface. The device is
considered failed if the leakage current under normal circumstances has increased
too much after the test.

A similar test is performed, just with high humidity, to examine humidity related
degradation processes. Even though the active components and wires of the device
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is completely embedded in a silicone soft mould humidity can affect the device,
as the silicone soft mould is highly permeable for humidity [4].

High Temperature Gate Stress Test

In order to test the stability of the gate leakage current a high temperature gate
stress test can be used. As the gate voltage limit is around +20V over a gate of
less than 100 nm the electric field can reach 2MV/cm. In order for the gate to
handle such a high field there has to be no defects and only a very low concen-
tration surface charge is tolerable. The test is performed by applying a voltage
at the maximum limit of the gate oxide and heating the device to the maximum
operational temperature. During the test the gate leakage current has to be stable
and sufficiently low. Apart from ensuring no defects in the oxide, this test ensures
that no contaminants have been introduced to the device under assembly, as this
would lead to surface ions that would increase the gate leakage current.
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Experimental Part

The following sections describe how the modules used for this work have been
cycled and later processed for imaging.

3.1 Devices Under Testing

The devices under testing (DUT) studied in this work are commercial power mod-
ules rated for a maximum collector-emitter voltage of 600 V and a maximum col-
lector current of DC 30 A. Every module consists of six sections of an IGBT and
a free-wheeling diode soldered to a DCB. Each chip has an Al metallization layer
and four heavy Al bond wires. The module is not mounted on a baseplate. The
device also contains a control chip. A top view of the device after the top plastic
cover is removed is seen in Fig. 3.1.

23



Chapter 3. Experimental Part

Figure 3.1 Top view of the device studied for the current work.

The modules are named P# for active power test and M# for mechanically cycled
cases. Each of the six sections is numbered as S1-S6 as seen in Fig. 3.2a. The
four wires on each of the sections are numbered as W1-W4 as seen in Fig. 3.2b.
Thereby any wire can be referred to by a module number, a section number and
a wire number as "M/P# S# W#”, e.g. power cycled module one second section
first wire is "P1 S2 W1”.

wrr
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Figure 3.2 The numbering of sections (a) and wires (b).
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3.2 Cycling of Device Under Testing

Two different cycling methods were used to provoke wire bond degradation during
this project, ATC and pure mechanical cycling.

3.2.1 Active Temperature Cycling (ATC)

The control strategy used for ATC of samples in this project is constant 7,, and
torf, constant DC load current (/;,,4) during the on-state and constant cooling.
This means that the on-state voltage (V,,), mean temperature 7., and temper-
ature difference (AT) will change during the cycling. The temperature was con-
tinuously monitored throughout the cycling test using an optical fibre temperature
sensor (OTG-F-10 with response time of 10 ms). In stead of turning the current
on and off, the current was alternated between two IGBTSs (one in either end of
the device, to minimize coupling between the transistors). Because one transistor
is in on-state while the other is in off-state, #,, and #,¢¢ had to be equal for the two
transistors to be cycled under similar conditions. The cycling conditions for the
ATC are presented in Tab. 3.1 and the evolution of V., during the cycling tests can
be found in Fig: 3.3.

Table 3.1 Cycling conditions for ATC.

Module I,, ton/tof Tmin/Tmax AT Cycles Increase of V.

Section (A) [s] [°C] [°C] [%]
P1S1 23 1.5/1.5 60/100 40 149x10° 6.44
P1S6 23 1.5/1.5 60/100 40 149 x10° 6.31
P2S1 22 1.5/1.5  60/100 40 406 x 10° 2.38
P2S6 22 1.5/1.5  20/100 40 406 x 10° 6.93
P3 S1 18 2.5/2.5 50/110 60 444 x 103 1.85
P3S6 18 25/25  50/110 60 444 x 103 2.16
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Figure 3.3 The evolution of V., during ATC tests for P1 (a), P2 (b) and P3 (c).

3.2.2 Mechanical Cycling (MC)

Mechanical cycling was carried out in the group of Golta Khatibi at Technical
University of Vienna in the frameworks of running collaboration [14]. This is a
high frequency mechanical fatigue procedure used as an alternative for ATC when
studying bond wire fatigue [5]. This approach makes it possible to utilize a large
span of frequencies, from under one Hz and up to tens of kHz. This allows for very
fast cycling compared to ATC, where each cycle normally takes several seconds.
MC will only evoke wire bond degradation and not any other failure mode, such as
solder fatigue and metallization reconstruction, as traditional temperature cycling
would. While this is different from field conditions, it allows for studying one
failure mode, without it being affected by other failure modes.

Even though it is possible to perform the cycling at very high frequencies, this
might result in a different degree of degradation compared to devices from real
operational conditions. Determination of proper cycling frequencies is required.
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When determining the proper frequency it will be a compromise between the time
spend on cycling and the risk of deviations in the results [9].

In practice, the shear load is applied by clamping the wedge area of the bonds
with a gripping tool and vibrating it along the direction of the wedge, parallel to
the substrate, while the substrate is fixed on a vacuum stage. A piezoelectric actor
is used to move the gripping tool, causing the displacement load. A differential
laser Doppler vibrometer measures the displacement of the tip of the grippers
and the edge of the IGBT chip. The wire is clamped around roughly half of the
wire width. The clamping force of the gripping tool causes deformation of the
wire. Tests where the wire is glued to the tip instead of gripped have been made,
to determine if this deformation had any affect on the lifetime of the wire bond.
These showed similar results for both methods, indicating that the deformation
of the upper part of the wire has no significant impact on the lifetime of the wire
bond [9]. In order to prevent re-bonding and grinding, a small tensile load of 0.2 N
is applied in the z-direction. The set-up is illustrated in Fig. 3.4.

excitation

I

gripping
height W~ B N

tensile preload

VAV A A A A

Figure 3.4 Illustration of the set-up used for MC.

MC simulates the cyclic shear stresses at bonding interfaces caused by varying
temperature, by mechanically inducing a similar cyclic shear load in the wire
bond. This shear load causes fatigue cracks to initiate at the bonding interface and
propagate and, depending on the applied displacement amplitude and the time of
the test, eventually causing wire lift-off. The shear strain at the interface between
Al and Si (Ag), as defined in Eq. 3.1, is related to the temperature change (AT)
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through the difference in CTE of Al and Si (Aa), as described in Sec. 2.2.1 Eq.
2.3.
Ae = (@ — as;) AT 3.1)
N—
Aa

This can be related to a mechanically induced shear force, as the shear stress (1)
is given as T = f, where F is the applied force and A is the interface area. F can
be found by measurements of acceleration of the chip with respect to the gripping
tool as F = ma, where m 1s the mass of the chip and a is the acceleration. This
shear stress is related to the shear strain through the shear modulus (G = 27.8 GPa
for Al [33]) as Ae = At/G [34].

For this project a displacement amplitude of 225 nm was used and the samples
were cycled at a frequency of ~60kHz. 31 wires were cycled to EOL, result-
ing in the data illustrated in Fig. 3.5. EOL (wire lift-off) was found to between
1,2-1.3 x 10° cycles; this is further mentioned as 100 % EOL. This pretty high
variation in EOL is probably related to differences in production quality of wire
bonds. The deviation ranges from 10 % failed at 8 x 10° cycles and 90 % failed at
2 x 10° cycles.
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Figure 3.5 Number of cycles to failure (Ny) for 31 mechanically cycled wire bonds (a)
and a histogram and cumulated frequency distribution of Ny for these wire
bonds (b).

For wire bonds examined in current work, the cycling was stopped at different
points prior to the expected failure. The number of cycles for each sample can be
found in Tab. 3.2.
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Table 3.2 Number of cycles for MC modules.

Module % of EOL | Module % of EOL | Module % of EOL
Section Section Section

M6 S1 100 M7 S1 80 M12 S1 100
M6 S2 100 M7 S2 80 M12 S2 10

M6 S3 30 M7 S3 100 M12 S3 20

M6 S4 30 M7 S4 80 M12 S4 30

M6 S5 60 M7 S5 95 M12 S5 50

M6 S6 60 M7 S6 95 M12 S6 70

3.3 Micro-sectioning

In order to obtain a cross-sectional view of the wire bond, micro-sectioning was
performed. The process of micro-sectioning can be divided into two parts: Macro-
scopic cutting to separate the module into individual sections followed by micro-
scopic grinding/polishing to remove DCB substrate, reaching the center of the
wire and smoothing the surface. In this project a section consists of an IGBT and
a free-wheeling diode. The following steps are performed during the macroscopic

cutting:

e The cover from the plastic housing is removed and the silicon gel is dis-
solved using silicone remover.

e The wires connecting the DCB to the housing and control circuit are cut and
the DCB along with the active components are removed from the housing.

e The DCB and the active components are cast into epoxy for protection.

e The individual sections are separated using a diamond wet cut blade and the
sections are individually cast into epoxy with the DCB facing down.

The following steps are performed during microscopic grinding/polishing:

e The DCB and the chip solder are removed using SiC wet grinding paper for

the Cu and solder, and a diamond grinding disc.
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e The sections are recast, this time with the first wire of interest facing down.

e SiC wet grinding paper is used to remove material until the center of the
desired wire 1s reached (finishing with 4000-grit).

e The surface is polished, initially with 3 um diamond suspension, ending
with OPu until the desired smoothness is reached.

After completing the micro-sectioning, cracks can be observed using optical mi-
croscopy. In order to see the grain structure, the grains have to be developed using
electro-etching.

3.4 Grain Development by Electro-Etching

After micro-sectioning, in order to promote the Al grain structure, the samples
were anodized in Barker’s reagent. The reagent was made from 5 mL 48 wt %
HBF, in H,O diluted in 195 mL H,O. In order to get electrical contact to the sam-
ple, a hole was drilled into the epoxy reaching a Cu contact attached to diode end
of the fourth wire in the sample. A screw was screwed into the hole, connecting
with the Cu contact. The sample was then held in the reagent, so that the screw
was not in direct contact with the solution. A cathode of a thin non-reactive metal
plate was placed in the solution too. An illustration of the set-up can be seen in
Fig. 3.6. A potential of 10 V was used to drive the reaction. During the reaction
the solution was stirred using a magnetic stirrer. The necessary reaction time var-
ied slightly from sample to sample, but most of the samples were done after just
under 2 min.
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Figure 3.6 Illustration of the set-up used for the anodizing process used to devolop grain
structure in Al wires.

When the Al is used as an anode in a Barker’s reagent, an oxide layer grows on
the Al surface. The oxide growth is dependant on the grain orientation, different
oxide thickness and roughness is seen between different orientated grains. These
differences cause different colors to appear when looking at the sample through a
microscope using a polarized light source.
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Results and Discussion

After micro-sectioning it is possible to see the crack propagation at the wire-bond
interface using an optical microscope. In the following sections the obtained re-
sults from first the ATC samples and then the MC samples are presented and dis-
cussed. Finally, results from the two methods are compared.

4.1 Crack Propagation in ATC Devices

Two sections of each module were cycled. The cycling conditions can be found
in Tab. 3.1 in Sec. 3.2.

Normally a device is considered to enter the failure mode related to wire lift-off
at an increase of 5 % in V... Three sections are cycled beyond this point: P1 S1
(6.44 %), P1 S6 (6.31 %) and P2 S6 (6.93 %). Due to the high increase in V.,
of these sections, it is expected to see wire lift-off or wires that are very close to
lift-off. This is the case for P1 S1 W1 (Fig. 4.1a), P1 S1 W2 (Fig. 4.1b), P2 S6
W1 (Fig. 4.1e) and P2 S6 W2 (Fig. 4.1f). The wires of P1 S1 still have a very
small contact area intact, whereas for P2 S6 one can see a complete detachment.
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(c) P1 S6 W1 (AV,.=6.31 %).

(d) P1 S6 W2 (AV,.=6.31 %).

() P2 S6 W1 (AV,,=6.93 %).

(f) P2 S6 W2 (AV,,=6.93 %).

Figure 4.1 Optical microscope images of ATC wire bonds for IGBTs cycled to
AVee >5%.

Despite the high increase in V,, in P1 S6 the wire bonds of both W1 (Fig. 4.1¢)
and W2 (Fig. 4.1d) have a large contact area left. As only two out of four wires
were examined it might be due to severe degradation of the remaining two wire
bonds. However, when examining the rapid increase in V., towards the end of the
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cycling test (Fig. 3.3b), it is found that V., seems to increase continuously, and
not in steps as would be expected in case of wire lift-off (seen in Fig. 3.3 a). This,
along with the low degree of degradation of the wire bonds that have been exam-
ined, indicates that the reason for the high increase in V., might lie elsewhere, e.g.
metallization degradation.

In Fig. 4.1 a — d the remaining contact area is near the center of the bond (slightly
shifted to the heel side), indicating that the cracks propagate from both ends of the
bond towards the center. The same is seen in wires cycled to a lesser degree (Fig.
4.2). The shift towards the heel might be due to temperature gradients, causing a
difference in the stresses at the heel and toe. Furthermore, The quality of the bond
might be uneven across the bonding interface.

The other sections of the modules exposed to ATC had an increase in V., ranging
from 1.85 % for P3 S1 to 2.38 % for P2 S1. As this is a relatively low increase in
V.., alow degree of degradation of the wire bonds is expected. This is the case for
P3 S1 and S6 where cracks are seen propagating from both heel and toe but still
showing a large intact area. P2 S1 on the other hand shows severe degradation
with W1 (Fig. 4.2 a) being very close to lift-off and W2 (Fig. 4.2 b) seems to have
lift-off. This is highly unexpected, as the electrical data indicates only moderate
degradation. This can be related to the large variations in production quality of
the wire bonds, thus, leading to high difference in degradation rates.

It has been suggested that the remaining contact area normalized with the wire
height as a function of the number of cycles should follow Paris’ law (Eq. 2.6)
[35]. In order to tell if this relation is present here, more data of similar cycling
conditions is needed.

When looking at the path of the cracks, it is found that the cracks propagate mainly
between the metallization and the wire or in the metallization. At some places it
even seems that the crack develops along the metallization-chip interface. This is
seen in at least parts of all examined wire bonds. In a few of the interfaces (P3 S1
W1 seen in Fig. 4.2 c at the heel and P1 S6 W2 seen in Fig. 4.1 c at the toe) the
cracks propagate in the wire. The fact that the cracks mainly propagate through
the metallization-wire interface, or through the chip metallization is unusual. Typ-
ically it would be expected that the crack would follow the boundary between the
original grain structure of the wire and its refinement area formed under the bond-
ing process [8]. Cracks have been observed propargating 10 — 20 um above the
wire-metallization interface along this refinement area [10].
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(f) P3 S6 W2 (AV,,=2.16 %).

Figure 4.2 Optical microscope images of ATC wire bonds for IGBTs cycled to
AV, <5 %.

By closely examining the wire bond of a mint IGBT (Fig. 4.3) defects (dark spots)
along the wire-metallization interface can be seen. Similar defects can be found
in all the samples examined, indicating that the unusual path of the cracks might
be due to poor bond quality.
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50 um

I ————————

(b)

Figure 4.3 Optical microscope images of a mint IGBT wire bond. (a) shows the entire
wire bond while (b) shows the heel at greater magnification.

In order to examine the refinement area electro-etching was used to develop the
grain structure on some of the wires. This showed that the grains are smaller near
the interface, however they are still relatively large and no clear boundary between
large and small grains is seen. Cracks do not tend to go above smaller grains but
propagate in between or below. This all shows that the refinement area in the wires
examined is very weak if at all present. As the cracks propagate mainly between
metallization and wire or in the metallization, intergranular fracturing is seen. No
clear trans-granular fractures have been observed as it has been in other work [20].

Figure 4.4 Grain structure of P3 S1 W1 at the heel of the IGBT wire bond.
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To summarize, for ATC it has been found that the cracks propagate mainly in
the wire-metallization interface, in the metallization or in the metallization-chip
interface, which is unlike what has been seen in previous studies, where the cracks
tend to propagate just above the refinement area in the wire material. Defects have
been found in the wire-metallization interface both for mint and cycled wires,
which could be the reason for the unexpected fracture path.

The grain structure does not show any clear refinement area near the interface, as
is normally seen in US bonded wires. This further indicates that the fracture path
might be due to poor bonding conditions. It is expected that an optimization of the
bonding conditions could significantly increase the lifetime of these wire bonds,
and would result in a more traditional fracture path.

More data of ATC wire bonds is needed in order to conclude on the crack propa-
gation rate.

4.2 Crack Propagation in MC Devices

For MC every wire within a section has been cycled similarly, while the sections
have been cycled to a different number of cycles, indicated as the percentage to
expected EOL as listed in Tab. 3.2 in Sec. 3.2.2. The sections M6 S1, M6 S2, M7
S3 and M12 S1 have been cycled to 100 % of expected EOL why it is expected to
see lift-off of most of the wires of these sections. This is in fact the case for every
wire examined on these sections (example in Fig. 4.5 a for M7 S3 W1). Lift-off is
also seen in all examined wires of M7 S5 and M7 S6 (M7 S6 W1 is seen in Fig.
4.5b) cycled to 95 % of EOL. Due to the variation in EOL of the 31 wires used
to determine the expected EOL, it would be expected to see some wires that have
not failed when cycled to expected EOL. The fact that 12 wires cycled to 95 %
and 100 % of expected EOL, all show lift-off indicates that the expected lifetime
might be too high.
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4.2. Crack Propagation in MC Devices

(a) M7 S3 W1 (100 %).

(b) M7 S6 W1 (95 %).

Figure 4.5 Optical microscope images showing wire lift-off seen after MC to 100 % (a)
and 95 % (b) of expected EOL.

M7 S1, S2 and S4 were all cycled to 80 % of EOL. Here it would be expected to
see a large degree of damage to the wire bond, and it would not be unexpected
to see wire lift-off in one of the wires, as according to the data from the 31 wires
tested to EOL, just over 20 % of wires would have failed at 80 % of expected EOL.
However, when examening the wire bonds of these samples there is a lot of intact
contact area between the chip and wire. Examples of this are seen in Fig. 4.6.

(a) M7 S1 W2 (80 %).

(b) M7 S2 W1 (80 %).

Figure 4.6 Optical images of MC wires cycled to 80 %.
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Wires cycled to between 10-70 % show increasing crack growth for an increasing
number of cycles, as would be expected. This can be seen in Fig. 4.7 a — ¢ showing
wire bonds cycled to 10, 30 and 60 % of expected EOL. One wire at 50 % of EOL
had lifted off.

(b) M6 S3 W1 (30 %).

(c) M6 S6 W1 (60 %).

Figure 4.7 Optical microscope images of wire bonds cycled to 10 % (a), 30 % (b) and
60 % (c) of expected EOL.

The fractures of MC are more opened compared to those of ATC. This is clearly
seen both at the heel and toe fracture in Fig. 4.7 c. This could be due to the small
pre-load applied perpendicular to the interface, used to prevent grinding and re-
bonding during the cycling.

For the rest of the wires cycled from 10 % to 70 % of EOL, the remaining con-
tact width (d.) was measured and normalized with their measured hight (d;) and
plotted against the percentage of expected EOL (Fig. 4.8). Imprecisions in the po-
sition of the wire cross sections examined will affect d,.. This can be accomodated
by normalization by d), as suggested in [35].

As suggested in [35] one could fit the data with a power function. However due
to the large deviation, especially at a high number of cycles, for data obtained in
this work, and the small data-pool the fit is not that good. The large deviation also
means that a lot of other functions can be fitted to the data with similar precision.
In fact an exponential fit is better for this data, and a linear fit is only slightly
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4.2. Crack Propagation in MC Devices

worse, as is shown in Fig. 4.8. Therefore it is impossible to confirm or contradict
if the wire degradation follows a power function as it has been suggested.
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Figure 4.8 The ratio between the remaining contact length and the wire height plotted

against number of cycles in percentage of expected EOL, along with different
fits.

When looking at the fracture path, both delamination, where the fracture occurs in
the interface between metallization and wire and between the metallization and the
chip, is seen. However, a larger part of the fracturing occurs in the wire material
too (e.g. Fig. 4.7c at the toe), as it is seen in well-bonded wires with a good
refinement area.

When looking at the grain structure, smaller grains are found all over the wire
compared to those found in ATC samples, indicating that the MC process might
cause grain reconstruction. This can be seen in Fig. 4.9a. The reconstruction
could also be a consequence of the deformation of the wire caused by the applied
force from the gripping tool, however the reconstruction is seen in the entire wire
height, and not only in the top part where the wire is deformed by the gripping.
When looking near the wire-chip interface even smaller grains can be seen (Fig.
4.9b). This could indicate that the MC process is generating a refinement area
during the cycling. This could affect the fracture path so more propagation oc-
curs in the wire material compared to the ATC samples, as the MC might cause
strengthening of the material just at the interface.
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Chapter 4. Results and Discussion

(b)

Figure 4.9 Optical microscope images of MC wire bond after electro-etching. The entire
wire bond is seen in (a) and the heel is seen at greater magnification in (b).

To summarize, for MC it is found that while some crack propagation occurs in the
wire-metallization interface, the metallization or in the metallization-chip inter-
face, more fractures propagate in the wire material compared to what is seen for
the ATC samples.

When looking at the grain structure, it is found that the grains are smaller than
those seen in ATC throughout the wire height, indicating that the MC process
could cause grain reconstruction. Near the interface even smaller grains are seen,
which could indicate that the MC process generates a refinement area. This could
also explain the difference in the fracture path between ATC and MC, as the MC
process might harden the material near the interface, strengthening the bond and
causing the fracture to propagate into the wire material. This will not happen
during normal operation, why this could be an issue for using MC to estimate
wire bond life time. Changing the cycling parameters e.g. lowering the frequency
could have an effect on this reconstruction.
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4.3. Comparison of ATC and MC

When looking at the remaining contact area normalized with the wire height, plot-
ted against the number of cycles (Fig. 4.8), one could fit it with a power function
as suggested in [35]. However, the large deviation and the small data-pool give a
poor fit and other functions could be used to fit the data just as well if not better.
Therefore it can neither be confirmed nor rejected that the the normalized contact
area will follow a power function while plotted as a function of the number of
cycles.

4.3 Comparison of ATC and MC

Differences in both fracture path and grain structure is seen when comparing re-
sults from ATC and MC. Furthermore, the fracture of MC is more opened than that
of ATC, which could be due to the small pre-load perpendicular to the interface,
used to prevent grinding and re-bonding during MC.

The fracture path of MC samples propagates more in the wire material compared
to ATC, where cracks mainly propagate in or below the interface of the wire and
metallization. This difference is clearly seen when comparing Fig. 4.10a for an
ATC wire bond and Fig. 4.10b for an MC wire bond. The white line indicates
the wire-metallization interface, and it is clearly seen that for the ATC wire the
crack propagates mainly below or on the line, while for the MC wire, the crack
propagates on or above the line.

Furthermore, when comparing Fig. 4.10a and Fig. 4.10b it can be seen that the
fracture of Fig. 4.10b (MC) is more opened than that of Fig. 4.10a (ATC).
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i
Metallizaton

Metallization

(b)

Figure 4.10 Optical microscope images showing crack propagation with respect to the
wire-metallization interface of an ATC (a) and MC (b) bond wire.

MC samples tend to have smaller grains than ATC samples, which indicates that
the MC process might cause grain reconstruction in the wires. This difference
is seen throughout the wire height. This difference is clearly seen comparing
Fig. 4.11a (ATC) to Fig 4.11 b (MC), where the grains in Fig. 4.11b in general
seems smaller than those seen in Fig. 4.11 a. This is even more pronounced near
the chip at the center of the bond, where the grains are significanty smaller than
any of the grains seen in the ATC wire. The very small grains near the chip
surface could indicate that the MC process causes the formation or enhancement
of the refinement area, and thereby strengthening the bond, causing the crack to
propagate in the wire material. This could be an issue for using MC to estimate
the wire bond life time, as this reconstruction would not occur during normal
operation.
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(b)

Figure 4.11 Optical images showing the grain structure of an ATC (a) and MC (b) bond
wire.

To summarize, it is found that the path of the crack for ATC samples mainly
go at or below the wire-metallization interface, while for MC samples it mainly
propagates at or above this interface.

The cracks of the MC wires are more opened than those of ATC wires, which
could be due to the pre-load perpendicular to the interface, applied during MC to
prevent grinding and re-bonding.

The grain structure of the wires are also different, with the MC wires having more
smaller grains and what looks like a larger refinement area with smaller grains
than what is found in ATC wires. This difference in grain size is suspected to be
due to grain reconstruction during MC, and may be the reason for the differences
in the fracture path.
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Chapter 4. Results and Discussion

In order to compare the fracture propagation rate, more data is needed for both cy-
cling methods. The reconstruction occurring during MC could affect the lifetime
of the bond, why this may be an issue for using MC to estimate lifetime of wire
bonds operating at field conditions. Changing cycling conditions such as cycling
frequency could have an effect on the amount of reconstruction caused by MC.
More research into the affect of MC on the wire bond is needed in order for this
to be a reliable method for lifetime estimation of wire bonds.
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Conclusion

In order to compare the degradation of wire bonds exposed to ATC and MC,
micro-sectioning was used to analyse the crack development in ATC and MC wire
bonds. For further comparison between the two cycling methods, some samples
were electro-etched in order to develop the grain structure.

For ATC it was found that the fracture path did not follow the expected path in
the wire material, but rather propagated in the wire-metallization interface, in the
metallization or in the metallization-chip interface. Defects were found in the
wire-metallization interface for both mint and cycled devices, which could be the
reason for the unexpected crack development. Furthermore, by examining the
grain structure of the wire-metallization interfaces, it was found that there was
very little to no refinement area formed at the wire bonds. The defects found at
the interface along with the missing refinement area indicate that the unexpected
fracture path could be due to poor US bonding of the wires. In order to conclude
on the rate of crack development for ATC devices more cycled modules need to
be produced and investigated.

Examination of the fracture path for MC devices showed some fracturing occur-
ring in or below the wire-metallization interface, however, a tendency for the crack
to develop more in the wire material was seen. This could be due to the small pre-
load applied perpendicular to the interface to prevent grinding and re-bonding
during cycling. The cracks also had a tendency to be more opened compared to
the pwer cycled modules which can also be due to this pre-load. Examination
of the grain structure of the MC wires showed smaller grains for the entire wire
height compared to the ATC wires. This indicates that the MC process might cause
grain reconstruction. Even smaller grains were observed near the chip, indicating
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Chapter 5. Conclusion

that the cycling could be forming or strengthening already present refinement ar-
eas. This generation of refinement area could also explain the difference between
crack path between ATC and MC wires. Further research into grain reconstruction
during MC and its effect on the lifetime is needed, in order for MC to be a useful
tool for wire bond lifetime estimation.

It has been suggested that the ratio between remaining contact width and the mea-
sured wire height should be dependant on the number of cycles with a power law.
It has not been possible to neither confirm nor reject this, as the deviation of the
data was to large and there were insufficient data.

It can be concluded that for the MC cycling conditions used for samples examined
in this work, the crack development tendencies are similar to those found for the
ATC devices for the earlier and moderate stages of lifetime. However, the MC
devices cycled closer to EOL show some differences in the lift-off development
compared to the power cycling. Thus, it is still necessary to resolve whether this
discrepancy is related to the procedure of MC leading to damage accumulation
different to that of ATC or rather the large deviation in production quality which
can lead to significant differences in the fatigue processes from batch to batch of
the modules. This further investigation could help in the final conclusion on the
acceptance of the mechanical cycling accelerated test for the reliability evaluation
of wire bonds.
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