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Abstract

The goal of this dissertation is to identify elezt and thermal parameters of an LED
package that can be used to predict catastropfilirefareal-time in an application.
Through an experimental study the series electrieaistance and thermal resistance
were identified as good indicators of contact f&lwf LED packages. This study
investigated the long-term changes in series éattiesistance and thermal resistance of
LED packages at three different current and jumcteanperature stress conditions.

Experiment results showed that the series elettmsastance went through four phases
of change; including periods of latency, rapid e@ase, saturation, and finally a sharp
decline just before failure. Formation of voidstire contact metallization was identified
as the underlying mechanism for series resistamxease. The rate of series resistance
change was linked to void growth using the theofyelectromigration. The rate of
increase of series resistance is dependent on tatope and current density. The results
indicate that void growth occurred in the cap (Aayer, was constrained by the contact
metal (Ni) layer, preventing open circuit failuré contact metal layer. Short circuit
failure occurred due to electromigration inducedtahdiffusion along dislocations in
GaN. The increase in ideality factor, and reveesskage current with time provided
further evidence to presence of metal in the semdgotor. An empirical model was
derived for estimation of LED package failure tiohee to metal diffusion. The model is
based on the experimental results and theoriekectfremigration and diffusion.

Furthermore, the experimental results showed that thermal resistance of LED
packages increased with aging time. A relationdlgpween thermal resistance change
rate, with case temperature and temperature grtadvehin the LED package was
developed. The results showed that dislocationpciseresponsible for creep induced
plastic deformation in the die-attach solder. Temperatures inside the LED package
reached the melting point of die-attach solder tdugelamination just before catastrophic
open circuit failure.

A combined model that could estimate life of LExkages based on catastrophic failure
of thermal and electrical contacts is presentedHerfirst time. This model can be used
to make a-priori or real-time estimation of LED kage life based on catastrophic
failure. Finally, to illustrate the usefulness bétfindings from this thesis, two different

implementations of real-time life prediction usipgognostics and health monitoring

techniques are discussed.

Xi



1 Background

Light emitting diode (LED) technology is gainingcaptance as the light source for a
variety of applications [1]. Energy savings, calonability, ease of developing controls
and long life times are some of the claimed adwgagaf this technology [2], [3]. Many
innovations have immerged in the LED lighting spadéizing many unique features of
LEDs to enhance delivered value to users. PresahigyLED lighting industry defines
the life as the time taken for the light level tepdeciate to 70% of the initial value [4].
However, in practical applications there is no ngetm know when a light source has
reached end of life based on this definition. Femmore, in applications a system can
reach end-of-life by ceasing to produce any lidgimpwn as catastrophic failure. Such
failures are problematic in certain critical apptions. In aviation, aerospace,
automotive, street lighting, signaling and indwdtapplications, unscheduled failures of
lighting systems compromise safety and increaseatipeal costs [5], [6], [7], [8].
Therefore, an early warning methodology could imprgafety, and reduce operational
COsts.

Such a feature built into a fixture enhances thikveled value to users of lighting
systems where cost of failure and cost of mainte@as critical. The main questions is,
what key parameters in an LED package can be meghgureal time that could provide
reliable indication that the LED package is abautfdil. Therefore, the goal of this
dissertation is to identify electrical and therrpakameters of an LED package that can
be used for predicting failure ahead of failure le/m use.

An LED lighting system is composed of many diffdrequb-systems, such as LED
packages, a thermal management system, second&y, @gnd an electrical driver unit.

Failure of one of these sub-systems would affeetpglrformance of an LED lighting

system. Each of these sub-systems consists of nadfifgrent components. This

dissertation focuses on catastrophic failure ptemhicof an LED package when subjected
to temperature and current stress conditions.

Degradation of contacts in the LED package couédl I catastrophic failure and the
probability of contact failures is significant irne reliability assessments. Further,
immerging trends in LED packaging industry such lgh density packaging, high
temperature rated LED packages, and high currerdityegpackages have made reliability
of electrical and thermal contacts a significamazrn.

Electrical and thermal parameters indicate thetheal the package’s electrical and
thermal conduction paths. Therefore, measuring amalyzing the changes of these
parameters could act as early predictors of cafalsic failure. Further, these parameters
can be measured real-time within the applicatiomirenment, reliably at reasonable
accuracies. The systematic study of these parasnebering early and late stages



specifically close to the end of life can indicdbkee dominant failure mechanisms of
electrical and thermal contacts. This is invaludbtemproving LED package design for
reliable operation. The following sections of thisapter will provide an introduction to
components in an LED package, LED package typesraiability practices in the LED
packaging industry.

1.1 Definition of key terms

Key terms that have been used in thesis are defiakv.

LED die “A small block of light-emitting semiconductingaterial on which a functional
LED circuit is fabricated [9].”

LED package “An assembly of one or more LED dies that incluwdee bond or other
type of electrical connections, possibly with aricgd element and thermal, mechanical,
and electrical interfaces. Power source and AN&iddrdized base are not incorporated
into the device. The device cannot be connectextiiyrto the branch circuit [9].”

LED array. “An LED array is defined as two or more individl&D chips mounted in a
package or on a substrate in a manner such thadeange in the array can be powered
through either series, parallel or individual corctiens while the other devices in the
array may or may not be operating. The individuBDLchips may also consist of an
array of LED junctions on the chip as well [10].”

LED luminaire “A complete lighting unit consisting of LED-basddht emitting
elements and a matched driver together with partdigtribute light, to position and
protect the light emitting elements, and to conriketunit to a branch circuit. The LED
based light emitting elements may take the fornblBD packages (components), LED
arrays (modules), LED Light Engine, or LED lamp$ieTLED luminaire is intended to
connect directly to a branch circuit [9]”.

Parametric failure The product functions but operates outside iecijgations. In the
case of general illumination, parametric failuredefined as the point at which light
output depreciate below 70% of its initial valug [4

Catastrophic failure Complete failure of the product. In the case &DLpackage this
would mean no light emission from the device.



1.2 LED Package

An LED package is comprised of many different comgrgs, such as LED die, contact
metallization layer, wire-bonds, solder layer, &-soount, a substrate die-attach layer, an
encapsulant, a phosphor layer, and a lens. Artriditisn of an LED package is given in
Figure 1. All these elements are different matesigdtems. There is a considerable
overlap in the different types of LED packaging enetls used in the industry. However,
there are different packaging methodologies, cmgearrier-substrate, flip-chip, chip-on-
insulating-substrate, multi-junction, and multi-deeray, that may be unique to a
particular manufacturer. These designs would hawe pnd cons in terms of their cost,
size, and reliability.

—» Encapsulantlens

—E
LED die
Contact
metallization 1 — » Wire-bond
Die-attach < | ' Sub-mount
Solder Substrate
PCB

Figure 1. Cross-section of an LED package

1.2.1 LED die

<—Contact metal

Active region

P- GaN

<—Contact metal

Figure 2. Cross-section of a vertical GaN based diD

The architecture of an LED die will consist of nnguantum well active region,
electron/hole blocking regions, buffer layers, gtlowsubstrates, ohmic contact



metallization layer, and passivation layer. ThedhGnulti-quantum well active region is
the emission layer of the die in GaN-based LEDss Ththe P-N junction region where
the electron-hole recombination takes place. Tembination of electrons and holes
could be radiative or non-radiative. The radiatigeombination would lead to emission
of radiant energy, with a peak emission wavelerdgtermined by the band-gap of the
material. The non-radiative recombination will gexte heat which needs to be
conducted from the semiconductor to the ambienéerdlare different material systems
(ex: GaAs, GaP, GaN) that have been studied far light emission properties.

The focus of the thesis is LED packages that us¢ @aterial system. The first reported
synthesis of GaN happened in 1932 through chemeeaition of Ga and Ntat elevated
temperatures of 88@-1000C [11]. Even though its high band-gap offered bignéf
optoelectronic applications, device fabricatioruess hindered the widespread use of this
material [12]. The innovations in the GaN growtlogess by Nakamura et al. at Nichia
Corporation enabled the current developments in @adptoelectronic applications [13],
[14], [15], [16].

1.2.2 Ohmic contact

All electronic devices require an electrical cortr@ctto function in their applications. In
the case of LEDs these connections need to bedwd\d both p-type and n-type regions
of the semiconductor. Ideally these electrical @miions should not interfere with the
performance of the device. The voltage drop acilusse contacts should be proportional
to current so that the device is not subjectednjaredictable non-linear effects. In other
words the electrical connections should follow Ohlaw and therefore, is referred to as
ohmic contacts. High quality ohmic metal contacthe context of high power LEDs
should have the following properties.

e It should have low specific contact resistance.

e It should have high transmittance or reflectanctniwithe emission wavelengths
of interest, depending on the package type.

e It should form thermally stable material phaseshwilie semiconductor at the
contact interface.

All of the above attributes play a critical roledevice performance in the short and long-
term. The high contact resistance leads to joulatimg at the vicinity of the

semiconductor which would have a negative effectlenice efficiency and reliability.

The poor optical properties lead to lower lightragtion and therefore, poor device
efficiency. The undesirable optical characterisidfsohmic contacts would mean that
device designers have to reduce the coverage &rb& onetal contact in the die. This
leads to high current densities in thin metallizatiayers that cause long-term reliability



issues. The formation of thermally stable phasésd®n the metal and semiconductor is
important to prevent diffusion of metal atoms itihe semiconductor, and for long-term
adhesion of the two materials.

Even though it's desirable to have all of the abmentioned properties in the electrical
contact, in reality device designers have to comige between different attributes. The
formation of low resistance ohmic contact to GaNdahLEDs is itself a challenge to the
limited choice of compatible metals and alloy cosipons. The fundamental physics of
metal-semiconductor contacts provides an insigtat this challenge. The basic physics
of metal-semiconductor contacts and recent devedopsnn ohmic contact formation in

GaN is explained in appendix A.

1.2.3 Die-attach material

The die-attach layer provides a mechanical attachinetween two material layers. The
quality of the attachment determines the condudieeat transfer within the package. The
junction temperature of the LED determines its tlightput, color, and reliability. The
packaging materials and design determine the jom¢emperature of the LED package.
Die-attach materials have low thermal conductivitgen compared to other material
layers; thus, act as a critical bottleneck in thatrconduction path.

There are two main types of die-attach materiaigamic adhesives with metal particles,
and solder alloys [17], [18]. In the organic adkes| metal particles are suspended in a
polymer binder such as epoxy, silicone, or a poigenThe curing temperatures of the
adhesives are around a200C, whereas lead free solders have melting poiratgr
than 258C. The solder alloys have low thermal and eledtricaductivities. They also
have low resistance to thermal fatigue when contptranetals [18]. The use of solder
pastes with large dies leads to formation of vdidst worsen the thermal transport
properties and increase stress conditions. Asuignlto these problems, semiconductor
industry has investigated the use of Ag and itsyallas die-attach materials. The eutectic
AugoSy die-attachment process is widely used in LED pgekadue to better thermal
properties and high mechanical strength when coeagar the choices discussed above.

The key factors that determine the quality of theeetic die attach is the structure of the
die metallization layer, the substrate pad metiln layer, and the bonding temperature
profile [19]. Evaporation and electroplating tedures are used by the industry to form a
well-controlled (composition) metallization layer the back side of the die. The Ni/Au
bond pad at the substrate is used to provide a gaeiting surface. When exposed to
high bonding temperatures Au will migrate into gf$ny, layer and form an Au rich
metallization layer. However, if the exposure timgrolonged then Ni will diffuse and
form Au-Ni-Sn, inter-metallic compound which has l@aver mechanical strength.



Therefore, thickness of the Au layer at the bond glaould be optimized to prevent Ni
migration [19], [20].

1.2.4 Wire-bond

Wire-bonds are used in LED packages mainly fortated contact purposes. The wire-
bonding technology is a mature technology that idely used in integrated circuit(IC)

packaging industry. The wire-bonding is a solidestaelding process where a contact
between two metals is formed through diffusion. Taece required to facilitate this

diffusion process is provided through temperatwibration, and force. Based on the
combination of factors used to facilitate diffusiomire-bonding technologies can be
divided in to three groups, thermo-compression femature and force), thermo-sonic
(temperature, vibration and force), and ultrasqwibration and force). Thermo-sonic

bonding technology is widely used for Au wire-bamglito Au/Al bonding pads. Since

these are the most common types of materials usdcED packages, thermo-sonic
bonding is widely used in LED industry.

There are two types of wire-bonds: wedge-ball barts wedge-wedge bonds. Typically
at the semiconductor die, wire-bond is a wedge hohereas at the substrate it's a ball
bond. The wedge bond has the advantage of deegsaacnd finer pitch. However, the
bond formation is a slower process when compardzhliobonds. Au is the material of
choice for ball bonding because other candidatealmetuch as Al and Cu oxidizes
rapidly during the bond formation process. Au wire Au metallization pad can form
reliable bonds since probability for corrosion antermetallic formations are limited.
Overall bond quality depends on the design of teege, mechanical properties of the
wire, quality and thickness of the substrate migtilon, capabilities of the wire bonder,
and optimization of bonding force, temperature, Aodding time [21]. There are three
failure modes in the bond formation process; nodbfmnmation, complete lift-off of the
bond during testing, and heel break leaving a porbf the wire bond at the die pad
during testing.

1.2.5 Substrate

The substrate of an LED package also plays a arttade in terms of heat conduction and
mechanical stress management. In some LED packlhgeBe is attached to a submount
(Si or SIC) using a thin solder/epoxy layer andnttiee submount is attached to the
substrate. The chip-on-board technology is wheee dle is directly attached to the
substrate. The thermal conductivity, the thermglagsion coefficient mismatch with the
die or submount, and elastic modulus are key censithns in determining material



choices for LED packages. In terms of thermal catidily popular substrate choices
could be ranked from worst to best as, FR4 (gldms feinforced in epoxy), ceramic -
Al,O3, ceramic- AIN, and metals [22].

Ceramic substrates have a lower CTE mismatch withaSed submounts when
compared with metals. This leads to lower stresseshe interface. However, the
Young’'s modulus mismatch between ceramic and subimisusignificant. Therefore, if
the package is subjected to cyclical stresses iBegigpossibility for crack formation in
the ceramic substrate. Metals have the highesm#leconductivity of all substrate
choices but also have high thermal expansion aeffi mismatch.

1.2.6 Encapsulant

The encapsulant is an important element of the lggabkage that acts as, a hosting
medium for phosphor, a facilitator for photon egtian, and a capping lens. Material
properties such as, thermal stability, refractivieleix, optical transmission, photo-
chemical stability, and viscosity are key consitierss for LED package development.
The refractive index determines the external quanafficiency of the LED. Higher
refractive indexes in the range of 1.8-2.5 arerdeg for light extraction purposes [23].

The direct emission wavelengths of nitride LED di@sge from near UV to 470nm. It is
important that the encapsulant material is stablaia wavelength regime and has high
optical transmission. The heat generated at thetipm and down conversion losses in
the phosphor heat up the encapsulation layer. Tdrerethermal stability at high
temperatures is an important consideration wheectefj materials for encapsulation.
Few years back, epoxy was the most commonly use@dpsnlation material. The
emergence of thermally stable silicone has replagsaky as the encapsulant in high
power LED packages.

1.3 LED package types

LED packages available in the market could be ifladsinto various categories. They
could be classified in terms of the number of drea package, single die vs. multi-die
arrays. In a multi-die array LED package multiplesdattached directly to a substrate
(metal or ceramic) is connected using wire-bondsarnes parallel configuration. The
advantage of this package is its high flux densithe multi-junction LED package
consists of multiple junctions formed verticallydalaterally using a network of blocking
diodes and electrodes [24]. ITO is the commonkgduslectrode due to its high optical
transmittance. However, these devices have higassegsistance. These packages can be



operated at high voltages, therefore has signifidaenefits in power conversion
efficiency.

LED packages could also be classified in termd$efdie structure. The MESA structure
is the earliest form of LED dies that were widelged in low to medium power

applications. The structure had two separate waredlconnections for n-type and p-type
contacts. Multiple wire-bonds, current crowdinguss and complexity of the package
has compelled the LED industry to shift towardseothED package architectures. The
vertical LED structure was initially developed idiilhg growth substrates such as SiC,
which are also conductive. This would eliminate isevbond and simplify the package
development process significantly. However, in miadeertical structure LEDs, growth

substrate is removed using a laser lift-off procasd a metallization layer evaporated
onto the die. The flip-chip die structure has hggoton extraction efficiency, since

photons are extracted via the transparent substrate

While different packages use different materiald have different package architectures,
they share common failure mechanisms. Howeverdtimeinant failure mechanism may

differ for different LED packages. Even though thlissertation would study only the

vertical LED package, the methodologies and knogdedould be applied for other

packages with caution.

p-electrode p- electrode

Contact layer Cg/e/ Contact layer”
p-GaN layer = p-GaN layer
Active layers ’; Active layers

n-GaN layer n-GaN layer

Mirror Layer

Vertical Structure with Standard MESA Contact layer

substrate removal Structure n- electrode
n-GaN layer

p-electrode oo Active layers

Flip Chip MESA
Structure

Figure 3. LED die structures [25]



1.4 Reliability of LED packages

One of the key value propositions highlighted byDLihdustry is its long life time.
Therefore, reliability became a key point of instréor both high power LED package
developers and their users. Early studies on InGak LEDs (Nichia NLPB-500)
showed that at continuous current operation, theapemission intensity degrades over
a period of time [26]. The degradation beyond 504nitial value was defined as the
parametric failure point. It was hypothesized thihe degradation in the epoxy
encapsulant is responsible for the intensity redaoctSubsequent studies that used the
same LED package with a phosphor layer to produiewight showed that epoxy
yellowing was the dominant failure mechanism, ahne tlegradation rate depends on
junction temperature and short wavelength radiafg®]. They observed that the light
output follows an exponential decay.

The current reliability standard in LED industryfides life based on parametric failure.
The alliance for solid-state illumination systemsida technologies (ASSIST)
recommended that life of an LED package is defirfed,general illumination, as the
point at which the light output reaches 70% ofnitial value [28]. The recommendation
provided for lumen maintenance measurement guielliralso suggested using an
appropriate decay rate model to project life tinftera6000 hours of testing. The LED
industries agreed on an approach to measure lunmantenance (IES LM-80), and
project the life of the LED package based on patamdailure (IES TM-21). The
proposed projection methodology after evaluatinfecent decay rate models for light
output recommends exponential decay model for tifiee prediction. The research
supports the exponential decay model only whendbinant failure mechanism is
encapsulant degradation.

There is no industry wide standard to evaluatestatphic failure of LED packages.
Some LED package manufacturers perform acceleréfedtests at temperatures,
humidity, and current stress conditions stipulateg standards designed for
semiconductor packages (MIL-STD, JEDEC) to capamé analyze catastrophic failure
(JESD 22, JESD 22-A100D, JESD 22-A108D). Thesestast typically qualification

tests rather than life prediction tests.

The uncertainties of extrapolating the life of aide based on the information gathered
through controlled accelerated stress conditioeshagh. Therefore, in applications that
demands high reliability of system performance,gpistics and health monitoring

(PHM) schemes would enable accurate predictionnaf ef life. The PHM schemes

involve real time monitoring of stress conditionsdadevice parameters to estimate
remaining life of a device in an application [29].
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In an LED package, electrical and thermal pararsetan indicate the health of the
device. Therefore, in this thesis both parameteesewstudied individually first to

determine their usefulness in predicting failuréeTchanges in electrical and thermal
parameters indicate different failure mechanisniser&fore, in the final section both
parameters were combined to develop single mogeettict LED package more reliably.



2 Electrical parameter study

2.1 Background

An LED package is a power conversion device whepeti electrical power is converted
to thermal and optical power. The quality of eleetr and thermal conduction path is an
important consideration from the point of view bktdevice’s performance. Electrical
parameters such as, series resistance, idealityr faeverse leakage current, and forward
leakage current are potential indicators of theltheaf electrical paths. This chapter
presents an equivalent electrical model for an fabkage that will be used in the thesis
for data analysis purposes. The theoretical basitheE model is discussed in detail. The
primary failure mode of the electrical path is eithopen or short circuit failure.
Therefore, the failure mechanisms that contribotestiort and open circuit failures of
LED packages are discussed in detalil.

In order to develop a failure prediction model, siaefailure mechanisms need to be
prioritized in terms of their susceptibility andveeity. However, the available knowledge
in literature is not sufficient to do such a primation for GaN based LEDs. In order to
establish the root cause of failure that leadsp@noor short circuit failure, the changes
that take place in electrical parameters up topthiat of failure needs to be understood.
When the root cause is established, a failure mtb@etlcould predict the life time of an
LED package when subjected to given stress comditioould be determined. The
experimental results are used to calculate modehnpeters; these parameters are
evaluated. When the life time and stress relatigngh known, life estimation can be
performed real-time in response to changes in stoeditions. Further, since the
variation of electrical parameters up to point afluire is known, real-time failure
detection criterion could be established.

This chapter discusses failure mechanisms preseémtiikrature that could potentially
lead to open or short circuit failure modes. Thecdssion is limited to failure
mechanisms that cause a change in electrical p&eesne

Details of the experiment, applied stress condéi@nd data analysis are presented. The
observed different phases of series resistancegehane explained. A relationship
between series resistance change, stress timestaegs condition is derived using
electromigration and diffusion theory. The expernitaé¢ results are compared with the
derived relationship. This is the first time suchamalysis has been performed for a long-
term electrical contact degradation study for Galddal LED packages.

11
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2.2 Electrical model

A device physics based electrical model of an LEEgkage is constructed for steady-
state analysis purposes. The die is a semicond&etdrjunction sandwiched between
two metal contacts. The metal-semiconductor conadypically a Schottky barrier.
However, in semiconductor applications the goatosform a low resistance ohmic
contact rather than a Schottkey contact. For thpqae of this model it is assumed that
ohmic contacts are formed at p-GaN and n-GaN layers

In addition to ohmic contact resistance mentionbdva, the total resistance of the
electrical path includes resistance of wire-borahdwire resistance, resistance of solder
layer, and copper trace resistance. All theseteegiss are connected in series with the
diode. Therefore, this resistance is referred tthasseries resistance in this dissertation.
In addition to the series resistance there aresparaesistances in the package that are
several times larger than the series resistanceseTltparasitic resistances become
comparable only when the applied voltage is leas the junction barrier voltage of the
diode. The parasitic resistances are in parallgieadiode.

The main carrier transport mechanisms in diodes @ifeusion, recombination,
generation, and tunneling. According to Sah-NoyheeRley theory current through a P-
N junction diode could be expressed as [30],

qV
[ = I;(enkTt —1). equation A

Where, | — forward currents + saturation current, q — electron charge, n aliyefactor,
k — Boltzman constant, T — temperature, and V wéod voltage.

In an ideal diode where diffusion is the only carriransport mechanism, ideality factor
is equal to one. The carrier injection into the ldgpn region would lead to
recombination currents. The ideality factor is tiwpa diode with a trap energy level that
is less than 10kT from the Fermi level [31], [3[&0]. However, in real life applications
there are more than one trap levels in the eneagyl lyap due to impurities of defects.
Further, both diffusion and recombination carrr@nsport are there in a real diode. The
relative significance of the two mechanisms maylifierent depending on the operating
voltage and band gap of the material. The diodéls large band gap materials such as,
GaN, GaAs, and recombination currents are sigmfiche deviation of ideality factor
from unity is considered as an indication of thgnd#icance of recombination currents
[33].

The ideality factor increase over time should ssgg®rmation of traps, due to
generation of defects or increase in impurity comredion in semiconductor material.
The ideality factor analysis is performed at lowrent regions where, the current-voltage
characteristic of the package is not limited dugackage series resistance. Therefore,
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ideality factor analysis enables separation of senductor degradation from electrical
contact degradation in a package.

The electrical characterization studies on InGaNiads have shown a high device
ideality factor that cannot be explained using $faé-Noyce-Shockley theory [30], [34],
[35]. Therefore, it is hypothesized that the eleatrtransport in an LED device is a
combination of tunneling, diffusion, and recombiaatcurrents [31], [36]. The current-
voltage relationship for the tunneling diode cobédstated as [32],

qV

I = Cl(e(ﬁ)-l). equation B

Where, G — constant dependent on built in potential andsifgrof impurity traps, k-
energy constant, q — electron charge, V — voltagel,| — current.

A typical forward biased current (I)-voltage (V)arhcteristic of an LED package is

given in Figure 4. There are four distinct regionghe current-voltage characteristics,

where different resistances and carrier transp@thanisms dominates. In region 1, at
low forward bias, the leakage current flows via thgh parallel resistance. In region 2,

the junction is not forward biased, but there isrent flow due to space charge

recombination, and tunneling. At this region theaxential relationship between the

current-voltage exists but, the ideality factors greater than 2. Therefore, equation B is
more appropriate to express I-V relationship irs thegion. In region 3, the diode is

forward biased and the carrier transport is doreihdiy tunneling and recombination.

Therefore, ideality factors are closer to 2 anda¢ign A is applicable. At high currents,

region 4, voltage drop across the series resista@cemes significant [33], [37].

In this study an equivalent electrical model tisabased on device physics is proposed in
Figure 5. The three parallel diodes represent lineet current transport mechanisms;
diffusion, recombination, and tunneling. Each woblve its own turn on voltage, as

they become dominant at different voltage regions.



1.0E+00

0.0
1.0E-01

1.0E-02 -
1.0E-03
1.0E-04 -
1.0E-05 -

Current (A)

1.0E-06 -
1.0E-07 -
1.0E-08 -
1.0E-09 -

1.0E-10-

1.0 2.0

14

Region 4 — Series Resistance

diffusion currents

Region 3 — Recombination and

Region 2 — Tunneling and Spa
> | charge recombination currents

Voltage (V)

Region 1 — Parallel Resistance

Figure 4. Forward biased current-voltage chareattesi of an LED package

T

Series resistancecR

N
_p—
B

Parallel resistance,,

Figure 5. Electrical model



15

2.2.1 Temperature characterization of electrical parametes

The current-voltage characteristics of InGaN/GaNiaks are temperature dependent as
shown in Figure 6. The resistance of semicondudersease with temperature due to
activation of donors and acceptors outside thevaategion [32]. Thermal activation
increases the population of electrons/holes thadsas the metal/semiconductor barrier.
Therefore, effective contact resistance would alssrease. However, the electrical
resistances of metals increase with temperaturetayghonon scattering phenomenon
[38].

The temperature characterization of electrical ipatars was performed for the LED
package type used in this study (InGaN-based artistructure LED). The

characterization was performed by measuring |-V rattaristics at different

temperatures. The measurement protocol describeédation 2.4.6 was followed when
extracting |-V characteristics.

The package consists of both metals and semicomdudthe temperature coefficient for
resistance for metals is positive, but very smidbbwever, the experimental evidence
shown in Figure 7 shows a negative temperatureficmeit for resistance. This suggests
that the resistance change is dominated by thecsewhictor. The thermal activation
energy for resistance change is 105meV.

Electrical characterization of the LED package #terent temperatures showed that
ideality factor at region 3 in Figure 4, decreawgtth temperature. At high temperatures
the contribution of thermal diffusion to overallroent transport increases. Which means
the behavior of diode gets closer to an ideal diddwerefore, ideality factor should get
closer to 1, as shown in Figure 8. The thermalvatitin energy of this mechanism is
20meV. This is the activation energy of Si, a commaused donor in n-GaN device
fabrication [39].

The ideality factors of region 2 in Figure 4 remaonstant till 323K and then decreases
with temperature. At region 2, current transpodaesninated by tunneling currents which
are insensitive to temperatures. At higher tempeeat space charge recombination near
the ohmic contacts increases, thereby reducingldadity factor. The thermal activation
energy is 170meV, which is the activation energyagf, a commonly used acceptor in
the P-GaN region [40].
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2.3 Failure mechanisms

There are two possible catastrophic failure modean LED package, open circuit and
short circuit. There are numerous probable failmechanisms that contribute towards
these failure modes. The focus of this dissertaBotme catastrophic failure modes, and
failure mechanisms that could be detected by mawagpuelectrical and thermal
parameters.
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2.3.1 Electromigration

Electromigration is the mass flow process that cc@u a conductor due to momentum
transfer from moving electrons to ions in a lattigd]. Any conductor at a given

temperature would have random self-diffusion ofsiolmhe electromigration makes this
random process directional. The directionality eéedmined by the balance of electric
field induced force, and electron wind force duemtomentum exchange, on ions [41],
[42], [43]. This process depends on the currensiemnd temperature. The simplified
Blacks’ equation that provides a relationship bemveedian time to failure (MTTF) due
to electromigration, and stress conditions is givelow.

MTTF = A] exp (:2)
equation C

Where, A- material and geometry factog; Ectivation energy, k — Boltzman constant, T-
temperature, and J - current density.

Past studies have identified electromigration intahe&ontacts as the main failure
mechanism in integrated circuit (IC) packages [#23], [44], [45], [46], [47], [48], [49],
[50]. Electromigration creates non-uniform atomiexfdistribution in a conductor that
leads to formation of voids and hillocks. The vaida conductor increases its resistance
[44], [46], [47], [48]. Therefore, formation of vié would lead to high localized current
densities and increase in temperatures. This wolddd to acceleration of
electromigration within that locality. The mass @twlation at given location create
short circuits between conductors. In the caseenfisonductor-metal contacts the mass
accumulation transport metals to semiconductoraserfThese metals could then diffuse
into the semiconductor material, especially if éhare vacancies in semiconductor. In the
case of GaN these vacancies are provided by langer of dislocations [51], [52].

The mass flow due to electromigration creates ipedl stress gradients which in turn
creates a back flow of atoms, leading to partiat@nplete healing of voids [53]. Belch
introduced the critical length concept, where fteceomigration to be an effective
failure mechanism, the length of the conductor &hbe greater than the critical length.
However he didn’t observe the back flow phenomenogold contacts. On the contrary
other researchers showed that there is back flowtafs in gold contacts and they
measured critical product factors (critical lengtburrent density) that range from 600 to
3000A/cm [48], [54].
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Voids

Hillock

Figure 10. Void and hillock formation in Aluminurhin film due to electromigration at 2D
[55]

The migration of metal atoms along defects of semdcictor materials was hypothesized
as a catastrophic failure mechanism for LED packd§6], [57], [58], [59], [60], [61],
[62]. Life time studies on InGaN indicator type D& with Au/Ni contacts showed that
the life time of the device depends on the curdemtsity. The study showed an empirical
relationship between device life time) @nd current density (1) in the form of,

Where, C is a constant, and n is the current exgatihat is closer to 2 when junction
heating is negligible [56].

In this study junction or case temperature wascootrolled. The only evidence authors
present to support their hypothesis that contaecteimigration was the failure
mechanism is the empirical relationship given ab&iace they did not control junction
temperature at different current densities, thevalyelationship is not similar to Blacks’
equation. The measured current exponent valuefaagreater than the reported values
for Au or Ni contacts, which may have been duedn-gseparation of current and heating
effect. Another study that performed failure anelysn indicator type GaN LEDs that
were subjected to short high current pulses (1Q@kkz, 1.5A) observed a low resistive
contact path from p-contact to n-type side via fiomc[57], [58]. They used electron
beam induced current imaging (EBIC) to observe thisent path. However, the study
was not conclusive as to whether the short circuitent path was along an existing
defect or a defect formed due to current stressy Hiso observed an increase in forward
and reverse leakage current.
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Lifetime studies on InGaAsP/InP LEDs and laser dodshowed formation and
expansion of dark spots and dark lines as the fuedétal failure mechanism [61], [62],
[63], [64], [65]. The dark spot formation was ditrted either to metal migration or
precipitation of host atoms. The Au migration froRicontact is identified as the
dominant factor that contributes towards formatibdark spots in the active region [61],
[65]. The number and size of dark spots expandifgigntly with aging, and a sudden
drop in the light output would occur, leading tdasdrophic failure of the device. In this
case catastrophic failure occurs due to a juncsioort-circuit. The stress factors that
accelerated this failure mechanism is temperatodecarrent density [66].

The diffusion process that leads to dark spot féioman active region also degrades the
metal electrodes. This leads to an increase iesedsistance. The open and partially
closed triangles in Figure 11 (a), represents dggatlation of LEDs due to an increase in
series resistance. These LED samples eventuallyaféer a gradual increase in series
resistance. This is explained as, inter diffusibiGa, In, and Ti particles from Ti/Pt/Au
ohmic contact, that form a depletion region withigher series and thermal resistance
[66]. In Figure 11 (b), open and partial circledicates LEDs that showed an increase in
series resistance prior to failure. The diffusiérAa atoms from AuZn electrode leads to
formation of high resistance alloys. This studyw&ahat diffusion of Au in to the active
region takes a finite amount of time (at moderatess conditions) and during that time
period series resistance increase.
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2.3.2 Dopant compensation at P-GaN layer

A passivation layer is deposited on dies using PE@dasma enhanced chemical vapor
deposition) technology, for encapsulation and feduction of surface recombination
currents [67], [68]. If a hydrogen rich passivatiayer is used, at high temperatures
hydrogen in the passivation layer interacts with Mgpant in the P-GaN layer. The
formation of Mg-H complexes causes p-dopant comgems reducing the carriers
available for recombination. The formation of Mg-lkhetastable complexes is a
thermally activated process [67], [69]. This fadumechanism leads to worsening of
ohmic properties at the GaN/metal interface. Thidue to the increase in Schottky
potential barrier as a result of reduction in theegptor concentration in the p-type region
[70]. As a result of dopant compensation, serissstance of the diode increases. This
increase is due to an increase in ohmic contataeee and not due to the increase in p-
GaN sheet resistance. The increase in contactaesesat the GaN/metal interface would
lead to current crowding. Due to the above disai$agure mechanism, when subjected
to thermal stress, the forward voltage of a passd/danGaN die increased with aging
[67], [68].

2.3.3 Wire-bond failure

The wire-bond distributes current to the semicotmtucThe application of bonding

pressure to establish a smooth electrical connedaiaring the wire bonding process
could damage the die. On the other hand inadeguatebond strength would lead to
high contact resistance, thermal resistance, aegtaimdistribution of current across the
chip. Contamination of chip surface with adhesidesing assembly also hinders good
electrode bonding [71], [72].

High junction temperatures, combined with tempemycling, and thermal expansion
coefficient (CTE) mismatch between encapsulatiotenls, die, and wire-bond causes
significant thermo-mechanical stresses on the mgndnterface. This in turn cause
fatigue cracks that will lead to catastrophic fesly71], [73]. The large area cracks
formed due to thermal cycling will propagate frone tinner bonding pads to the active
region of the die [72]. Current pulsing can caulexifig of wire-bonds that leads to
second order fatigue failures [74]. Some plasticapsulation materials used in
semiconductor packaging have flame retardant ct@mampounds that out-gas at high
temperatures and form intermetallic compounds (IN€AI/Au interconnections. The
formation of IMC would lead to reduction of ball+#b shear strength and cause failure
[75].
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2.3.4 Solder joint failure

The solder joint provides an electrical connectaomd mechanical bonding in LED
packages. The solder joint in a package is sudgjettd thermal-fatigue induced strains
due to CTE mismatch between the die and the substfhe creep and plastic strain
causes metal fatigue, which leads to solder jantrfe. There are several solder joint
life prediction models based on the strain rangeumulated creep strain, and strain rate
[76], [77], [78], [79]. Also during aging, IMCs far in the solder pad due to diffusion of
metals. The IMC formation leads to formation of miwoids between the IMC and bulk
solder that would eventually lead to failure [80h a package there could be an array of
solder joints, and not all of them fail simultanslyu However, thermal simulations
showed that even a few solder bump defects inpacHiip package could cause non-
homogenous temperature distribution in the chig.[81

Solder joint failure in electronic packages areedetd using resistance change. Studies
have reported a correlation with applied strain gesistance change of solder joints [82],
[83]. To determine the reliability of solder jointthe electronics packaging industry
follows standards such as IPC-SM-785 (November 1982C-9701 (January 2002),
JESD22-B111 (July 2003), IPC/JEDEC-9702 (June 2008pme standards define a
failure criterion as a percentage increase fromiainiesistance. Solder joints go through
intermittent failure that causes electrical disauunties before eventual open circuit
breakdown. Therefore, some standards require damtedf resistance spikes, their
frequency, and spike width to detect solder joailufe.

Thermal cycling generates fatigue cracks in thedesoljoint. Under mild thermo-
mechanical stress conditions these cracks remalotestout there is a consistent increase
in resistance with time. However, the amount ofréase in resistance depends on the
cycling conditions. When cracks are formed, sofderts show non-metallic tunneling
behavior that facilitate electron transport [845]. The time it takes for cracks to open
depends on stress conditions and environmentalitommsl such as humidity [84]. It is
also important to estimate the temperature coefiiciof resistance especially when
measuring small resistances, to ensure resistanoEase is not due to temperature [84].

The following scenarios could occur when soldent®iare subjected to cyclical thermal
stress. The resistance would increase graduallp @pcertain point and rapidly increase
thereafter. In this case it is reasonable to sehrashold as a failure criterion.
Alternatively, resistance would increase initialhen stabilize before a sudden increase
that leads to open circuit failure. This is possiloh mild thermo-mechanical stress
conditions. In this scenario, it is hard to defan&ilure criterion based on a threshold for
the resistance. In these cases, resistance spiagitude, frequency & spike width)
would indicate failure [83], [84].
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2.3.5 Defect generation & mobility

In spite of its high threading dislocation densiBaN devices are stable and have high
guantum efficiency [86]. This is attributed to lawmobility and electrical inactivity of
its dislocations. However, at high temperaturesuaed by high currents, the glide
motion of dislocations is triggered [87]. High cadat resistivity, localized high current
densities, and non-radiative recombination closedeéfects can cause high localized
temperatures that increase defect mobility [733].[8Even when LEDs are subjected to
low currents, mobility of defects is possible doaiheven current distribution [89].

The quantum efficiency of the device is reducedropility of defects. The strains in the
material system due to the motion of defects, fokehefects in the p-GaN that behave as
electrically active non-radiative recombination t&#a [90]. The degradation studies on
[1I-V compounds showed formation of dark line arar defects on the active region of
the device. It was hypothesized that these formataye due to movement of defects that
create non-radiative recombination centers [91].

An optical power degradation model that assumestiiesprimary reason for degradation
is the electron-hole non-radiative recombination aorlefect point, showed that light
output has an exponential degradation in the gkaom, and inverse time dependence in
the long run [92]. Another study on AllnGaN LEDsosfed that there is a relationship
between the initial reverse bias leakage curredtdmgradation rate. In this study it was
hypothesized that reverse leakage current is @eelwith the number of defects in the
material. Therefore, reverse bias leakage currexst suggested as a good indicator for
initial screening of LEDs [90]. However, it is onllge movement of defects in the active
region of the device that causes an optical poeguction. The movements of defects in
the cladding layers increase reverse leakage darreout don’t affect device
performance. The presence of defects in the delge facilitate tunneling; therefore,
forward leakage currents increase with aging [93].

2.3.6 Passivation/dielectric layer breakdown
Passivation is performed on the LED die to,

* reduce surface leakage currents due to danglingshon
» act as a die-electric/insulating layer between ahtontacts, and
» Treat the dangling bonds formed during chemicdliatgprocess

The commonly used passivation layers are i@ SiN. The SiN layer is preferred in
modern high power packages due to its high breakdsivength. The breakdown of the
passivation layer is a potential reliability contéor flip-chip and thin-film vertical LED
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package structures. In these structures both pdggden-type contacts are provided from
the same direction and passivation layer is usdtie@smsulation layer to isolate the two
contacts.

The breakdown of passivation/di-electric layer isefability issue in SiC based high
power devices (ex: MESFET & SITs). The breakdowrpas$sivation layer depends on
the temperature and applied electric fields. Irs¢happlications the die-electric layer is
subjected to electric fields in the order of (1-Mfm). The failures of die-electric
layers were observed at electric fields greaten tidVV/cm and at temperatures greater
than 258C [94], [95], [96]. The die-electric layer degraidat leads to an increase in
device leakage currents.

However, there is no known study that reportedlfeakdown of dielectric/passivation
layer of LEDs. This may well be due to the factttia LED packages operating
temperatures and electric fields are lower than ttivesholds discussed above. The
reliability study that stressed LED at 260saw an increase in contact resistance but
didn’t observe a breakdown in passivation thatéeshort circuit failure [68].

2.3.7 Conductive filament formation

In applications, LED packages are attached to @ateuticircuit board (PCB). The PCB

also contains conductors for electrical contactiasdlation between these conductors to
prevent short circuit of negative and positive teafs. The current densities and thermal
densities are comparatively small in these layersinduce mechanisms such as
electromigration. However, conductive filament fation between the negative and
positive pad is a potential device failure mechanibat is observed in PCBs used in
electronic circuits [43], [97].

This filament formation process is referred to esteolytic electromigration. Unlike the
solid state electromigration that was discusseddantion 2.3.1, this process doesn’t
require high temperatures or current densities.[4Be key factor that facilitates this
phenomenon is the formation of a path between taraacting traces [97]. This path
creation process could occur due to fatigue, msabsorption, impurities such as dust,
or fabrication defects. Once the path is createdidds migrate through an electric-
chemical process, creating a short circuit. Thalatgn resistances decreases with aging
due to the formation of a low resistance currenh @ad eventually cause short circuit
failure.
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The failure mechanisms that could lead to open sttt circuit failures in an LED
packages discussed in the above sections are surethar the Table 1.

Table 1. Summary of failure mechanisms that affeldstrical parameters

Failure mechanism

Failure mode

Electrical parame

change

terStress conditions

Metal impurity
diffusion into active
region

Junction short-
circuit failure

Series resistance
decrease

Ideality factor
increase
Reverse leakage
current increase

Current density
Temperature

failure

Electromigration Open circuit Series resistance Current density

leads to void failure increase Temperature

formation in

contact

metallization

Dopant Open circuit Series resistance Temperature

compensation failure increase

(Joule heating)

Wire-bond fatigue | Open circuit Series resistance Temperature

failure increase Thermo-mechanical
stress due to CT
mismatch

Solder joint fatigue | Open circuit Series resistance Temperature

increase

(resistance spikes dug

to intermittent
connections)

Thermo-mechanical
astress due to CT
mismatch

Defect generation | Short circuit Reverse leakage Temperature
and mobility current increase Current
Ideality factor
increase
Conductive Short circuit Series resistance Humidity
filament formation decrease Electric field
at PCB Reverse leakage External
current increase contaminants
Die-electric Short circuit Reverse leakage Electric field
passivation layer current increase Temperature
breakdown Series resistance

decrease
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It is evident from the failure mechanisms reportediable 1, that almost all failure
mechanisms cause a change in package series mesisiBherefore, it's a promising
parameter to detect failure. Further, it is reklpveasier to measure in an in-situ
measurement environment. Therefore, a systematay sif the series resistance of an
LED package with aging and stress conditions wouddd valuable information with
regard to the health of an LED package.

Reliability studies on InGaN based LED packagesv&tban increase in forward voltage
and series resistance with aging [98], [99], [1Q@D1], [102]. In these studies it was
hypothesized that the increase in series resistaasedue to degradation in the ohmic
contact. One such study performed a high temperatiarage test on LED packages by
storing them at 18C-230C [100], [102]. They observed an increase in fadmaltage

at a current of 400mA as a function of storage tiaseshown in Figure 12. However,
they didn’t see a correlation between light outpliinge and series resistance change.
The failure criterion used was 70% reduction imtigutput, as opposed to any electrical
parameter change. It was hypothesized that the rdorhifailure mechanism is package
and phosphor degradation, and the calculated &ctivanergy of 1.5eV associated with
it.

The series resistance of InGaN flip-chip LED padsghat were subjected to stress
conditions of, 108C temperature, and 50-200mA current for 600h irsedawith aging
[101]. It was hypothesized that the degradationuoed at the p-GaN semiconductor
layer rather than on Ag metal contact. Howeverhaus didn’t report whether the current
density had any impact on the series resistanagease. The aging study that subjected
LED packages for 350mA current stress, antiC88mbient temperature stress, saw an
increase in series resistance after 4000h of a8y The initial reduction in series
resistance was attributed to annealing effects.y Tdlso observed a large monotonic
increase in tunneling currents during aging.
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2.4 Knowledge gap

Even-though there are studies that reported areaser in series resistance with aging
when subjected to current and temperature stresse®e of them monitored these
parameters up to the point of catastrophic faillitee series resistance increase was not
correlated to any failure mechanism. It is also kmdwn whether the series resistance
change rate has any temperature or current depeadéil of this information is
important to develop a failure prediction model ébectrical contact failure.

The main focus of the reliability studies discussedhe previous sections for InGaN
LEDs is their parametric failure. Electrical pardere were monitored to explain the
degradation mechanism that causes parametricdailuithese studies there was no clear
evidence to suggest that parametric failure wassezhlby degradation of electrical
contacts. Hypotheses that suggested degradatichamsms such as electromigration,
and ohmic contact degradation are responsible does resistance increase were put
forward by researchers. However, none of thesethgses were validated.

In this thesis study the variation of series resise of high power LED will be monitored
and analyzed up to the point of catastrophic failumder different steady state
temperature and current stress conditions. Theysivitl investigate the degradation

kinetics of electrical contacts by analyzing thesteynatic and irreversible change in
series resistance under various stress conditibms. will be the first study that will

analyze the long-term change in series resistanedaldegradation of electrical contacts
of InGaN based LED packages. Analysis of othertatad parameters such as, ideality
factor, and reverse leakage current can providesdio the dominant failure mechanisms.

2.5 Hypotheses

The evidence discussed in detail in the sectiongseaban be used to formulate following
hypotheses.

If an InGaN based LED package is subjected to théstness, by increasing the junction
temperature, then the irreversible rate of chanfjsesies resistance increases.

There are no known studies that have developethtoreship between series resistance
change rate and temperature. However, a careflysasaf failure mechanisms listed in
Table 1, shows that failure mechanisms such agrefeigration, dopant compensation,
solder joint failure, wire-bond failure, and defgeneration are activated by temperature.
Further, many of these contact degradation mectmanigly on diffusion, and therefore,
on temperature. The junction temperature of an Lk&idkage is a good indicator of
temperatures at the vicinity of the die, where mahthe contact failures occur.
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If an InGaN based LED package is subjected to curstress, by increasing the current
density, then the irreversible rate of change oieseresistance increases.

The evidence presented in literature review shdwed failure mechanisms such as,
electromigration, defect generation and mobility accelerated by the current density. In
context of the above hypotheses, the following teame defined below.

» LED package refers to a single-die LED package. défition of LED package is
provided in section 1.1.

« Junction temperature refers to junction temperattnem 146C to 175C.

« Current density refers to current densities fron6/&8nm? to 355A/cnf. Current
density is calculated as, operating current overatea. The above current densities
correspond to operating currents from 1A-1.5A.

» Series resistance is extracted from the curreriagel characteristics of the LED
package as explained in section 2.7.1.

2.6 Experiment Design

There are two parts to the experiment. The two geasign was adopted to separate the
effect of temperature induced stress and curredtded stress. The first part will
investigate the impact of junction temperature atastrophic failure and series
resistance. This will help to establish the actoratenergy of the dominant failure
mechanism. The LED packages were tested under thifeeent junction temperature
conditions. Junction temperature is a good indicat@perating temperature of electrical
contacts that are closer to the die. The threetipme¢emperature conditions chosen were
14dC, 150C and 178C. These temperatures were chosen so that thed#gigra of the
package is accelerated. The maximum rated jund¢dorperature for this package was
145°C. The independent, dependent, and extraneouablesifor this part of the study
are as given below.

Independent variables

- Junction temperature — The junction temperatujp riBasurement procedure is
explained in the thermal characterization sectibhe T; of the device was
controlled by varying the case temperature.

- Stress time

Dependent variable

- Time to catastrophic failure (Open or short cirdaiture)
- Series resistance
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Extraneous variables

- The operating current — the operating current wegst konstant at 1A using a
constant current LED driver.

- LED packages are mounted in same orientation

- Humidity — The humidity of the ambient air surroingl the package was not
controlled during the study. The impact of hygroetmanical stresses on LED
packages have been studied [103]. The study shthetdhe impact of thermo-
mechanical stresses is larger when compared toohygchanical stresses.
Further, many of the materials used in LED packader’t absorb water,
therefore is not susceptible to hygro-mechanicaésses. Therefore, it is
anticipated that humidity would not have significanpact on failure.

The second part of the study investigates the impacurrent density on catastrophic
failure and series resistance change. This would tee identify the contribution of
current induced strain on the LED package. Thraesati stress conditions, 1A, 1.25A,
and 1.5A were used. The rated continuous direcentifor this package is 750mA. The
junction temperature would remain constant a®C5@r all the current stress conditions.
The independent, dependent, and extraneous vasitdsléhe study are given below.

Independent

- Current density — The current density to the LERXxkage was changed by
changing the applied current (1A-1.5A). The dimensi of the LED die are
identical for all cases.

- Stress time

Dependent variable

- Catastrophic failure time
- Series resistance

Extraneous variable

- Junction temperature — The af the LED packages was kept constant afaso
for all cases, by applying heat sinking and forcedling.

- The mounting orientation — LED packages were maliateéhe same orientation.

- Humidity — Humidity was not controlled during theeidy.



30

2.6.1 Materials

Phosphor converted white, InGaN single die LED pgekwas used for the aging study.
The LED package is a commercially available prodantl schematic of the package is
given in Figure 13. The LED package has a verstaicture, with the die attached to a
conductive silicon submount. The submount is attdclto a copper coated ceramic
substrate. The die-submount attachment is performgidg AwoSno solder. The
submount-substrate attachment is performed usingds@u solder compound. A gold
wire with a diameter of 35um is used to conductenirto the die. The ohmic contact at
the p-GaN layer is formed using an Au/Ni metalliaatlayer. There is a patterned Au/Ni
metal trace on the cathode side that provides|detreeal contact to the n-GaN layer. A
SiNyk passivation layer helps to minimize the surfacdkage currents, and provide a die-
electric barrier between electrical contacts. Aggitmr is coated on every single element
inside the package. The package has a silicongsuleat held by a metal ring that is
attached to the ceramic using epoxy. The cerarnger laas three sections: anode, cathode
and heat sink. There are Cu plated vials in thamerto conduct heat from the substrate
to MCPCB. The ceramic is attached to the MCPCBgaisoider.

Gold wire-bond

di-electric layer —] . Active layer

Aug, Snagsolder 1, chmiccontact (F-aafy

— |———=  Ceramic substrate
MCPCB

Figure 13. Schematic of the LED package

The die used in the LED package is EZ700, manufadtby CREE Inc. in USA. The
maximum operating ratings of the die is given ia thble below.

Table 2. The absolute product ratings as givernbyranufacturer [104]

Parameter Rating

The maximum DC current 750mA
The maximum peak current 1000mA
The maximum junction temperature Yas
The maximum Reverse voltage 5V
Operating case temperature range %40 100C
Typical forward voltage at 350mA 3.5V
The reverse biased current at -5V uA2
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2.6.2 Experiment set-up

Thermocouple

|
¥ |
Hi LED packages
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RTD
Temperature J - Heater pad
Controller I

Figure 14. Schematic of the LED life test box

A schematic of the experiment set up used for gfregastudy is shown in Figure 14. The
LED package was mounted using mechanical screwgjem wooden box, painted in
white. The MCPCB does not touch the wooden surfébe.temperature inside the box is
controlled using a heater pad, RTD (@®latinum), and a temperature controller
(Minco — CT325 miniature DC). The temperature coligr uses the RTD input as the
feed-back and regulates the current to the headdr jpsed on the set point. The
regulation of box temperature, enable the contfdlath case temperature, and junction
temperature.

The LED packages are powered using a constantntudrever with an output current of
1A (Advanced LED driver). The output current of théver, is measured using a current
sense resistor (Ohmite, @1 1%, 4.5W). The light output is measured usinghat@-
detector which is covered using a baffle for dirdight incidence. The silicone
photodiode (Hamamatsu S1226) has the highest séysat 720nm, and is used for
relative light output measurement. The case tenyeraf the LED package is measured
using a T-type thermocouple. The voltage, curreate temperature, box temperature,
and photo detector readings are recorded at everyhour, during the study. The data is
acquired using a DAQ (Agilent 34970A), and a datguasition program in Labview
(National Instruments).
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2.6.3 Experiment protocol

LED packages used in this study were pre-burnedafohour to filter out any infant
mortalities. Five samples were prepared for eadt tendition. Each sample was
electrically and thermally characterized prior be taging study. A T-type thermocouple
was attached on the MCPCB using solder. The attanhpoint was closer to the center
of the ceramic substrate for case temperature measmt. To account for individual
differences in thermal resistance values, thermsistance values of all LED packages
were measured at conditions that are similar to tlespective aging environment. The
procedure for thermal characterization is explaimeskection 3.3.1. The case temperature
was controlled within 2 to maintain junction temperature at the intendetle.
Periodic measurements of thermal resistance weferped during the study to ensure
that T is maintained within 2 of the set value.

In addition to thermal characterization, the curneritage characteristics of all samples
were extracted prior to the reliability study. Téketails of the electrical characterization
are given in section 2.6.4. The Microscopic imageall samples were acquired before
the test.

After electrical and thermal characterizations eaemple was mounted inside the
wooden box shown in Figure 14, and was subjectalein respective stress conditions.
The samples that were subjected to 1.25A and 1tB&%ss conditions required forced
cooling, to maintain their junction temperaturdd 8°C. They were mounted on to a heat
sink using mechanical screws and a fan with a egguivas used to provide the required
air velocity. The voltage, current, and temperatdata were monitored for all LED
packages every hour. The current-voltage (I-V) abtristics were extracted off-line
from LED packages, periodically. The frequency-&f &nalysis depends on the severity
of the stress conditions, with a view of obtainthg most number of series resistance
data points, before failure. The electrical chardeations were performed at’25 This

is the cold plate temperature of the thermoelecoialer. After failure, the sample was
initially checked to identify the failure mode (shaircuit or open circuit). Then each
failed sample was put in sealed plastic bag foufaianalysis.
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2.6.4 Electrical characterization

Thermo-electric cooler

Temperature
Controller
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| o Case
Source Meter

temperatune
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Figure 15. Electrical characterization experimen&lup

Two types of electrical characterizations were @aned. The current-voltage (I-V)
characterizations from the beginning of the agihgd till its failure. The current-

voltage-temperature (I-V-T) characteristics werdraoted before aging. A schematic
diagram of the measurement setup used for cur@tdge (I-V) measurements is given
in Figure 15.

A T-type (5SRTC-TT-T-30-36) thermocouple was atethat a point closer to the
ceramic substrate, using a solder. The LED packeage attached to the thermoelectric
cooler using mechanical screws. The cold plate &zatpre of the thermoelectric cooler
(Arroyo Instruments, LED/laser mounts-226), wastaaled by a temperature controller.
The T-type thermocouple was connected to a dataligiign unit. The lead wires
coming out from the LED was connected to a soureasurement unit (Keithly-2430)
for electrical characterization purposes. Fourewmneasurements were performed to
eliminate the effect of lead wire resistance inrteasurement. The source measurement
unit, data acquisition unit (Agilent 39470A), arariperature controller is connected to a
computer through a GPIB interface and is controllsihg LabView-2010, national
instruments software.

The LED package was allowed to thermally stabibizéore initiating the I-V sweep. The
thermal stability was determined by measuring tmedemperature of the package. If the
difference between five consecutive case tempastmeasured at every 1min interval is
less than 0°C, the package had reached thermal stability amitsient. Then the reverse
biased current-voltage (I-V) sweep is initiatednirelOV — OV. The forward biased I-V
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sweep was initiated immediately after from 0V-3.7¥ order to minimize the impact of
junction heating during I-V sweep, a pulse currerth a 1ms pulse width and a 10%
duty ratio was used.

The temperature characterization of -V charadiedswvas performed by adjusting the
cold plate temperature from %5to 75C in 5°C increments. The procedure mentioned in
the above paragraph is repeated at each tempeandition. During the aging study

periodic electrical characterizations were perfainadf-line. The same protocol as

mentioned above is used with the cold plate teniperat 28C.

2.7 Results

Electrical parameters such as, series resistageality factor, and reverse leakage
current was extracted from the current-voltage attaeristics curves, measured at
different time intervals. There are two catastropfailure modes observed during the
study, open and short circuit failure. It was hymsized that electromigration was the
dominant failure mechanism, that causes theseréaiiodes. The evidence that proves
and disapproves this hypothesis is presentedsrstution.

2.7.1 Electrical parameter extraction

Extracted |-V data over the life time of the samplere analyzed to extract series
resistance, ideality factor at the recombinatiorrent region, and ideality factor at the
tunneling region. Figure 16 shows the three regainsterest.

1.0E+00 . : .
1.0E-010:0 1.0 2.0 3.0
1.0E-02 //H Region 3 — Series resistange
1.0E-03 i |

1.0E-04 _ _
—, —_% _
<1.0E-05 // Region 2 — Ideality factor

=1 0E-06 v (Recombinatior

(&)

£1.0E-07 |

31.0E-08 / : :

: / Region 1- Ideality factor

1.0E-09 (tunneling)
1.0E-10
1.0E-11

1.0E-12

Voltage (V)

Figure 16. Current-voltage (I-V) curve with thregions of interest for data analysis
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The diode conduction equation, for the electricadel discussed in section 2.2, can be
written as,
I - (V;ﬂ = I, (e9W~IR)/(KT). 1), equation D
14
Where, | — forward currents + saturation current, V- forward voltages R series

resistance, R— parallel resistance, q — electron charge, k-tZBwn constant, T-
temperature (K), and n — ideality factor.

For regions 1 and 2, the current is small; thesfohe effect of series resistance is
negligible. Further the parallel resistance is dargp its impact is also negligible.
Therefore, the diode conduction equation can belgied as,

I= I, (edV/nkD).1), equation E

In region 3, the effect of series resistance isigant; therefore, following equation was
used to extract series resistance.

I = I, (edV-IR)/(MKT) 7 equation F

The measured current-voltage data were fitted usqaation E for, region 1 and 2. The
two fitting parameters were equivalent tg,dnd g/nkT. Two different ideality factors

and saturation currents were extracted from regloasd 2. At region 1, space charge
recombination, and tunneling currents dominateelpetrical transport characteristics. In
this region measured ideality factors are sevamads greater than 2. Instead of ideality
factor, a more appropriate term would be tunnetiogfficient, since tunneling currents

dominate current transport.

The exponential fit of |-V data in region 2, for &&ED package is given in Figure 17.
The fitting parameters (a and b) along with th&¥®confidence band limits are given in
the inset. The ideality factor can be calculatadgithe following equation.

19.32 = 4

nkT
Where, q=1.602e-19, k = 1.38e-23, and T = 298K

Therefore, for this case the ideality factor isTRis is the region, where recombination
currents are the dominant carrier transport meshafor wide band gap semiconductors.
Therefore, an ideality factor closer 2 is expectBdere is a wide variation in ideality

factor between samples (1.5-2.4).
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1.2

Exponential model: |

f(x) = a*exp (b*X) |
a= 1.57e-25 (7.39e-26, 2.40e-25) |
087 b= 19.32(19.12, 19.53) 2 T

R-square: 0.9983
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Current (A)

I-V data points

Exponential Fit

Voltage (V)

Figure 17. Exponential fit of current — voltageal&ir an LED package at recombination current
dominated region

In order to extract series resistance from measu¥éddata, the equation D was
rearranged as follows,

V= nTlen [i exp (%)].
The k and n values are known from the exponential Buhls from the recombination
region. The current-voltage data for the region nehgeries resistance is significant is
plotted and the above relationship was used asuhee fitting model with Ras the
fitting parameter. The junction heating effect reels the series resistance value.
Therefore, for series resistance extraction, ongasnred data points for currents less
than 100mA was considered. An example of an LEDkage, where the above
mentioned theoretical model was fitted to an expental data set is given in Figure 18.
The extracted series resistance, with its 95% denfie band is indicated in the inset.
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Figure 18. The measured |-V data and the data goaitulated by the curve fitting model, with
series resistance as the fitting parameter

2.7.2 Series resistance change with time

The extracted series resistance is normalized ¢oitltial value. In certain stress
conditions, there is a short-term reduction in $bges resistance, at the start. This could
be due to the annealing effects that improve thmiolcontact properties of the LED
package [105]. The series resistance after anmealias considered as the initial
resistance.

Measured Resistan¢)
Initial Resistancé&()

Normalized Resistance =

The normalized series resistance change with titalifferent temperature stress
conditions are plotted in Figure 19. The averadeive samples are plotted, except in
the case of 448K condition, where meaningful dataohly three samples were possible.
The time axis is normalized to the time at whicle st measurement point was
measured prior to failure. The error bars inclutdndard error of the mean within the
group and measurement error. The measurement arersignificantly small when
compared within the group deviations. The samplekld8K and 423K stress conditions
showed short circuit failure, whereas, samples48k4showed open circuit failure. The
absolute data used for the normalization is pravideappendix B.
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Figure 19. Series resistance change with timeraettifferent junction temperatures

The normalized series resistance change with tneifferent current densities is plotted
in Figure 20. The data points represent an aveshfiee samples. All samples, except a
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sample at 355A/cmshowed short circuit failure. The sample that sadwpen circuit
failure was not included in the data for Figure 21.
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Figure 20. Series resistance change with timeffgrdnt current densities

2.7.3 Failure mechanism: electromigration

As explained two types of catastrophic failure nwaere observed during the study.
They are, short circuit failure, and open circaildre. A failure mechanism that could
explain both types of failures is electromigratidhe current flow and temperature in the
contact metallization layers cause migration ofahatoms. These metal atoms create
voids in the contact metal. The area surrounding \bids will have high current
densities, which will further accelerate the electigration process. The nucleation and
growth of voids in metal conductors would lead moopen circuit failure.

The contact metallization layers of the LED samigléAu/Ni. There are no reported
activation energies of electromigration of Au or iNio GaN. If the reported activation
energies for GaAs were used as the reference Ahdras a lower activation energy than
Ni [48], [106], [107]. Which means Au is more likelo migrate into the semiconductor
than Ni. The migration of Au occurs in the direatiof electron flow. Therefore, voids
are formed near the cathode [108], [109].

The migrated metal atoms would accumulate at tmfasel of the semiconductor. The
GaN —buffer layers would have a high density ofedef (16-10° cmi®) that was formed
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during the material growth phase. These defectsaactacancies for metal atoms to
migrate. This will lead to formation of metal spikevithin the semiconductor. These
metal spikes will grow into the active region witime and causes a junction short-
circuit. This failure mechanism is illustrated ingére 21. A study that looked into
migration of impurities in AlGaN/GaN HEMTSs reportedtivation energy of 0.26eV for
impurity migration along dislocations[51]. Howevethey claimed higher thermal
activation energy for device failure. This failureechanism was also observed in GaAs-
based devices [61], [63], [65], [66], [91], [92].
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Figure 21. lllustration of formation of metal spikdue to electromigration

2.7.4 Analysis of series resistance change with time

There are four distinct phases that could be oleseim series resistance variation with
time. The four phases are marked in the FigureTB2. phase 1 is where there is a step
increase in series resistance after which thereoissignificant change. Even though
during this period void formation occurs it will nlead to a measurable change in series
resistance. This latency period was also observgdstudies that looked into
electromigration in metal contacts in semicondugackages [110], [111], [112], [113].
The latency period should be shorter for LED paekathat were subjected to higher
temperature or current stress. This is becausevdite growth is accelerated by these
stress conditions. The experimental evidence d&réifit stress conditions supports this
claim.

The second-phase is where there is a monotonieaserin series resistance. In this
region series resistance increase has a lineandepee with time. In this region, void is
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already formed and the resistance of the metabimpcised of two series resistances
[110], [111]. The equivalent resistance is,

R(t) — Pplp + pc(L—Lp) )
Ap Ac

Where,p — resistivity, L, — length of the void, A — area, L- length of thenductor, b-
barrier layer, and c - conductor

The resistance change rate can be found by takenddrivative with respect to time.

OR JL
— =K X (p_b_ &) X —b
at Ap Ac at

Where, R — normalized resistance, and K — constant

Based on the above equation it could be stated ttiatresistance change rate is
proportional to void growth rate. During phaselfs tgrowth rate is constant for a given
temperature and current. For a very long conduettir no back flow, the vacancy flow
velocity induced by electron wind force can be tentas [53],

VFM = BZ*epj.

Where B — mobility, z- effective charge, e — electron charge; resistivity of material,
and j-current density

The vacancy flow velocity is equal to void growtte; therefore, resistance change rate
at phase 2 can be expressed as below.

Q
dR _ Doe &P . . .
= a2 epi equation G

Where, k — Boltzman constant, T — temperature, @ctivation energy, and all other
terms have the same meaning as expressed above.
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At 448K temperature condition, shown in Figure ##&re is a linear increase in series
resistance with time. However, there is a pivonpeihere there is a clear separation of
slopes. That point separates the two phases ferctndition. The physics of failure for
the first half is same as the phase 2 failure exgilan given above; therefore, it is
referred to as phase 2. The failure mechanismhmother half is different; therefore, it is
referred to as phase 5.
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Phase 2 slopes at different temperature condiaoagiven in Figure 24. The data points
in the figure represent the average slope of sangleeach condition. The error bar
represents the standard deviation of slopes witiersame group. Using equation G and
Figure 24, the activation energy for vacancy diffascan be extracted. The activation
energy for vacancy diffusion is 0.47+0.09eV. Thateat metallization layer in the LED
package was a Ni/Au alloy. The reported activagmergy for Au migration on GaAs
substrate was 0.59+0.09eV [44]. The reported attineenergy was extracted using the
Blacks’ mean time to failure model for electromigwa. However, both the experimental
value and reported value for Au vacancy migratimamparable.

The phase 2 slopes at different current densitiegpktted in Figure 25. If one may go
by the equation G, the resistance change ratepopional to current density. However,
the empirical model developed for resistance cham@ conductors due to void growth
indicates that [111],

R _ .

ac <J"

Where n- current exponent, and j-current density
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This is a convenient relationship, because everkBlanodel has a current exponent.
The physics based models that analyzed the vorddton process in a conductor due to
electromigration describe two mechanisms, void eatcbn and void growth [50], [114],
[115]. The void nucleation has current density sgdaf) dependence, whereas void
growth rate has a linear dependence with curremisile The above empirical
relationship along with Figure 25 was used to etti@ current density exponent of
1.5£0.2. The current exponent show that resistehemge rate at phase 2 is influenced
by the void growth process.
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Figure 24. The series resistance slope variatioim jwinction temperature
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Figure 25. The series resistance slope variatioim euirrent density



45

The phase 3 in Figure 22 is the region where thergery little change in series
resistance. The series resistance has a +0.02%beniin this region. The drift velocity
of ions or vacancies could be explained using tieing equation proposed by Blech
[53].

v = Bz"epj -BATF

Where, B — mobility, z- effective charge, e — electron charge; resistivity, j-current
density,AF — free energy difference between two ends ofralgctor, and | —conductor
length

The mass flow in the conductor creates a concemraind stress gradient within the
conductor. These forces act in the opposite doaatf the electron wind force; therefore,
have a damping effect on flow of ions. This coutd anly diminish the void growth rate

but could also heal some voids. Blechs’ criticalgih theory says that if the length of the
conductor is less than the Belch critical lengtie voids completely heal due to back
flow [53].

Phase 4 in Figure 22 is the onset of short cirdailure in the LED package.
Electromigration facilitate the diffusion of metahpurities into the semiconductor.
When metal spikes reach the active region of tlee short-circuit failure would occur.
The growth of metal spikes into the active regioould create low resistance current
paths. Typically the active region of the devicansam scale; therefore, when metals
reach the boundary of the active region, metal eotration within the active region
increases rapidly. The rapid decline in seriesstasce in phase 4 can be attributed to the
rapid concentration growth of metals in the actegion.

It was hypothesized that diffusion is the dominaahsport mechanism of metal atoms
that migrate into the active region. The Ficks' et law of diffusion can be used to
express the concentration at a fixed location fametion of time.

C(x,t) = C(surface,o0) x (1 —erf (\/%))

Where, x — distance from the surface, t — time, Bndiffusion coefficient

If the initial concentration of metal is assumedaathin sheet of infinite concentration,
located at an arbitrary positionpthen the diffused concentration can be expreasedl
Gaussian concentration profile.

_(x=x0)?

C(x,t) = \/%e 4Dt

Where, N- number of metal atoms per unit area, diffusion coefficient, t —time, and x
— distance with respect to an arbitrary location
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If assume that the surface with the infinite coriaiion of metal as the metallization
layer next to the semiconductor, metal concentnadiba fixed location over time can be
stated as,

1
C(t) = At zexp (— %). equation H

Where, b and A are temperature dependent constants.

It was shown in previous electromigration studiasAo contact metals that Au migrates
from anode to cathode (in the direction of electilow). Therefore, we can assume that
Au migrate from P-contact layer. If the fixed locat is closer to the n-type GaN layer,
then increase in concentration in that location @ahtribute towards short circuit failure.

It was assumed that series resistance change se ghaf Figure 22 is dominated by this
concentration increase. Then it could be statetthigarate of increase of concentration is
proportional to rate of decrease of series resistamphase 4.

WO _ o RO

equation |
at at

Using equations H and I, series resistance justrbdéilure could be expressed as below.
2 b
R(t) =AXt>z xexp(—;)+C

x? N
Wherep = 3 A= = and C — constant
The above model was fitted to the experiment datshawn in Figure 26. The parameter
b, depends on the diffusion coefficient and theneefan temperature. This parameter was
extracted for two temperature conditions with sttuit failure. The parameter showed
the expected decreasing trend with temperaturexfiscted the parameter didn’t show a

statistically significant change at different cunreensities.
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2.7.5 Ideality factor change with time

The ideality factor of a diode is an empirical paeder that provides an indication of
current transport properties in a P-N junction @iod@he theoretical basis for ideality

factor was established using the Shah-Noyce-Schdkieory, which was explained in

section 2.2. The impurity migration and electrigaictive defects create traps closer to
Fermi-level that act as recombination centers.oltld be argued that an increase in
impurities in the active region will lead to an fiease in recombination current. The
increase in recombination current in the LED letadisigher ideality factors.

The extracted ideality factor in this study as expd in section 2.7.1, showed an
increasing trend with time. The ideality factor oba at different junction temperature
conditions as a function of stress time is presemteFigure 27. The ideality factor

increase with time supports the hypothesis thatratimn of metal atoms into the active
region is the failure mechanism that causes shaditfailure of the LED package. The

ideality factor increase at the point of failuresmnaller for LED packages that were
operating at 448K junction temperature conditiohe3e devices showed open circuit
failure as opposed to short circuit failure obsdrwe other stress conditions. This is
plausible since formation of metal spikes into #wive region is not associated with
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open circuit failure. This also suggests, while ahatigration along defect lines occurred
in samples at 448K, there wasn’t an adequate ctratiem of metals in the active region
to cause short circuit failure. Some other failorechanism intervened and caused open
circuit failure in the LED package.
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Figure 27. Ideality factor change with time at éiffint junction temperatures

2.7.6 Reverse leakage current

An ideal diode will conduct only in the forward eation unless within permissible
operating conditions. However, a real diode woudtvena current flow when reverse
biased due to the presence of structural defaoigyrities that form alternative current
paths, and imperfect passivation layers. Curmamsport mechanisms such as tunneling,
space charge recombination, and field enhancethtbeic emission are responsible for
reverse leakage currents in GaN based LEDs [116]/][ [118]. The reverse leakage
current and the associated mechanism, commandficaghinterest from the GaN based
LED fabrication community. This is because of il8lity to capture both bulk leakage
current due to threading dislocations and surfaakdge effects.

Past studies on GaN LEDs have shown that ther@ isxponential growth in reverse
leakage currents with the threading dislocationsdgn[118], [119]. The threading
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dislocations form alternative current conductiorthgainto the die that facilitate carrier

transport even to quantum well region. Reverseebidaminescence were observed in
these devices due to recombination of carriershen quantum wells [118]. However,

areas of luminescence have a spontaneous spreéhdr than a uniform distribution,

supporting the hypothesis that there are dislooatiaths in the die preferred by the
current when reverse biased. Another hypothesidafge leakage currents in LEDs is
defects in the passivation layer that leaves dagdbonds to facilitate surface currents
[120]. These defects typically occur during theriedtion and not during aging.

The metal migration along defects was also hypakdsas a cause of increase in reverse
leakage current [121]. In this study on flip-chmackages, authors observed AgS
formation at the Ni/Ag contact. The AgSormed due electrolytic migration, has
penetrated through the passivation to form a Iasistance alternative current path. This
leads to a significant increase in reverse leakagent with aging.

When metal spikes form due to electromigration ifAN metallization layer, those metal

atoms could migrate into dislocations. The dislmret with metals atoms form low

resistance alternative current paths in the deviée metal migrations initiate in the

buffer regions and then expand into the activeore@f the LED. The reverse biased
current flows through these dislocations infusethwmetal atoms. Therefore, increase in
reverse leakage currents in the LED is anothercatdr of metal migration. This is

evident in Figure 28, where variation of reversakége current with aging from an LED
package operating at 423K junction temperature2&Td\/cnf current density is given.

Figure 29 shows the variation of measured reversleage current at -10V with time, for

four different LED samples at different stress dbads. There were two samples that
showed the short circuit failure mode and anotiver samples that showed open circuit
failure mode in this figure. The samples that shebwhort circuit failure mode has a
larger increase in reverse leakage current thanottes with the open circuit failure

mode. This further proves the fact that in the cafsshort circuit failure, large scale

migration of metals into the semiconductor occurs.

It could be argued that reverse leakage curreméase is associated with the increase in
defect density with aging. The dislocations in die could expand with aging leading to
an increase in reverse leakage currents. The exyansf dislocations further facilitate
metal migration as dislocation offers a lower barmpath for metals to migrate. The
stresses created in the lattice due to dislocatidrthe transport of metal through the
lattice in the active region [51]. Further, dislboas don't cause catastrophic failure in a
GaN device, unless they become electrically actind grow exponentially with time.
However, generation and movement of dislocatiomsfaailitate catastrophic failure by
acting as a low barrier path for metal diffusiotoithe semiconductor.
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2.7.7 Blacks’ model

Black developed a model to estimate the median tomkilure (MTF) of a conductor
due to electromigration when subjected to curredttemperature stress conditions [41].

KATexp(kgT)

MTF =
JDo

Where, K — proportionality constant, A- cross smtdl area of the metal film, T —
temperature, J-current density, Q- activation eyiekg— Boltzman constant, [D- pre-
exponential factor, and n-current exponent

Black showed that n=1, if the electromigration depen the structural variations of the
conductor, and n=2, if temperature gradient withi& metallization layer is the cause of
electromigration.

The empirical model used by the semiconductor itrgiite determine electromigration
life of a conductor is a modified version of theoaé mentioned Blacks’ equation [122].

MTF = K*] "exp (:2)
Where, Kis a constant that depends on material propenigégjaometry.

The median time to failure in this experiment idired as the end of phase 2 as defined
in Figure 24 and Figure 25. As explained in presisections the actual failure occurs
due to growth of metal spikes that short the juorctElectromigration enable this process
through mass transport to semiconductor layer. &phase 2 resistance change is
dominated by void growth initiated by electromigwat At constant current density
condition above, equation is reduced to the Arrhenelationship.

MTF = Kyexp (:2)
At constant temperature the above equation is estita
MTF = K,J ™.

These two relationships are plotted in Figure 3he Tactivation energy for
electromigration is 0.46+£0.06eV. This is very semito the activation energy measured
in 2.7.4, using resistance slope. This is expesiade both approaches measured the
activation energy of the vacancy diffusiofhe reported activation energies for self-
diffusion of Au in Au contacts range from 0.4-0.9eVhe wide variation in reported
activation energy values were attributed to différgubstrate materials, stress conditions,
and measurement methods. There is no known stadyrteasured activation energy of
an Au contact on GaN substrate. The activationggnef Au migration in contacts on
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GaAs substrate is 0.59+0.09eV. The activation gnexdower for GaN substrates. This
may be due to higher defect density in GaN layat tacilitate vacancy diffusion in Au.
However, there is no statistical difference betwdenactivation energy measured in the
experiment for Au on GaN and activation energy reggzbfor Au on GaAs.
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Figure 30. Mean time to failure with temperatureftfl and mean time to failure with
current density

The measured current exponent is 1.4+0.2. Thisgrg gimilar to the current exponent
measured in 2.7.4 using resistance slopes. Evemglthourrent exponents between 1 and
3 have been observed in experiments, there iseareatical basis to explain the fractional
values of n. It could be theoretically establisitedt n is equal to two, when void
nucleation occur due to electromigration [115],3L2 Electromigration also depend on
drift velocity which is inversely proportional tairent; therefore n is equal to one [41]. It
was hypothesized that electromigration has two géagid nucleation and void growth
[115]. The duration of each phase with respectotal tfailure time will determine the
current exponent. The measured current exponergestsy that void growth phase
dominates the failure time defined in the analy8igliscussion on recent improvements
to the electromigration life time models and imation of those models on reported
activation energies and current exponents are geovin appendix C.
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2.8 Chapter summary

A systematic study on series resistance changa dh@aN LED package at different
current and temperature stress conditions are pexteThe series resistance of an LED
package is an indicator of the health of its eleatrcontacts. Therefore, by analyzing the
variation of series resistance over time, the dégjran and eventual catastrophic failure
of electrical contacts is established. Long teegrddation studies on GaN- based LED
packages in past literature observed that serigistaace increase with aging. These
studies hypothesized that this series resistarmedrse was due to degradation of ohmic
contacts. However, none of these studies develapeetlationship between series
resistance change of the LED package to stressitmored or time to failure. This
knowledge is essential to develop a failure présicinodel based on series resistance.

This study investigated the series resistance @anglifferent temperature and current
stress conditions. This was designed as a twospady, where one part of the study kept
junction temperature constant while changing thveetul, and the other part kept constant
current while changing junction temperature. They Kendings of the study are
summarized below.

e Two catastrophic failure mechanisms, open circod ahort circuit failure were
observed. In the case of short circuit failure, ahepiking into active region was
identified as the failure mechanism. Electromignatiacilitated the movement of
metal atoms from the metallization layers to semdluactor surface.

e There are four distinct phases that series resistgoes through before failure.
Phase 1 — latency period with little or no changeseries resistance, phase 2 —
series resistance increase with time, phase 3uratsi@in period, and phase 4 —
failure region.

e The series resistance increase rate at phase Ad$epe junction temperature and
current density. Relationship between series @sist change rate and stress
conditions were developed using the theory of ebacigration.

R Doe_(%) .
5= Zep"
Where, k — Boltzman constant, T — temperature, @ctivation energyp —
resistivity, e — electron chargeo B pre-exponential factor, n-current exponent,
and z - effective charge
e Activation energy of 0.47+0.09eV and a current exga of 1.5+0.2 were
extracted from the series resistance rate changeatldifferent stress conditions.
This is comparable to values calculated from Blaoksdel and reported values
for self-diffusion of Au in an Au metallization lay on GaAs substrate.
e Series resistance just before short circuit failiwredominated by diffusion of

metals into active region. A model was developeithgu$-icks’ second law of



54

diffusion to define normalized resistance at tirheAu migration occurs in the
direction of the electron flow. It was assumed #eies resistance decreases with
time, when metal concentration at a fixed locatidoser to n-GaN layer
increases.

R(t) =A><t_71><exp(—§)+C

X

2
Where,= o b time, x- distance from the p-contact, and €rstant depends on

initial condition.

The model showed a good fit to the experimentah.dahis knowledge is useful
in developing a pattern recognition algorithm tptcae short circuit failure.

The experimental data showed a good agreement Bldalcks’ model. The
Blacks’ model is useful in obtaining a-priori estite of electromigration life of
an electrical contact when the model parameterkraoen.

Blacks’ model parameters estimated using failureetdata and series resistance
change rate data (at phase 2) shows good agreeifig@st.is very useful in
reducing the testing time required to estimate rhpdemeters.

Reverse leakage current and ideality factor ine@agith aging. The behavior of
these parameters suggests that diffusion of comgudmpurities into active
region occur with aging. High defect density in Gialilitates this process.

In the case of open circuit failure, the evidenagygests another failure
mechanism intervened and accelerated its failureforb, electromigration
induced metal atoms migrate into active regioruéficsent concentration.



3 Thermal parameter study

In chapter 2 an electrical parameter, namely, segsistance that can signal failure of an
LED package during operation was studied in dethiat all failure in an LED package
can be detected using electrical parameters be¢hessectrical and thermal paths may
or may not overlap. There are catastrophic failuheg can result as a consequence of
thermal path breakdown. Therefore, the objectivéhi chapter is to identify a thermal
parameter that can augment the electrical paranteterake a comprehensive failure
prediction strategy.

The junction temperature jjTof an LED package affects its light output, coland
reliability [27], [98], [124]. The heat at the juimen is generated primarily due to non-
radiative recombination of electrons and holes. €hextrical input power to an LED
package is converted to optical power and heatenkwith great advances that have been
made in terms of efficacies of LED packages, onraye 70% of the input power is
converted to heat. Therefore, an efficient heatipaion path is required to conduct heat
generated in the junction to ambient.

The substrate material, submount, die-attach lahermal interface materials and heat
sinks are critical elements in the thermal path twntribute to efficient heat transfer
from the die to the heat sink. There is ongoingaesh and innovations in developing
new thermal interface materials, substrates, packdgsign methods, and bonding
techniques to improve thermal conductivity betweéle@ die and heat sink. However,
thermal expansion coefficient (CTE) mismatch, Yoanmgodules mismatch, fabrication
difficulties, and electrical insulation requiremgimave posed challenges to these efforts.

The degradation of thermal conduction path, dugetamination, voids and cracks would
lead to an increase in operating junction tempeeatf the device. This can cause
parametric failure, and catastrophic failure. Thatenal layer that is subjected to the
highest thermo-mechanical stress during operatigdhea interface material that bond two
material layers. This is because of the shearsssesn the interface layer due to thermal
expansion coefficient (CTE) mismatch.

Thermal resistance is a good qualitative indicafahe health of the thermal conduction
path. Thermal resistance is a metric that is baiitgly used in the industry to estimate
junction temperature of a device under a given remment and operating condition.
Thermal resistance can be defined as, “the diffaxen temperature between two closed
isothermal surfaces divided by the total heat flmtween them [125].” It is essential that
all thermal flux that crosses one isothermal s@fawsses the other surface, without any
heat generation or accumulation within the closeldme.

55
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3.1 Literature review

In LED package design there can be an overlap legtwige current and thermal paths.
The amount of overlap depends on the LED packaggnleFor example, in the vertical
package design shown in, there is separation afni@leand electrical path after the
carrier substrate (submount). In flip-chip paclsaties separation happens even after the
substrate. Failure mechanisms such as, electrotioigranduced void formation in
metallization layers, and solder joint fatigue diads, that are discussed in sections 2.3.1
and 2.3.4, increase thermal resistance. A detalisdussion on thermal resistance
measurement techniques are provided in appendix D.

3.1.1 Degradation of thermal interface

The studies that have analyzed thermal behavioLED packages can be broadly
categorized into two. The first category is thatéirelement analysis (FEA) studies to
understand the change of thermal transport pr@sednder specific stress or defect
conditions [126], [127], [128], [81]. The other egbry is the experimental aging studies
that subjected LEDs to specific stress conditiond aonitored change of thermal
parameters with aging [98], [99], [103], [129], A]3[131], [132], [133].

The semiconductor die, is attached to the substrsitey a die-attach solder. This die-
attach layer is the primary thermal interface ie gackage. Many past studies have cited
delamination between different material layers,eegly in the die-attach layer as the
dominant failure mechanism that affect thermalstasice [22], [98], [103], [126], [128],
[129], [131], [133]. The thermo-mechanical and orgrechanical stresses were
identified as the primary causes of failure. Théaadnation at the die-attach layers in
electronic packages leads to hot-spot formatioggéiing catastrophic failure [127],
[134], [135].

Simulation studies showed that thermal and hygrohaeical stresses cause
delamination and voids in the die-attach layer leetwthe chip and the substrate. This
would lead to a significant increase in junctiomperature [126], [128], [136]. Figure
31, below shows the increase in temperature ofSih&ayer of a MOSFET with the
increase in the voided area percentage of thettieka
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Figure 31. Predicted temperature vs. time curvesMOSFETs with voided area percentages
[127]

Experimental long-term aging studies that meastiredmal resistance over time showed
conflicting evidence. One study measured a redadtiothermal resistance with time,
whereas other studies reported an increase in gheasistance. A study that subjected a
flip-chip LED package to an ambient temperatur88 and to a current of 350mA for
4000h saw an initial reduction, and a subsequemease in thermal resistance as shown
in Figure 32 [98]. A reliability study on flip-gh package reported a 5K/W increase in
junction-to-case thermal resistance after 50h efrafon at 400mA [102]. The estimated
junction temperature at this current was %20The transient thermal analysis on the
package showed that the degradation occurred ati¢hattach layer between submount
and substrate. A study that used 5mm indicator tg@@aN and InAlGaP LED packages
showed that the thermal resistance increase by\W5Khe applied current stresses were
20, 40, 80mA at Z& ambient temperature [107].
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Figure 32. Variation of thermal resistance withnagiime for an LED package [98]

3.1.2 Stresses on the thermal interface

LED packages are used in high temperature, humid@mments. In these applications
LED packages are subjected to both cyclical anthlestéeemperature and humidity
conditions. These lead to hygro-mechanical andntbhenechanical stresses in LED
packages [98], [126], [129], [133], [137]. Thermaaohanical stresses are caused due to
CTE and elastic modulus mismatch between diffemeaterial layers.

The polymeric materials in LED packages (epoxy;attach solder, encapsulant, lens)
absorbs moisture. The coefficient of moisture ghisom is a material property. The
differences in coefficient of moisture expansionME) of different materials cause
hygro-mechanical stresses inside the package. Avawdd temperatures hygro-
mechanical stresses increase the thermal resigthBgk [128].

In modern LED packages thermo-mechanical stressad@d E mismatch of materials is
the primary stress factor that contributes towatdEmination [128]. CTE mismatch
induced thermo-mechanical stresses could occugvaral key points in a package. The
CTE mismatch between wire-bond and encapsulantdviodluce a strain on the wire-
bond, weakening its bonding strength overtimehdf $train exceeds the bonding strength
wire-bond lift-off occurs [71]. However, these sieslused epoxy based encapsulant that
have high CTE mismatch with Au and high Young's’dutus. However, use of Silicone
as encapsulant and improvements in wire-bondindnaast has reduced the significance
of this failure mode. The lens on top of the enaépd material is subjected to thermo-
mechanical and hygro-mechanical stresses. This lEadevelopment of fine cracks on
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the lens that scatters light. The stress distputand therefore, the possibility of
developing cracks depend on the lens shape [139].

The thermo-mechanical fatigue would lead to creegterial fatigue and oxidization at
the die-attach layer [81], [126], [127], [128], [03[132], [133], [134], [137], [140]. All
three of these mechanisms would degrade the mladeriainduce deformations. If the
deformations are irreversible, the material undesgplastic deformation. One such
plastic deformation mechanisms that materials gawlevhen subjected to prolonged
stresses at high temperatures is creep. The Doerté/ean power law states that [141],

¢ = Aomhe (2, equation J
RT

where, £ — creep strain ratey — stress, n — stress exponent, g-activation endrgy
universal gas constant, and T — temperature

A further discussion on creep is given in apperitlix

3.1.3 Literature review summary

The die-attach layer is the primary thermal integfdayer in an LED package. FEA
studies and experimental studies show that themesistance of the LED package
increase with delamination and void formation ie the-attach layer [127], [98], [99],

[102]. In high power LED packages the thermo-medatarstress play a dominant role in
degrading thermal interfaces [103], [126], [137{reSses combined with temperature,
applied over a period of time causes deformatiothénthermal interface, which leads to
delamination. The most probable form of deformatienthe creep induced plastic
deformation.

There are deformation models that correlate créginsrate to stress and temperature.
However, there is no study that investigated thssitility of developing a relationship
between thermal resistance change rate, strespetatare, and time to failure for LED
packages. This knowledge is necessary to develigiuse prediction model that uses
thermal resistance as the sense parameter.
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3.2 Hypotheses

The objective of the study is to investigate thstegmatic change in thermal resistance of
an LED package when subjected to different curaettemperature stress conditions up
to the point of catastrophic failure. The followihgpotheses were formulated based on
the evidence available in literature.

If an InGaN based LED package is subjected to thkstness, by increasing the junction
temperature, then the rate of change of thermaktasce irreversibly increases.

There is no evidence that links the thermal rest#achange rate of an LED package
with junction temperature. However, in the literatureview section 3.1, it was
established that creep strain is responsible flantdi@ation and void formation in thermal
interfaces. The creep strain rate increases witipéeature. Therefore, it is plausible to
hypothesize that the thermal resistance changelegiends on the junction temperature.

If an InGaN based LED package is subjected to aurséress, by increasing the current
density, then the rate of change of thermal resistancreases.

At high current densities, the temperature gradexyerienced by different material
layers in the package also increases. The highdmhpe gradients would increase the
thermo-mechanical stress on the die-attach layex,td CTE mismatch. The high stress
would lead to high creep strain rate. Thereforesrttal resistance change rate would
increase due to high current stresses.

In the context of above hypotheses, the followiegmnis would have the following
meanings.

* LED package refers to a single-die LED package. défaition of LED package is
provided in section 1.1.

« Junction temperature refers to junction temperattnem 148C to 175C.

« Current density refers to current densities fron6/&8m? to 355A/cni. Current
density is calculated as, operating current overadea. The above current densities
correspond to operating currents from 1A-1.5A.

* Thermal resistance is defined as,

(T'_ Tcase)
RG]—C = ]P—e'

Where, T — junction temperature,.dse- case temperature, and -P electrical input
power. The case temperature is measured at theagbs
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3.3 Experiment design

The experiment was implemented in two parts. Th& fpart is where the impact of
junction temperature on thermal resistance chasgenestigated. The independent,
dependent, and extraneous variables for this sauelgefined below.

Independent variables

- Junction temperature — The junction temperatuye riEasurement procedure is
explained in section 3.3.1. Thedf the device was controlled by varying the case
temperature. The threg donditions of 148C, 150C, and 178C were used.

- Stress time

Dependent variable

- Thermal resistance — The thermal resistance maasuateprocedure is explained
in section 3.3.1.

Extraneous variables

- The operating current — the operating current wegst konstant at 1A using a
constant current LED driver.

- LED packages are mounted in same orientation

- The thermal resistance was measured at identicatittons. The ambient
temperature was controlled at®25and the applied current was 1A. The changes
in the ambient temperature or heating current waildnge the thermal flux
network and therefore, change the thermal resistfi5].

- Humidity — The humidity of the ambient air surroimgl the package was not
controlled during the study. Further, many of thatenials used in LED packages
have a low coefficient of water absorption. Therefoit is anticipated that
humidity would not have a significant impact orldee.

The second part of the experiment is to investighte impact of current density on
thermal resistance change. The independent, deperatel extraneous variables for this
study are defined below.

Independent variables

- Current —The drive current was controlled usingoastant current LED driver.
The currents used for this study are 1A, 1.25A, hibd.
- Stress time



62

Dependent variable

- Thermal resistance — The thermal resistance maasuateprocedure is explained
in section 3.3.1.

Extraneous variables

- The junction temperature — the junction temperatues kept constant at 150
+2°C by controlling the case temperature, using active passive cooling.

- The thermal resistance was measured at identicadittons. The ambient
temperature was controlled at’5 LED packages were mounted in the same
orientation, and the applied current was 1A. Thanges in any one of these
parameters would change the thermal flux networtt trerefore, change the
thermal resistance [125].

- Humidity — The humidity of the ambient air surroimgl the package was not
controlled during the study.

The identical LED package described in section12vas used for this experiment. The
same set-up described in 2.6.2 was used for agingopes. The thermal characterization
was performed for all samples prior to testingthaee ambient temperature conditions
(25°C, 50C, and 78C). The cold plate temperature of the thermo-dteatooler is
defined as the ambient in this study. Thermal taste was measured periodically at 1A
heating current and 26 ambient temperature. The measurement currenppibed at
25°C ambient temperature, and voltage is recordedréefpplying the heating current.
This measurement helps to avoid using the interoéphe calibration curve shown in
Figure 34, in the calculations. The intercept isceptible to large variations in response
to marginal changes in the measurement environniémd. gradient of the calibration
curve depends on material properties, which rerstable during aging.
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3.3.1 Thermal characterization
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Figure 33. Schematic of the thermal characterinagit up

Thermal characterization involved the measuremétitedmal resistance of the package.
The forward voltage of the LED was considered astémperature sensitive parameter.
The thermal resistance measurement standard forgdeRages, JEDEC 51-51 was used
as the reference for this study. The junction termpee measurement principal is
explained in detail in appendix D. A schematicgdien of the experimental set up is
provided in Figure 33

The first step of the measurement process is adilior. The goal of the calibration is to
obtain a relationship between junction temperatanel forward voltage. The LED
package is attached to the thermo-electric coaddeérgumechanical screws. The applied
calibration current is 1ImA. An explanation as te tthoice of this current is provided in
appendix D The cold plate temperature of the thermo-elecwimler was increased from
25°C to 78C in 5°C increments. At each temperature setting, the MEB allowed to
thermally stabilize and forward voltage across LD was measured. The thermal
stability criterion was that the standard deviatibetween five consecutive case
temperature readings measured at every 1min intsh@uld be less than 6@ An
example of a calibration curve measured for an lfabkage is given in Figure 34. The
gradient of the calibration curve is referred tdaresK-factor.

The next step is to measure junction temperatutieeabperating current of 1A. The cold
plate temperature was set a’@5The LED was allowed to thermally stabilize at an
operating current of 1A, as per the stability ¢rtie mentioned above. Once the system
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reached thermal stability, the operating currens whanged from 1A to 1mA. The

forward voltage of the LED was captured at 1mA enty after a 100us delay and was
averaged for 200us duration. The extracted voltag®nverted to junction temperature
using the formula below.

Tj _ Vu—Vm)
K

Where, \; — extracted voltage after junction heatingy WV extracted voltage at
measurement current before junction heating, ardcKlibration factor

The case temperature is measured using a T-typmoheouple attached to the MCPCB,
at a point closer to the substrate. The input Btadtpower was measured by measuring
operating voltage and current, after the LED paekagached its thermal stability. The
following formula was used for electrical input pawcalculation.

P=VxI
Where, V- voltage and I-current

The thermal resistance was determined using,

(Tj—-Tc)
RG]—C — JPe c

Where, Rj;.c — measured thermal resistancg, = junction temperature, ;T— case
temperature, and.P electrical input power

This formula doesn’t consider the optical power téadi by the LED. The optical power

measured for this package at 1A, is 430mW. This lvauean it has a quantum

efficiency of 12% at 1A. If optical power was casied then the thermal resistance
change will be smaller. However, electrical-to-that conversion ratio is smaller for this

LED package at 1A, to have a significant impacttib@ measured thermal resistance
value.
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Figure 34. Calibration curve for junction temperatmeasurement for an LED package sample

3.4 Results

The measured junction-to-case thermal resistantedifferent stress conditions are
plotted as a function of time. The variations oérthal resistance at different junction
temperatures are plotted in Figure 35. The averafyige samples are plotted, except in
the case of 448K condition, where only three sampilere used. The time axis is
normalized to the time at which the last measurémpeimt was measured prior to failure.
The absolute data prior to normalization is giverappendix F. The error bars include
standard error of the mean within the group andsomesent error. An analysis on
measurement errors of thermal resistance measutemengiven in appendix G. A large
increase in thermal resistance was observed at 448Hition just before failure.

The variations of thermal resistance at differantent densities are given in Figure 36.
The averages of five samples are plotted, excepghéncase of 355A/ctcondition,
where only an average four samples were possibkample at this condition showed an
open circuit failure with a large increase in thatmesistance, at the point of failure. All
other samples at all three current conditions shlostmrt circuit failure. The initial spike
in thermal resistance can be attributed to the msipa and subsequent relaxation of
micro-voids in the thermal path due to applicatairstress. This is a short term, stress
dependent phenomenon, which was only observedeinnitial stage. The focus of this
dissertation is permanent, irreversible degradattbat occur in LED packages.
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3.4.1 Stress calculation at thermal interfaces

In the literature review section 3.1, it was esshidd that the thermal interfaces are
subjected to highest stress within an LED pack@berefore, it is the degradation at the
thermal interface layer that contributes towardacjion-to-case thermal resistance
increase. There are two thermal interfaces inghikage, die-submount and submount-
substrate. A stress calculation is performed feséhtwo interfaces using an analytical
stress analysis model, for a tri-material asserfibd2]. The material properties used for
the analysis is give in Table 3.

Table 3. Material properties

Alumina
ceramic
(Al- grade) AugoSpo
Material Property GaN [143] Si [144] [145] solder[146]
Thermal conductivity
(W/mK) 130 130 30-40 57
Melting point (°C ) 2500 1412 1700 280
Thermal diffusivity(cni/S) 0.43 0.8 0.12 0.26°
CTE (1/K) 3.17e-06 2.6e-06 5.4e-06 1.6e-05
Thermal capacity (J/kgK) 490 700 775 150
Bulk modulus (GPa) 210 98 165 88
Youngs' modulus (GPa) 181 185 410-380 68
Poisson number 0.35 0.26 0.27-0.24 0.41
Shear Modulus (GPa) g7 52 164-158 25

Notes:

1. Calculated based on a density of 3.85 g/cm
2. Calculated based on density of 14.7gicm

The analytical model considers forces due to thewuatraction, shearing force at the
interface of two materials, and bending momentundétermining the stress on the
thermal interface. The assumptions made by the hawde

e |It's a two-dimensional stress analysis model,

e Three material layers are equidistant, rectangalad, symmetrical layers,

e The term that accounts for non-uniform distributiminshearing forces, assume
that the corrections are proportional to only theaging stresses in the cross-
section, and

e non-linearity effects of solder is not considered.
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The displacement of a material layer due to thesmes can be written as [142],

_ x E xﬁ .
u(x) = altx + A f; T(€)d € +fr(x) + > Js °© equation K
Where,a — coefficient of thermal expansion, t-temperature; axial compliancep —
interfacial compliancer — shearing stress at the material interface, hickness of the

material, ang — radius of curvature
The solution to the above equation has the form,
7(x) = Csinh(kx).

Where, k- Eigen value, x — distance from the centiethe material layer, and C —
constant

The eigen values and constants are determined loingcequation k for tri-material
layers. The determination of C and k is explainedppendix HThe stresses at the two
thermal interfaces are calculated at three diffecerrent densities. The different current-
densities cause different temperature gradienésetbre, different stresses at the thermal
interface. The stress distribution along the csEsgion of the interface between the
submount (Si) and substrate is given in Figure 3% thermo-mechanical stresses are
highest at the corners as reported in previous BEAlies [126], [128], [137]. The
calculated average thermo-mechanical stresse®oarpatable to values reported in these
studies for similar temperature gradients. The ayerstress values computed for two
thermal interfaces are given in Figure 37. Thesske are highest at the submount-
substrate interface; because, thermal expansiofficteet mismatch, and thermal
resistivity is highest at this interface.

Table 4. Average stresses at thermal interfaces

Currents (A) Temperature Stress at Stress at
gradient {C) die — submount submount —
interface (MPa) | ceramic substrate
(MPa)
1 55 46 107
1.25 75 65 145
1.50 100 85 194
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3.4.2 Creep and thermal resistance change rate

Change in thermal resistance with time dependsoondtion of voids and cracks in the
thermal interface layers. The formation of voidsl @nacks in the interface layers occur
primarily due to stresses that are acting on tleental interface layer. The high yield
strength of these materials would mean that ratmem abrupt failure, the material will
undergo gradual degradation with time. The thermgdrface layer is susceptible to
creep induced plastic deformation. The creep stimiresponsible for formation and
growth of voids and cracks that is being filled lwdir. The air filled voids and cracks
increase thermal resistance. In addition to themmeghanical stresses, creep is assisted
by high temperatures that are closer to meltingpemature of the die-attach solder.

The homologus temperatures of g§BInye and Sn-Ag-Cu solder, at the three operating
junction temperature conditions for this experimiergiven in Table 5. The melting point
of the AweSny solder is 288C and melting point of Sn-Ag-Cu solder is 320[147],
[148]. As a rule of thumb, for metals at homologoeisperature greater than 0.5, creep
becomes a dominant plastic deformation mechanidmrefore, it could be concluded
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that creep is the dominant deformation mechanisnthia experiment. The creep
deformation is assisted by both temperature andnihvnechanical stress. Therefore, it
could be argued that, thermal resistance changasaroportional to creep strain rate.

Table 5. Homologus temperature ofgf$n,, and Sn-Ag-Cu solder

Junction Case temperature Homologus Homologus
temperature (K) (K) temperature temperature
AugcSny solder | Sn-Ag-Cu solder
413 358 0.75 0.73
423 368 0.76 0.75
448 393 0.81 0.80

Thermal resistance change rate was calculatedafdr sample at all different conditions.
The Dorn-Weeterman power law given in equationrdppsed a relationship between
creep strain rate with stress and temperature. cfhep strain rate in this equation
referred to steady state creep strain rate. Theretoansient or short term changes of
creep strain at the initial or rapture stages ateconsidered. An example of steady state
thermal resistance change rates extraction fronsuaned thermal resistance data is given
in Figure 38.
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Figure 38. Steady state variation of thermal resist for an LED package at 296Afcm
current density and 423K junction temperature
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When the driving current is constant, the tempeeagmadient within the package is also
constant; therefore, the thermo-mechanical stessnstant. At iso-stress conditions the
Dorn-Weeterman power law can be written as,

€= Cexp (ﬁ)

Where, Q — activation energy, R — universal gassam, T — temperature, and C —
constant

The thermal resistance change rate at differerd tawperatures were plotted in Figure
39. The data points represent the average of thegsiatance change rate for samples at
each temperature stress conditions. The stressla@dns in 3.4.1 showed that thermo-
mechanical stress is highest at the submount-subsinterface. It is reasonable to
assume that the thermal resistance increase isndtedi by the degradation at this
interface. The case temperature is a better irmliczt temperature at this interface. As
expected, the case temperature has a higher dmrelaith the thermal resistance
change rate data.

The calculated thermal activation energy from FegB€ is 52+3kJ/mol. A study that
subjected AgbSrpo solder to tensile stress reported an activaticergynof 102kJ/mol
[149]. The LED package used for this experimemdulusSnyo type solder at the die-
submount interface. The type of solder used instifemount-substrate interface is not
known. However, it is known that the solder is |&a@® and contains Ag, through energy
dispersion spectroscopy. The bonding pad on thenderis Cu. Even though the exact
composition of the solder is not known, it is rezsde to assume it's a Sn-Ag-Cu
compound. Further, this is a popular lead free esotmbmpound used in the electronic
industry. The reported stress independent activatizergies for creep deformation for
Sn-Ag-Cu solder range from 39-83kJ/mol [147], [14B]50], [151]. The calculated
activation energy is lower than the activation gyefior creep deformation in AySny
solder, but is within the reported range for Sn-@g-solder. This is further validation
that creep deformation is predominant in the subrtsubstrate interface. In order to
identify the deformation mechanism in the soldgrefathe stress exponent must be
calculated.
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Figure 39. Thermal resistance change rate at diffevase temperatures

The experiment that kept junction temperature @nisivhile varying the driving current
is used to calculate stress exponent. At constanpérature the Dorn-Weeterman power
law can be stated as,

€= Bo"
Where, B — constang, - the applied thermo-mechanical stress, and n+exuo

The variation of thermal resistance at differenéraging currents is given in Figure 37.
The average stresses at the surmount-substratéagget different currents, calculated
in section 3.4.1 were plotted against the therrasistance change rate in Figure 40. The
results suggest that the applied thermo-mechamictabs didn’t have any impact on
thermal resistance change rate. In other worda@ease in applied stress didn’t result in
an increase in creep strain. This observation ismbne with creep deformation studies
that were performed on different material systems.

In the analysis of the activation energy it wasvamahat case temperature had a strong
correlation with thermal resistance change rata thaction temperature. This is because
case temperature is a better indicator of tempegdtu the submount-substrate interface.
In the experiment case temperature was not kepgtaon At higher currents, the case
temperature was cooled down to maintain constamttion temperature. Therefore, it
could be argued that it is the net effect of highrent (high stress) and low temperature
that is shown in Figure 40. Therefore, if the tharmesistance change rates are adjusted
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for low case temperatures, then they should shaanaentional power law relationship
with applied stress.
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Figure 40. Variation of thermal resistance charmge with thermo-mechanical stress

The expected thermal resistance change rate atea gase temperature was estimated
using the temperature and thermal resistance chageelationship in Figure 39. This
relationship is only valid for the thermo-mechahisdress condition of 107MPa.
Therefore, the expected thermal resistance chaate value given in Table 6 is
calculated for a stress condition of 107MPa. Theasuead values are higher than the
expected value, due to the increase in stressratleeof measured value over expected
value is plotted with the stress increase in Figiire

Table 6. Calculation of thermal resistance chaage increase due to thermo-mechanical stress

Stress Case Expected Measured Increase | Uncertainty
(MPa) Temperature value value due to
(K) (K/Ws) (K/Ws) stress

107 368 2.5e-7 2.5E-07 1 +0.1

145 348 9.5e-8 1.9E-07 2 +0.4

194 323 2.1e-8 2.5E-07 12 +1.0
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Figure 41. Thermal resistance change rate increiaes¢o applied stress

The measured stress exponent for this experimentiiie measured stress exponents for
Sn-Ag-Cu solder range from 4-13 depending on tresstconditions [147], [148]. At low
stress regimes the reported stress exponents vedveedn 4 and 5. The calculated
stresses at the interface can be called as lowesssts, when compared with the stresses
used in previous studies. The calculated stressreq agrees well with the reported
values in literature for the stress conditions used

The stress exponent indicates evidence with reatlde creep mechanism experienced
by the material [152], [153]. Diffusional creep dimiates when stress exponent is one
[154]. Diffusional creep occurs due to the stresgatied flow of vacancies in grain
boundaries. This mechanism is predominant in lawsst high temperature conditions.
The stress exponent closer to 2 suggests that lgoaindary sliding is the dominant creep
deformation mechanism [149], [155]. The large sgrexponent values (4 -13) reported
in literature for different alloy systems is explad using dislocation creep mechanism
[152], [153].

Dislocations in a lattice move along the latticéodeing the lattice and the material. The
plane that a dislocation moves along a crystaleferred to as a glide plane. The
movement along the glide plane is triggered malythe applied stress. The glide
motion is responsible for the strain in the matdiia?2], [153], [156], [157]. However,

dislocation movement is constrained by the preseoicepoint defects and grain

boundaries. The dislocation climb plays a criticale in such instances to facilitate
continuous movement of dislocations. The dislocatttimb depends on the diffusion
rate of vacancies. Therefore, the velocity of diatin movement in a material is
controlled by temperature [152], [153], [156], [15Based on the stress exponent
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calculated in this study, dislocation creep mectrandominates the deformation of the
Sn-Ag-Cu solder layer.

3.5 Chapter summary

Thermal resistance of an LED package is an indiaztthe quality of its heat conduction
path. The heat generated in the junction is comdlgia submount, thermal interfaces
and substrate to ambient. The degradation of tHepaid will lead to an increase in
thermal resistance and therefore, the junction &atpre. LED package reliability
studies have observed an increase in thermal aesistwith aging. These studies have
attributed delamination in die-attach layer as prene cause of thermal resistance
increase. Finite element analysis studies havelsorated this hypothesis by showing
that the highest stress parts of the package ateetmal interfaces, and void formation
at the interface has a direct correlation with rierresistance increase.

The delamination occurs in the die-attach layemprily due to thermo-mechanical

stress. The thermo-mechanical stresses occur dhe ©TE mismatch between different
material layers. The fundamental cause of plastforchation creep strain. Therefore, it
is reasonable to assume that creep strain rat®p@gional to thermal resistance change
rate. Thermal resistance change rates of a paat@gd be easily measured over time,
while it is difficult to measure creep strain radé material layers when they are

packaged. If thermal resistance indeed has a atioelto creep strain, then thermal
resistance change rate must follow the Dorn-Wetaarpower law.

The study measured thermal resistance change faaeGaN-based LED package at
different current and junction temperature stressddions. Following important
observations were made in this study.

e Thermal resistance change rate follows the Dornté/gean power law. At high
junction temperature conditions thermal resistaobange rate is also higher.
However, better correlation was observed with ¢asgerature rather than with
junction temperature.

e The thermo-mechanical stress is highest at the mumtrsubstrate interface. The
case temperature is a better indicator of temperasn this point. It is the
degradation at submount-substrate interface thategponsible for thermal
resistance change with time.

e Thermal resistance change rate also depend onpim@tong current. At higher
operating currents the thermal interface experignasge temperature gradients;
therefore, large thermo-mechanical stresses.
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High stress exponent of 4 suggests that dislocatierp is the dominant creep
mechanism. The glide motion of dislocations ispogssible for creep strain.
However, the dislocation velocity depends on d&lmn climb. The dislocation
climb depends on vacancy diffusion; therefore, emgerature. The measured
activation energy of diffusion is 52kJ/mol. The oeled stress exponent and
activation energy agrees well with the reportedugalfor Sn-Ag-Cu solder at
similar stress conditions.

These model parameters would enable a-priori esbmaf die-attach life time
based on creep deformation.

The open circuit failure of LED packages occurres do delamination at the

submount-substrate interface. These delaminatiogesarapid increase in thermal
resistance at the point of failure, that increabesdie-attach solder temperature
up to its meting point.



4 Fault detection and prediction

This chapter will present a discussion on failunalgsis of LED packages by combining
the experimental evidence presented in chapterslZaThe failure analysis would also
use post-mortem analysis to eliminate failure gobes. This section would reinforce
the hypotheses with regard to failure mechanisresudised in greater details in chapters
2 and 3. This chapter would also present a brefudision on data driven and physics of
failure based approaches that could be employbdttodetect and predict failure in LED
packages. The experimental evidence presentedeirthisis is applied to detect, and
predict failure.

4.1 Failure analysis: short circuit failure

Failure mechanisms that could cause short-cireulire in an LED package, along with
the change in electrical and thermal parametetaiag have occurred as a result of such
failure mechanisms are summarized in Table 7. Tle&Wmpurity diffusion into the
semiconductor die failure mechanism is explainedatail with supporting experimental
evidence, in chapter 2. In the same chapter itexptained that metal atoms for diffusion
is provided by electromigration at the contact rhiettion. The other two failure
mechanisms and why they didn’t occur in this stisdyriefly explained in this section.

Table 7. Short circuit failure mechanisms

Failure mechanism Detection parameter

Metal/impurity diffusion in semiconductor| Series resistance decrease

die Ideality Factor increase

Reverse leakage current increase
Conductive filament formation at the Increase in current in the low bias region
substrate Increase in reverse leakage current
Die-electric passivation layer breakdown Reveragdge current increase

Conductive filament formation between negative g@ogitive pad could lead to short
circuit failure. The conductive filament formatios observed PCBs used in electronic
circuits. The key factor that facilitates this pherenon is the formation of a path
between two conducting traces [97]. This path aweaand metal migration along this
path is also referred to as electrolytic electrawmtign. If this failure mechanism occurred
then the insulation resistance between two metds oould be lower. However, the

77



78

measured resistance between the positive and wegatintact pads after failure
suggested that the insulation between the two padained intact.

The breakdown of passivation/di-electric layer s identified reliability issue in SiC
based high power devices such as MESFET, SITs,[®§. [95]. The breakdown of
passivation layer depends on the temperature goiiedpelectric fields. The die-electric
layer breakdowns were observed at electric fieldsatgr than 5MV/cm and at
temperatures greater than 260 The stress conditions used in this study isheve near
these high stress conditions. Even if there is e-etkctric layer breakdown, the
catastrophic short circuit failure is possible omyLED package types such as flip-chip
and thin film vertical structures. It is hard teegrct an alternative current path that would
bypass the junction in the vertical LED packagadtrre that is used in this study.

4.2 Failure analysis: open circuit failure

Experimental evidence suggests that there are taia plausible explanations for open
circuit failure.

— The electromigration induced void formation in tiwee-bond at the cathode,
leading to wire-bond failure.
— Thermal fatigue induced delamination leading tdhhdge temperatures.

Open circuit failure was observed in all samplest thperated at 448K and 237Afcm
stress condition. Experimental evidences that sdpelectromigration induced void
formation as the failure mechanism are,

e continuous increase in series resistance, and
e browning around the cathode wire-bond.

However, this failure mechanism cannot explainl#rge increase in thermal resistance

that occurs just before catastrophic failure. I& theries resistance change profile in
Figure 19 and thermal resistance change profil€igure 35 is compared, the rate of

change of both series resistance and thermal aesistincrease rapidly at the last 20% of
its life. Further, void growth in the cathode wilbt cause a thermal resistance increase,
as the, the cathode doesn't play a prominent roleat dissipation.

The LED package samples were dipped in dichloroareth(CHCI,) to dissolve the
epoxy lens and silicone encapsulant for 24 howrd.BD package samples that showed
open circuit failure, the die was detached fromdhbstrate. Since this detachment from
substrate occurred only in the case of packagdshimh open circuit failure, the only
plausible explanation is that there is significdetamination at this layer during aging.
The microscopic examination of substrate showexifsignt damage at the solder layer.
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At the point of failure, the melted die-attach saldverflowed from the cathode point.
The measured thermal resistance of an LED packegéogfore open circuit failure was
32K/W. This would mean that at a current of 1A thection temperature of the LED
package is approximately 28D The melting point of A4sSny solder, die-attach
material used in this package, is 280This further proves the fact that die-attachiel
melted at the point of failure leading to delamioiat

The delamination would have occurred over a pedbtime and would have created
localized temperature gradients within the packdge. wire-bond at the cathode has the
highest current density in the package. Therefloeglized temperature at this point is
higher than at any other point in package. Theatti@ch solder at the vicinity of this
point may have reached the melting point first déimel consequent pressure build up
caused the solder over flow at this point.

When the LED package is allowed to sufficiently lcdown and powered back on, the
LED will function momentarily and turns-off after latle while. As long as the heat
generated in the junction doesn’t increase theattech solder temperature closer to its
melting point, the package will function. To illuste this further, the LED package was
attached to a thermoelectric cooler and an IV swwap performed at two different
temperatures. The current-voltage characteristivesuat 28C and 78C are given in
Figure 42. When case temperature is maintaine8°t, doth current and voltage shows
stability. However, at a temperature of°@5 there is discontinuity in I-V curves, at
currents above 100mA. This further proves the atadtcontact discontinuity that occurs
due to die-attach solder meltdown. All these evidesuggests that the reason for open
circuit failure is the delamination at the die-altdayer.

& 348K
298K

Current (log scale)
o
[y

0.01

Voltage (V)

Figure 42. The current-voltage characteristicsroE BD package with open circuit failure
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4.3 Fault detection

Fault detection involves identifying that a faulashoccurred in the system, so that
corrective action could be initiated. Dependingtio& complexity of the sensor network,
fault isolation is also possible. Fault detectionl @iagnostics algorithms are widely used
in many different applications ranging from miljgarmedical equipment, production

facilities, servers, personal computers, etc. Theran emerging trend in the lighting

industry to incorporate fault detection in lightiagplications.

In lighting systems catastrophic fault detectiom ¢z done using Euclidian distance
method [29], [158]. Non-optical, easy to sense p&tars such as voltage and case
temperature could be used for this purposes.

ED = \/(V = Vinean)? + (T — Trean)?
Where, V — voltage and T — case temperature

The mean values can be established using a traalggyithm at the initial phase of
operation. Different layers of complexities could a&dded to the algorithm. The main
advantage of this approach is that the computdtigguaver required in in-situ

applications is limited. However, this approachra@rdiscriminate between fault modes.

The measured ED values for an LED package ovdifétare given in Figure 43. The
fault can be detected by setting a threshold. Thezetwo instances that the ED values
cross the fault line. The first instance is duevice coming off from solder-pad and the
second instance is the LED package failure. Thishate can detect faults when it
happens, but cannot discriminate between diffeieghire mechanisms.

30
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Figure 43. Fault detection of an LED package u&nglidean distance approach
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4.4 Fault prediction

Fault prediction involves real-time estimation anraining useful life, in a given
application. This approach is superior to fauliedgbn in its ability to provide a warning
to the user about the impending failure of a systétawever, to implement fault
prediction in depth understanding of failure mectias are required. Prognostics and
health management (PHM) is a method that “perrhigsaissessment of the reliability of a
product or system under its actual application @tk [29].” There are two main
approaches to PHM, physics of failure based appraad data driven approach.

4.4.1 Data driven approach

The data driven approach depend purely on sensgpuisuto make predictions on system
health. There are different statistical approaciied machine learning techniques that
could be used to process the data and extractstr@nspecial features within the data for
health prediction purposes. However, to implemérs tmethod an understanding on
stable and unstable regions with respect to thanpeters being monitored is required.

A discussion on pros and cons of different algaomitbptions are beyond the scope of this
thesis. The thesis provides information on chanfgelectrical and thermal parameters
with time up to the point of failure. Product dem@nent engineers could decide on the
most efficient pattern recognition algorithm thauld detect the pattern at the point of
failure. Data driven algorithms can be categoriagd

e parametric statistic approaches (ex: minimum meagmar® error estimation,
likelihood ratio test, etc.),

e non-parametric statistic approaches (ex: neareghiber-based classification,
chi-square test, Kolmogrov-Smirnov test, etc.), and

e machine learning.

There are several approaches to apply a data dapproach to this study. In section

2.7.4, a physics based resistance change equasisrd@veloped for LED packages that
showed short circuit failure. The constants A, @ brcan be calculated using a training
algorithm. It is shown in the physics based molat A and b depends on temperature. A
pattern recognition algorithm could detect the grattof resistance change and give an
indication to the user.

R(t) =A><t_71><exp(—%)+C

Open circuit failures can be easily detected bgldshing an upper threshold for series
resistance and thermal resistance. The experimemidence at 448K suggests that
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threshold criterion for 30% increase in thermalistasice or 50% increase in series
resistance is adequate to provide advance faihdleation to user. The slope change
detection is another solution to indicate failufée rate of change of series resistance
increase by 3 times and rate of change of theremstance increase by 8 times before
failure.

Another approach is to use an empirical relatigmshipported by experimental data. For
example, Euclidean distance (ED) vector can beutatled for combined variation of
series resistance and thermal resistance. Theimgueal data suggests that ED values
follow a Gaussian function with time. There is noygics based explanation for this as
the previous case, yet it is an empirical relatngmsexperimentally verified. Figure 44,
shows the variation of Euclidean vector distancthwime, along with the Gaussian fit
for a group of LED packages at 423K. The relatign&fetween ED value and time could
be stated as,

(t-b)?
CZ

ED(t) = Aexp(— )-

Where, A =0.22 +0.02, b = 0.69+ 0.04, and ¢ H8(%08
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Figure 44. Euclidean distance for LED package®8K4and 237A/crhstress condition

In the above case an ED threshold and a failuterion need to be established. The
bounds for ED value could be set by defining theirge control criterion. One such
criterion could be that the failure warning must denerated before the actual failure.
This would help to determine the lower thresholdE®. The criteria that ED has to be a
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real number could help to establish the upper kulés In this example based on the
defined criteria bounds, ED could be specifiedla$5 < ED < 0.20. When the desired
ED value is specified by the user, the remainingfuldife (RUL) of this LED package
can be calculated as, RUL = 1- t. If an ED threghadl0.18 is specified with a negative
slope detection criterion for the case in showRigure 44, user would receive a warning
when the estimated remaining life of the LED paekegless than 10% of its total life.

The disadvantage of this approach is that the samsple used to determine the
parameters in the algorithm should be large. Ireotd predict failure at 10% remaining
life condition with 95% confidence, two additionaD thresholds are required to cover
lower and upper 95% confidence bound conditionss Would increase the complexity
of the implementation. The threshold criterion iiess condition dependent; therefore,
algorithm parameter calculation and threshold detetion must be done at expected
operating stress conditions. Prior to implementimg approach it needs to be verified
whether the ED variation with time follows a Gaassifunction for stress conditions
other than the ones used in this study. In the 0&gdd8K condition, ED variation with
time didn’t follow a Gaussian function. In this eaBD increased continuously till the
point of failure. However, it is easy to establigiiiure criterion for such patterns with
high confidence using a single threshold.

In summary, two data driven approaches to prea@iture is presented. One approach
uses a pattern recognition algorithm to capturéeseresistance change with time to
detect short circuit failure. To detect open citdailures threshold or a slope variation
criterion is used. These variation patterns arkelihto physics of the underline failure
mechanism. Another approach uses the variation ftlat is calculated using both

series resistance and thermal resistance changenithttime to capture failure. In this

method short circuit failure is captured by threle Ehresholds and a negative slope
detection criterion. The open circuit is capturgdusing an ED threshold of 0.6 and a
positive slope criterion.

4.4.2 Physics of failure based approach

The physics of failure based approach identify fimedamental failure mechanism and
predict the life based on the stress conditionseuneal life operating conditions. There
are numerous failure mechanisms that are possibleni LED package. A fault tree
diagram with catastrophic failure mechanisms isvigled in Figure 45. Every, failure

mechanism in this fault tree have some finite pbaiig of occurrence. The probability

of occurrence might change depending on the stesditions, the LED package type,
manufacturing process, etc. In order to implemeoE-Based approach in practical
applications it is critical to know the failure nfemism/s with the highest probability of
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occurrence, under a given range of stress conditilbris critical in system design to be
aware of this fact, when extrapolating these resatb other stress conditions.

In this study the stress conditions used were nuraed temperature. The dominant
failure mechanisms were,

e electromigration induced metal diffusion in to seamductor, and

e creep strain induced thermal interface delamination

Shoulder Cl'agkil\?;(gd Stress-strain
bump failure o models
formation
Thermal | cDrziimazl{?t\leXila Stress-strain
runway f : models
ormation
Open Circuit f—__ | Metal contact Electro- Black-Lloyd
void migration model
[ Wire-bond Faﬂut‘;_at the Stress-strain
‘ s 3 ——— onding
Ca;aasﬁ;zhlc lift-off i e model
. f No life models-
gonetion 1 {Metal diffusion T
/ i motion/diffusion
Short Circuit -
\ Die-electric High electric
breakdown field
Conductive [ Electrolytic
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Figure 45. Fault tree diagram for catastrophiaifailin LED packages

It is important to note here that in electromigvatiand diffusion of metal into
semiconductor, two separate mechanisms are comtomgether. This is because the two
mechanisms are interdependent. The series ressteimange profile in Figure 22,
captures the impact of both of these mechanismdiffsrent phases it was assumed that
one mechanism dominates over the other. The basidhEse assumptions and its
implications in understanding temperature and airrelependencies on these
mechanisms are explained in sections 2.7.4 and.Z¥X¥en though metal spiking in to
active region as a failure mechanism was obsemvestmiconductor packages, there is
no known physics based life-time model to prediathsfailures. There is an empirical
model developed by Black to predict electromigratiailure time of a metal, which was
later validated for specific cases by theoretical@nations.
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The diffusion of atoms within a material is definieg Einstein’s relationship and Ficks’
laws of diffusion. It is logical to state that mlet@ncentration increase in the junction
would lead to failure. However, rate and natureseth diffusion is influenced by the
location, orientation, and movement of dislocation§&aN. Molecular dynamic studies
on GaN have showed that impurities prefer to défatong a dislocation in the crystal
[51], [159]. Therefore, there is no obvious thewadt relationship between series
resistance change or failure time with diffusionneOsuch attempt to develop a
relationship between resistance and impurity comagan just before metal spiking in
the junction is explained in section 2.7.4.

In absence of a theoretical model, empirical reteghip was developed based on
fundamental physics governing these two mechanfemsurrent and temperature stress
conditions. Since both mechanisms depend on diffiysising Einsteins’ relationship, a
mean displacement (x) of a particle in d-dimendigpace can be stated as,

x2(t) = 2dDt
Where, D- diffusion coefficient, and t — time

Arrhenius relationship is a good predictor of déifan coefficient at different
temperatures.

D = Dyexp (g)

Where, Q — activation energy, T — temperaturg—pre-exponent coefficient, and k —
Boltzman constant

If the mean displacement of N number of particlesdw towards semiconductor leads to
failure, the time to failure (J can be stated as,

1

Tr o« ————
I Doexp (D)

The relationship between time to failure and dédf@rtemperature conditions are plotted
in Figure 46. The data points represent the memaa to failure for the samples at each
condition, and error bars are the standard dewiatithin the group. In the case of LED
packages at 448K, the time to failure was deterchiag the time at which the series
resistance increases up to 50%. The actual fadtitbese packages was caused due to
creep rapture in the die-attach. Therefore, the tanhwhich creep rapture was initiated
was considered as the failure point. The actuddiraipoint was considered for LED
packages at other conditions, since they all faie do diffusion of metal into
semiconductor.
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The extracted activation energy is 0.62eV. Thigvatibn energy must be interpreted
with caution as this combines activation energegpuired for self-diffusion of Au and
diffusion of Au into GaN. The activation energy reeeed in section 2.7.2, of 0.46eV is a
better indicator of activation energy required &ffusion of vacancies in the contact
metal. If the activation energy was measured osingitwo temperature points (413K
and 423K), it comes to 0.23eV. This activation gyas closer to the reported activation
energies (0.23eV — 0.28eV) of impurity migratioorad dislocations of GaN [159]. The
failure mechanism is dominated by diffusion of Alora dislocations into GaN;
therefore, it is reasonable to expect that actwvagnergy is closely associated with this
mechanism. Using activation energy of 0.23eV, tlmeetto failure through metal
diffusion for LED packages at 448K can be calculates, 1648h. The die-attach
delamination caused open circuit failure in packiagi®mre metal migration could initiate
short circuit failure.
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Figure 46. Failure time at different junction temgteares

The metal migration would lead to void nucleatiom aoid growth. The metal migration
process is directional, and it is reported in #tare that Au atoms migrate in the
direction of electron flow [106], [108]. The dirgmbality to otherwise random movement
of ions is induced by the force applied by currdiite time to failure can be stated as,

TfocG+ ]lz)

Where, | — current density
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The two terms represent void growth and void numegprocesses initiated by current in
the contact metal. The mean time to failure istpbbtas a function of different drive
currents in Figure 47. The extracted A and B caristguggest that 60% of the total
failure time is consumed by void nucleation procd3ss graph presents an interesting
picture when compared with Figure 57. According.toyd [115], metal contacts that
showed open circuit failure due to voiding showkd bpposite. That is void growth
phase became larger with failure time, whereas maaeation phase remain constant. In
the case of LED packages, the void growth phasairentonstant, after the initial series
resistance increase phase (phase 2), while voideatian phase expand. The void
expansion is limited by the bi-metal (Au/Ni) meizdition layer. This explains why these
packages didn’'t show a consistent increase in seesistance and showed open circuit
catastrophic failure. The Ni layer may have acted &aarrier for further growth of voids.
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Figure 47. Time to failure at different currents

Two proportionality relationships can be used toveligp a relationship for mean
electrical metal contact life,

— A, B <
Tr=CX [j + jz]exp (kT)

Where, C is a constant that depend on material gggmand diffusion length, A and B
are constants that will depend on the proportionoad growth and void nucleation.

The other dominant failure mechanism is creep iadubermal interface delamination. It
was stated in section 3.4.2 that steady state g#am rate is proportional to thermal
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resistance change rate of the LED package. Thiblenais to relate thermal resistance
change rate with temperature and applied stressidrnperature in this case refers to the
case temperature of the LED package.

—52e3
RT

Roj—c = Ko*?exp (

)

The Monkmaan-Grant equation for creep ruptureatesdtas,

Where ¢ — creep strain rate;, — creep ductility, and{F time to failure

It was already established in previous chapter theép strain rate is proportional to
thermal resistance change rate; therefore, creepliducan be calculated from Figure
48. The four samples that showed open circuit failwvas used as data points. When
creep ductility is known using the Monkmann-Granmdal, the time to failure of the
thermal interface could be determined. In real Hgplications LED packages are
subjected to varying temperature conditions andiajicoading conditions. The failure
time in such cases could be determined throughh@twtion of Monkmann-Grant and
Palmgren-Miner rule as below [160].

ﬁ:lAtn € =1

N¢ =

Where, N - number of cycles to failure,— steady state creep raie;- creep ductilityAt,
— time spent at a given stress level within a gycle number of steps within the cycle,
ande; — creep ductility

Using the above relationship we could write the hamof days/cycles to failure of the
thermal interface of an LED package in a lightingure as below.

o 27
T YN At,Rg; ¢

If the stress conditions can be estimated befatlilation, then a-priori estimate of life
can be obtained as below.

2.7

Ty = -
A’ YN At,[0*2 exp (RSZeS)

TC(ISE

The above equation can be further simplified usiggrelationship that,

o X (T] - Tcase) =AT
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Where, T — junction temperature, andc.de — case temperature. This is a useful
relationship, especially if life time estimationg aone real time.
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Figure 48. Creep ductility calculation

4.5

Combined physics of failure model for LED packages

The LED package is a system with different comptsench as, die, die-attach material,

wire-

bond, substrate, phosphor layer, and encapssukailure of any one of these

components would lead to system failure. TherefoED) package could be viewed as a
series system for reliability purposes where timétlure can be expressed as,

Tf = minimum [Tf,dier Tf,die—attach' Tf,wire—bond' Tf,substrater Tf,phosphorr Tf,encapsulant]

The

dissertation focused on catastrophic failurd demonstrated that at the stress

conditions used in the study the dominant failurechanisms were die failure due to
electromigration induced metal diffusion, and dieh interface failure. Therefore,
above equation can be simplified as,

Ty = minimum[Tf,dier Tf,die—attach]'

- K [0.42+ 0.58 ( 0.23q )
e =KX |—+ —|exp (—
J.die I 12 ijunction
- 2.7
f.die—attach = —52%¢3
AYNAt, [AT*2
XAty exp (RTcase )

The time to failure data computed using the abowdehis indicated in Table 8.
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Table 8. The predicted life times based on the hode

Stress condition Tt gie (D) Tt gie-attach(n) | Predicted time Actual time to
(Current/T/Tcas) to failure (h) | failure (h)
1A/413K/358K 2463 4740 2463 2667
1A/423K/368K 2128 2949 2128 2300
1A/448K/393K 1519 1000 1000 1090
1.25A/423K/348K 1980 2130 1980 1829
1.5A/423K/323K 1144 2556 1144 1190

The above model can give a-priori estimate of LEEDkage life,

¢ if the stress conditions and their magnitudes amn,
o if the stresses are within the range of the steegsed in the dissertation, and
e if a similar package type with similar materials aised.

Further, research is required to validate whetlines thodel can be used at stress
conditions lower than the ones used in this stltdig. known that mechanisms such as,
void nucleation, and dislocation glide require amrtthreshold stress conditions.
Therefore, if lower stress conditions cannot previtle required threshold then these
failure mechanisms may not be significant. Howeuwbe presented model and the
methodology adopted in deriving it shows great psenn predicting catastrophic failure

of LED packages. This model should be viewed asrst &tep in developing a

comprehensive life estimation model for GaN-base®s.

The uncertainty of the model prediction is evaldatesing the propagation of error
formula. The uncertainties of the model paramefstsess exponent and activation
energy) determine the uncertainty of the life-tipmediction. The activation energy is the
dominant factor that determine the error in didufai time prediction, whereas stress
exponent is the dominant factor in die-attach tifee prediction. The details of the
uncertainty analysis are given in appendix G. Theleh has a prediction uncertainty of
+110h for die failure and £255h for die-attach dad.

The above model can be used to estimate life oLBD package real time in an
application. This is useful when it is difficult ®stimate the stress conditions that the
LED package is subjected to before using it in pplieation. The real time estimation
methods could provide reliable information, sinieeyt could adjust the initial projections
in response to changes in stress conditions. Aclilmsy diagram of such a real time life
projection strategy is demonstrated in Figure 49 Eyrings’ relationship is useful to
calculate acceleration factors in response to aamg stress condition. The Eyrings’
relationship states that,
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AF = (Z—:)" exp [(%)(Ti1 - T_lz,)]

Where, E — activation energy, n- stress exponent, T — teatpee,c — stress/current, and
K —Boltzman/gas constant.

The estimated stress exponents and activation iesercpn be used to calculate
acceleration factors when the LED package is stdyecarying stress conditions.
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4.6 The initial value analysis

These studies establish the utility of series taste as a reliable contact failure
predictor. The above analysis uses rate of charigeeies resistance rather than a
specific absolute value. From the perspective af-tiene failure prediction it is the
distinct patterns of change rather than the inigues that are important. However, it is
extremely useful to know whether there is a retetiop between time-to-failure and
initial series resistance for quality control. Figub0 shows that there is no obvious
relationship between initial series resistance time-to-failure. This shows nucleation
and growth of voids due to applied stresses ammgrily responsible for degradation
rather than existing voids or defects in the miziatilon layer. This observation is
consistent with the reported results in a pastysfd€].

2800 2500
L 4
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= = 2400
= 2600 ? S = ¢
5 L g 5
E 2500 E 2300 L J
£ 2400 2 *
E 2300 * £ 2200
= = *

2200 . . .

5 3 4 2100 2 3 4
Initial series resistance £2) Initial series resistance {2)

Figure 50. Initial series resistance and time-thifa at 413K/237A/crh (left), and

423K/237A/cn (right) stress conditions
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4.7 Chapter summary

This chapter provides further evidence through paidire analysis and elimination of
other possibilities that,

e short circuit failure occurred due to electromigratinduced metal diffusion into
semiconductor and,

e open circuit failure occurred due to delamination the submount-substrate
interface.

The data driven approach for prognostics and healbnitoring based on Euclidean
distance (ED) is proposed. The ED combines botieseesistance change and thermal
resistance change of the LED packages. The catcllaD follows a Gaussian function
with time. The ED threshold determination based diiferent limitation criteria is
explained. It is shown that an ED threshold withegative slope criterion is adequate to
capture short circuit failure. The open circuitidegé can be detected by using an upper
threshold.

A physics based model was derived to estimate dffean LED package for metal
migration and delamination failure, at given stressmditions. The metal migration
model is a modified Black-Lloyd model for electrgration based on experimental
results for metal migration in both metal and semductor. The activation energy is
determined by the energy barrier for impurity mtgma along dislocations of GaN. The
activation energy in the case of electromigratierdetermined by the self-diffusion of
metal in the metallization layer. In the proposeddel void nucleation takes major
portion of the life time as oppose to void growielationship for delamination failure
with stress conditions was developed using Monkrfarant creep failure model. The
above two relationships were combined to developED package catastrophic failure
model for electrical and thermal contact failures.



5 Conclusions

The dissertation investigated the possibility ofveleping a reliability prediction

methodology by monitoring electrical and thermatgpaeters of an LED package. An
LED package is a sub-system of an LED lightingeystand understanding its behavior
under stress conditions is important to assesermsystliability. The series resistance and
thermal resistance are indicators of health ofteted and thermal contacts of the LED
package. Therefore, investigation of long-term lvedreof these parameters would shed
light on underline failure mechanisms of electriaatl thermal contacts. This knowledge
is valuable in predicting catastrophic failure, aisb in development of LED packages.

There are reliability studies that observed andase in series resistance and thermal
resistance with aging. However, these studies ticorrelate their changes with stress
conditions and measured their variation till theinpoof catastrophic failure. This
knowledge is essential in understanding the unteiftiilure mechanism and to develop
failure prediction models. There is a significarddip of knowledge on degradation
kinetics of electrical and thermal contacts in l&kages. However, to what extent that
knowledge is transferable for LED packages areknotwn due to differences in material
systems, geometries and stress conditions.

The study investigated the variation of seriesstasce of LED packages at three
different current and junction temperature stremsddions. The series resistance went
through four phases, latency period, rapid increastration and sharp decline before
failure. The length and nature of these variatichanged depending on the stress
condition and catastrophic failure mechanism. Thed vformation in the contact
metallization due to electromigration was hypothedias the underline mechanism for
series resistance increase. Theoretical relatipnshs derived between series resistance
change rate and theory of electromigration. Thigti@nship states that series resistance
change rate has an exponential dependence on t@umgeand power law dependence on
current density. The experimental data supportesl ttheoretical predictions. The
calculated activation energy showed agreement regplorted values for Au migration in
Au metallization layers in GaAs substrate. The ysialof stress exponents showed that
the void growth in the cap layer (Au) is constrainpossibly by the contact layer (Ni),
preventing an open circuit failure in ohmic consaddowever, void nucleation process
continued throughout the aging process. This mashmalong with Belchs’ theory can
explain the saturation phase of the series resistanange profile.

The short circuit failure occurred due to formatmfmmetal spikes that creates a junction
short-circuit. The metal spike formation was aidgdthe dislocations in the GaN and
electromigration. Theoretical relationship was wedi using Ficks’ second law of
diffusion to explain the series resistance changéempn just before failure. The
experimental results agree well with the theoréticadel. In addition to series resistance
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change profile, ideality factor increase with tinagd reverse leakage current increase
with time provide supporting evidence that it's ttiéfusion of metals that caused the
short-circuit failure.

There is no known model that could predict faildge to formation of metal spikes
under applied stress conditions. The Blacks’' etecigration model is an empirical
model developed for electromigration in metal cot#gaAn empirical model was derived
using Einstein relationship for diffusion and thgof electromigration.

A B 0
Tf,die =K X [T + 1—2] exp (k_T]

Where, K — LED package specific constant, | — autré& — Boltzman constant, Q —
activation energy, jT- junction temperature, A —parameter that inde#te contribution
of void growth in ohmic contact to failure and B parameter that indicate the
contribution of void nucleation

The activation energy was calculated using the $srihat showed short-circuit failure
at two different temperature conditions. The calted activation energy of 0.23eV,
agrees with the reported activation energies fqunty diffusion in along dislocations in
GaN. The parameters, A and B were estimated empyiclhe estimated values of 0.42
and 0.58 for A and B suggests that void nuclegtioase dominates the failure time. The
above empirical model can predict the device lifieet when metal diffusion into active
region is the dominant failure mechanism for GaNduhLEDs. This is the first time
such a model is proposed for LED packages.

The other aspect that was researched in this ssuthe ability of thermal resistance to
predict catastrophic failure in an LED package. Thermal resistance of LED packages
increased with aging. Delamination in the die-dttdayer was hypothesized as the
underline cause of thermal resistance increasediEhattach layer failure caused a rapid
increase in thermal resistance just before faildtethe point of failure LED package
temperature reached the melting point of die-atsattler leading to open circuit failure.
Delamination is a result of creep strain; therefatewas hypothesized that thermal
resistance change rate is proportional to steaalg streep strain rate. A relationship
between thermal resistance change rate, temperataréghermo-mechanical stress was
developed, based on Dorn-Weeterman power law &maycrate.

Ef

Tf,die—attach =

AN At [AT™ exp (%)]

Where,€; — creep ductility AT- temperature difference between junction and,c@se
activation energy, &se — case temperature, A — LED package specific eohsR —
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universal gas constamit, — time spent at a given stress condition and Nimber of
cycles

The activation energy and stress exponent was latécl using measured thermal
resistance change rates at different temperatuce camrent stress conditions. The
measured activation energy of 52kJ/mol and strepsreent of 4.2 compares well with
the reported values for Sn-Ag-Cu solder, the diaeait solder used at submount-substrate
interface. The results showed that dislocation riseresponsible for creep induced
plastic deformation. Physics based time to failm@del was proposed for the first time
to predict catastrophic failure of LED packagesewltreep induced thermal interface
delamination is the dominant failure mechanism.

The findings of this dissertation have implicatiansfailure prediction for GaN-based
LEDs and for reliable LED package design. The gdahis dissertation is to develop a
prognostics and health monitoring (PHM) scheme lf&D packages. A scheme to
implement PHM is proposed based on the experimetisgrvations. The two schemes,
one based on data driven approach and the othed lmsphysics of failure approach is
presented. The Euclidean distance (ED) vector ¢basiders both series resistance and
thermal resistance change was calculated as adaraittime. The ED vector magnitude
change with time showed strong correlation to agS@am function for LED packages
that showed short-circuit failure. The short-citdailure could be predicted by setting an
ED threshold with a negative slope detection doterThe ways to improve detection
accuracy and threshold determination is discus3é&&. open circuit failure can be
detected by setting an upper threshold.

Physics of failure model was developed assumingniedal diffusion into semiconductor
and delamination at die-attach as two independahiré mechanisms. This combined
model could be used to predict the LED packagetiife based on catastrophic failure.
As an example let us assume that the base casatiogezonditions were;E 150C, | =

1A and Tase = 95C. If there is a 10% increase in due to an increase in ambient
temperature, then according to the model the LEEkapge life would decrease by 30%,
and it would be an open circuit failure due to ditach delamination. If the current is
increased by 10% and taking into account of chanmgésmperatures caused by current,
the model predicts a 30% reduction in LED packafge However, in this case it would
be a short-circuit failure due to metal diffusion.

The same model can be used to predict catastrégahice of an LED package in a PHM
scheme. In this case the life prediction can beifeadaccording to changes in the in-
situ stress conditions. A flow chart for a real¢imhysics of failure based remaining
useful life estimation model is also presented.sThi the first known study that
developed a catastrophic life estimation model thase electrical and thermal contact
failure in LED packages.
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The findings of this dissertation is also helpfal developing reliable LED packages,
especially the high density, high current and higerating temperature package
development. LED package designer could use thsighyased model to predict the
failure of the die or thermal interface at the &egl current or temperature condition. He
has to adjust the model parameters based as teespacific to materials and geometry.
Approach to calculate those model parameters aerided in great detail in this study.

From the contact metallization layer design poihtview it is useful to estimate the

activation energy for vacancy diffusion using theries resistance slope analysis
presented in section 2.7.4. A reliable contact Hieséion design should have large

activation energy. Further the current exponentyarsgiven in appendix c is useful to

determine whether void growth or void nucleationch@isms dominate during aging.
From the perspective of LED package reliability tamh metallization design should

reduce void growth phase.

The diffusion of Au along dislocations of GaN igdiability concern for many GaN-
based device applications. This phenomenon wastezgpm previous InGaN based LED
and GaN-based HFET reliability studies. This disd®n calculated the activation
energy for this diffusion process and proposed thateto estimate diffusion coefficient
of Au in GaN-based semiconductor. A more thorougideustanding of diffusion of
impurities along dislocations in GaN is required vYalidate these experimental
observations. Further theoretical and experimeatadlysis is required to establish
whether reduction of defect density in GaN wouldéha significant impact on metal
diffusion.

The dissertation also showed that in terms of t&ch failure that creep deformation is
the dominant failure mechanism. Simple analyseshahologues temperatures are
sufficient to establish this fact. However, theemaisting empirical observation in this
study is that dislocation creep is the dominaniufai mechanism. This information is
useful for die-attach material designers to inged@ the possibility of reducing
dislocation creep without significantly increasithg melting point.

5.1 Future studies

The proposed future studies could address the diiorts of the proposed model
explained in section 4.5. The proposed model néedee validated at different stress
conditions, and using different LED package tygéde findings of the dissertation could
be used to design such experiment, possibly witlarger population. It would be
particularly useful to know whether there is a #m@d temperature or current stress
condition below which the failure mechanisms diseds in this study would be
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insignificant. Thresholds have been determined@gpackages, but such a study is yet to
be performed for LED packages.

The LED package type used in this study has acartiie-structure. While this is the
LED package type widely used in the semiconductdustry, flip-chip packages are also
being used in many lighting applications. A pilest was done using a flip-chip LED
package and these packages also showed a sighificaease in series resistance with
aging. A comprehensive study with a similar expental design as discussed in this
study using flip-chip LED packages can be usecetifywthe validity of the above model.

In this model the two stress conditions used wagentiand temperature. The impact of
other stress conditions on catastrophic failuredeBD packages must be investigated.
Application point of view, it is useful to know thmpact of stresses due to vibration on
contact failure. Vibration depending on the amjplé@uand frequency induce fatigue in
contacts, and may accelerate their failure. Thepgwed model can be refined by
incorporating the impact of vibration on failureng.

There is no-known theoretical model that attemjptsntodel metal migration along
dislocations in GaN. Theoretical model that coutglain this complex phenomenon and
possibly the experimental observations is extremedgful. Theoretical analysis that
could explain the model would not only makes ibsger but also provides an insight
into failure mechanism.

5.2 New knowledge contribution

This dissertation discusses two dominant failurehlmaisms that degrade electrical and
thermal contacts of LED packages and cause caphstrdailure. These mechanisms
were metal diffusion into active region and creefodmation at die-attach solder layers.
The variation of LED package series resistancethadnal resistance until the point of
catastrophic failure of LED package was investidafEhe analysis of these parameters
just before failure shed knew knowledge on underfalure mechanism. The analysis
also presented the possibility of using these patars as early predictors of catastrophic
failure of an LED package for the first time. Thissgtrtation also presents the influence
of current and temperature stress conditions osetparameter changes. The physics that
governs such changes are explained for the firet for GaN-based LED packages. All
these analyses were synthesized to develop an iealipimodel to predict catastrophic
failure. This is the first known model that couldegict catastrophic failure of LED
packages based on electrical and thermal conthatefa
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Appendix A: Ohmic contact formation in GaN

The Schottky-Mott theory, explain the formationSifhottky Barrier Height (SBH) when

a metal and semiconductor is in contact [33], [160His is a potential barrier that
electrons have to overcome when moving across #talfsemiconductor interface. The
Schottky-Mott theory states, that when a metal amthiconductor forms a contact,
charges redistribute across the contact so thaoiat of stability, Fermi levels becomes
equal. According to the theory, changes in SBHeaygal to changes in the metal work
function. The experimental evidence has shown th#& is not the case for all

semiconductor materials. However, in the case df,G&BH is dependent on the work
function of the contact metal [162], [163].

Vacuum level

A )js=4.1ev

52ev=(Pm / Ee
E.=3.dev

Figure 51. Band diagram of Ni contact on P-GaN

qQPp = Pm — X
¢p — barrier heightym, — metal work function, X— electron affinity

The above equation can be used to select a suitaihd for ohmic contact formation for
n-GaN. The measured electron affinit§s) of GaN is 4.1eV[164]. Therefore, any metal
with a work function less than 4.1eV will form ahroic contact with n-type GaN [165],
[166]. The potential barrier heighty depends on the metal work functiog,) as
described in the above equation. There are a yadetmetals that meet the above
criterion; therefore, formation of n-GaN ohmic cacttis not a significant challenge for
GaN-based LEDs. However, there are significantlehges in forming n-type ohmic
contacts N-face GaN, used in vertical structure EEI57], [168].
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Formation of ohmic contact to p-GaN is challengsiigce ideally the work function of
the metal should be greater than 7.5eV (electrbnityf (Xs) — 4.1eV + Band gap (-
3.4eV). There are no metals that have such largk fwoctions. However, industry has
used Ni/Au metal alloys to form ohmic contacts c&N [169]. Energy band diagram
for the Ni/P-GaN interface is shown in Figure 5heTNi/Au contact has a bi-metal
structure where Ni acts as the contact layer, amd@s as the cap layer.

Even in the case of Ni/p-GaN contact, carriers havevercome a significant potential
barrier of 2.3eV. A common strategy adopted to lowee barrier is to form an
intermediate semiconductor layer that is heavilpetb However, achieving high dopant
concentrations in P-GaN has proven to be challgndue to the formation of stable Mg-
H complexes [170]. The material interactions thatur between P-GaN and Ni/Au metal
system is analyzed, to understand the ohmic comdactation process and fabrication
parameters that affect the contact resistance [133], [173], [174], [175], [176], [177].
These studies highlight the importance of intefusibn of Au and Ga through the Ni
contact layer in formation of ohmic contact. Howevthis could pose a long-term
reliability issue if Au atoms diffuse into activegion of the semiconductor via the
vacancies created by the out-diffused Ga.

The addition of different metal barriers (ex: Ti,.BY CrB,, etc..) are suggested as a
remedy to prevent out-diffusion [178]. In additiorany different material combinations
(ex: Pd, Pt, Ru, Re, etc.) with high work functiomere studied to form low resistance
ohmic contacts for p-type GaN [178]. However, th#2AN scheme still remains the
popular choice in the LED industry. Another digadtage of Au/Ni metal contact is its
poor optical transmission and low refractive ind&ke poor optical properties would
mean that thin metallization layers with high cutrdensities are used in LED packages
increasing the susceptibility for failure mecharsssuch as electromigration. Several
strategies have been investigated in past studigmgrove optical properties of ohmic
contacts [179], [180], [181], [182], [183], [184185].

In flip-chip packages light is extracted via thansparent sapphire substrate. Therefore,
in this package type reflective ohmic contacts desired. In flip-chip packages metals
such as Ag, Al, and Rh are the preferred choice,tduheir high reflectance properties.
In these packages Ag is widely used as the ohmitact and low contact resistivity of
Ag contact is attributed to formation of Ag-Ga carapds during the annealing process.
The Ga vacancies in the p-GaN layer act as aceepducing the contact resistance of
Ag/p-GaN interface [186], [187]. However, at higantperatures reflectivity of Ag
decreases and resistance increase due to fornwdtimnerfacial voids that reduces the
contact area [186].



Appendix B: Series resistance data
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Appendix C: Recent developments in electromigratiotife-time models

The most of recent work on electromigration inddagure in IC packages focus on
separating the two phases [115], [188]. The adtmaenergy for both phases is the same,
since the vacancy migration mechanism is the sdrhe. activation energy calculated
using the Arrhenius model may not reflect the tagévation energy, because there are
other temperature dependencies those effects tlieefime. As an example the void
nucleation process in a material requires a thtdshtvess, which may be provided
through a combination of electromigration stressrif@nius model) and thermo-
mechanical stress. A complex model which addrefisese issues was presented by
Lloyd R. in 2007 [115].

AT B(T) Q
MTF = [7+ —"lexp ()

Where, A and B are constants that include geomigtiacmation

The constant, B has temperature dependence, anthal terms have usual meaning as
explained in previous equations. At constant teaupee conditions, the above model

was used to fit the experimental data. The ratitheftwo constants would indicate the
relative duration of the void nucleation and vordwth. As per the results in Figure 57,

approximately 37% of the time is spent on void eratibn phase. As expected the void
growth phase dominates up to phase 2; this isetiem that shows the largest increase in
series resistance.

1300

Time to failure (h)

700
1
Current (A)

Figure 57. Lloyd model fit to experimental data
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The activation energy can be re-calculated consigethe additional temperature
dependencies indicated in the above equation. datipal applications the metallization
layer is in contact with another metal/semiconduetad a dielectric layer. The thermal
expansion coefficient mismatch induces a stresthemmetallization layer in addition to
electromigration stress. This thermo-mechanicalsstfacilitates void nucleation. This is
a temperature dependent mechanism, and severallsnoderporated this into the
electromigration model. Incorporation of these sdreeffects would increase the
calculated activation energy as shown in Table 9.

Table 9. Activation energy for electromigrationngdifferent models

Model Activation energy (eV)
Blacks’ model 0.46
Void growth only model 0.49
Korhonen’s model: B(T¥ T2[114] 0.53
Clement's model: B(T¥ T3 [189] 0.57
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Appendix D: Thermal resistance measurement for DC ED

The equation used for thermal resistance calculatfd_ED packages is [10],

T, — T
RO]—X= ]P x.
H

Where, T - junction temperature,T- reference temperature, and P thermal power
dissipation

The above thermal resistance is also referred toesslual thermal resistance. The
measured thermal resistance in the context okthidy is,

_ (Tj_Tc)

RG]_C - Pe .

Where, Rj;.c — measured thermal resistancg, = junction temperature, ;T— case
temperature, and.P electrical input power

The reference temperature, @f an LED package is typically its case tempegtdihe
heat flow lines are perpendicular to the isothermafaces. The thermal flux lines are
parallel to the heat flow lines. Thermal flux netiwand isothermal surfaces are linked to
one another, where one is required to define therofThe measured thermal resistance
using the above equation is specific to the isotlaérsurface and therefore to the heat
flux network. Therefore, any change in heat fluxweek will change the measured
thermal resistance[125]. Thermal resistivity is atenial specific metric which is
calculated as,

r= (T1—T2) .
qxx

Where T T, are temperatures of two isothermal surfaces stgghray a uniform
material, x — thickness of the material, and g atlileix per unit area

The thermal power dissipated in the thermal pattefgendent on the quantum efficiency
of the device; therefore, it is dependent on seassstance [190]. This thermal resistance
value combines the contributions of different mialerand interfaces in the thermal

conduction path towards final thermal resistandeesg contributions could be separated
using transient thermal analysis.

The junction temperature of an LED package canmotmeasured directly. This is
because, junction is by definition is the locatairwhich electrons and holes recombine.
This is not a physical location that could be asedsusing an intrusive thermal
measurement technique. Therefore, semiconductousind uses indirect junction
temperature estimation techniques. These methods fasvard voltage as the
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temperature sensitive parameter. The theoretitatioaship between forward voltage of
a diode and its junction temperature is establistsiolg the following equation.

av
ar

(Vgo+mnVr) kT
—Gom U V= —
T q

v _
T
Where, V- voltage, T- temperature, k- Boltzman ¢ans g-electron charge,gy, m, and
n — device specific constants

The measured forward voltage of the diode has eafindependence on junction
temperature. The goal is to measure forward vol&tga known junction temperature.
This is achieved by applying a small current teat i

e Adequate to forward bias the LED, and
¢ Not large enough to cause joule heating in thetjanc

The chosen calibration current for this study isAlnt is assumed that at this current
junction temperature is equivalent to controlled beent temperature, since heat
generation in the junction is negligible. The cotied ambient temperature in this study
is the cold plate temperature of the thermo-electooler. The case temperature
measurement point is a location next to the ceraulistrate. The case temperature is
measured using a T-type thermocouple that washedthasing solder. The LED package
is attached to the thermoelectric cooler using raewal screws. The calibration is
performed by varying the cold plate temperaturenf@®’C to 75C in 5°C increments.
The voltage is measured after LED reached thertabllgy at each temperature setting.
The thermal stability was defined as the point hicl the variation of five consecutive
case temperatures measured at every 1min intesviglss than 0°C. The calibration
factor (K) is calculated from measurement results,

V1= VT2)

K = gradient of calibration curve
(T1-T2)

Where, T, and T, are two temperatures ang:\and -, are two forward voltages at those
two temperatures.

After calibration the LED is powered using its hegtcurrent () and allowed to
thermally stabilize at a controlled ambient tempe& The measurement procedure is
illustrated in the Figure 58. As indicated priomb@asurement the calibration curref)(l

is applied and voltage ¢ is measured at the controlled ambient temperaitren the
heating current (J) is applied and the system is allowed to thermatbhbilized at the
same ambient temperature. As indicated in Figuretla® forward voltage, ¥ of the
diode decrease with time due to junction heatindheW LED package reach thermal
stability Vy is measured for electrical input power calculatidmen the current is
switched from | to Iy and voltage of the diode is measured after a shedsurement
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delay (io). The measurement delay is determined by the Bingicspeed, and pulse jitter
of the measurement system. The measurement delayfixeml at 10Qs. The voltage
would have an instantaneous response to curremigehand would decrease up te.V
This is the voltage that corresponds to a heatadtipn at the calibration current. The
temperature rise in the junction due tpdan be calculated as,

_ (VEi—VFf)
—

AT,
The absolute junction temperaturg)($ calculated as,
T, =AT; + T, .
Where, T, — ambient temperature

The junction-to-case thermal resistancgydrcan be calculated as,

(Tj_Tcase)

—-@

Figure 58. The measurement procedure [191]
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Transient thermal analysis

Thermal resistance is measured at steady statefahe thermal capacitance of the
thermal path is not reflected in the metric. Thdrmmpedance on the other hand captures
the effects of both thermal resistance and thermaphcitance in the metric. Thermal
impedance is a time dependent quantity.

AT;(t)
Roj_x(t) = Zgj_x = MJ,H

Where, Zjx — thermal impedance between two isothermal surfatesd X,AT; (t) —
difference in junction temperature at two time méts, APy — difference in thermal
power dissipation in the junction.

In transient thermal analysis the device is modele@ither a Cauer or a foster network
with thermal resistive and capacitive elements [1§P93], [194], [195], [196]. Even
though, the foster network representation simgdiftee analysis, only the Cauer network
representation has physical meaning. A realistisce€Caetwork model for LED packages
is given in Figure 59. However, to simplify the bsés and to link extracted parameters
with the thermal interfaces of the package, it $sumed that contribution of material
layers on top of the die is negligible [193]. Feithone dimensional heat transfer is
assumed.

|_.~,':.f A=W == A=A HEAT SOURCE HEAT SINK
: “': | I | | P v A
- . _ i ) To
LW ] | 0 . 4;/ mm
— ok | + |

o >

Figure 59. The Cauer thermal network (left) anddpshermal network (right) models for LED
package [193]

The transient response for the above network cogilstated as [194],

-t
f©) =32 Te|1 - %]
Wheret — time constant for th&'isegment, t — time and F amplitude factor

If foster network representation is assumed; then tliermal resistanceand G-
capacitance for each element can be computed as,

T.
Ri:—L
Pin
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] ]
Ci=2
i

Where, i — thermal power dissipated

The differential structure function, constructedngsthermal transient analysis of LED
packages with different degrees of delaminatioshiswn in Figure 60. It was assumed
the package could be represented as the Cauer rRetivat has a continuous time
constant spectrum[195]. The figure plots the patem®&, which is the derivative of

cumulative thermal capacitance with respect to dative thermal resistance. The
physical parameters embedded in K are [195],

K(Rg) = CpyA?

Where, ¢ — volumetric heat capacitance,— thermal conductivity and A — cross-
sectional area of the heat flow

Therefore, differential structure function plotsrigiion of thermal resistance with the
above mentioned parameters of a package.

T3Ster Master: differential siruclure function (s)
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Figure 60. Differential structure functions of aB package subjected to aging [98]
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Appendix E: Creep deformation

Creep is an irreversible structural deformationcpes a material undergoes when
subjected to stress. Creep response of a mataridie divided into three stages, primary,
secondary, and tertiary. The variation of creepistwith time is given in Figure 61, at
different temperature and applied stress conditidhe curve B is when the temperature
is low; curve C, is when temperature and streshigbest; curve A, is at moderate
temperature and stress conditions. The mechanismrifmary or transient creep is not
very well understood, but it is stated that transresponse makes structural deformation
difficult. Therefore, creep strain rate reducesadsinction of time [197]. At secondary
creep stage, material is subjected to steady @tea. At tertiary stage the material will
undergo rapid deformation leading to its fractured], [199].

Almost all known mechanisms of creep depends orfugidn and therefore, on
temperature. The concept of homologous temperaplags an important part in
determining the creep deformation of a materiale Tiomologous temperature is
calculated as,

TH:_ .

Tm
Where, T, — homologous temperaturey F melting point

If Ty > 0.5, diffusion dominates in the operating terapawe; therefore, the material is
subjected to creep strain. The Dorn-Weerteman ptamestates that [141],

€= Aa"e‘(i).
RT

where, ¢ — creep strain rates — stress; n — stress exponent; g-activation endRgy
universal gas constant; T — temperature

i ;

EIRAIN

TIME

Figure 61. Creep curves [197]



Appendix F: Thermal resistance data
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Figure 62. Thermal resistance change with time 448& 237A/crhcurrent density
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Figure 63. Thermal resistance change with time 428& 237A/crhicurrent density
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Figure 64. Thermal resistance change with time 448& 237A/crficurrent density
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Figure 65. Thermal resistance change with time 4288 296A/crficurrent density
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Figure 66. Thermal resistance change with time 428& 355A/crficurrent density
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Appendix G: Uncertainty analysis

The measurement uncertainty of the measuremenupsas calculated using the
propagation of error formula [200]. The standardiagon of a two variable function of
the formY = AX + BZ is given by,

$ = 7 V(A2SZ + B2S2)

Where, N — number of repeated measurgsng § are standard deviation of two
variables X and Y

The standard deviation for a two variable functwdnhe form,
Y = ; is given by,

_ 1

S_\/N

X (k52
X~ X V(5 +20)
Where, all terms have the meaning mentioned above.

The 95% confidence band was considered as the asthrakviation for parameters
extracted from figures. The uncertainty of diffdrameasurement parameters are given in
Table 10.

Table 10. Uncertainty of measurements

Parameter Uncertainty
Calibration factor (K) +3% (based on 95% confideterval)
Voltage +0.002 (based on 100 repeated measures)
Temperature +T (Standard error for T-type thermocouple)
Junction temperature +P@ (Calculated)
Thermal resistance +0.17K/W (Calculated)
Normalized thermal +0.01(Calculated based on 3 repeated measurements)
resistance
Series resistance +1.5% (based on 95% confideteer @)
Normalized resistance +0.02 (Calculated based mp&ated measurements

The uncertainty of physics based life-time estioratimodel is assessed using
propagation of error formulas. If R = R(x, y), thére uncertainty of R can be obtained

by,
SR = /(Z—:ax)z + (3—563/)2

The life-time prediction model for die failure is/gn by,



135

Jde I I? P ijunction
oTr 1 Qq

S _ - <1

o4~ 1P G

oT 1 Qq

f_

B 2P Gr

oTr (A B Qq q
0 (7*72)‘”‘?(@)%
oty 9Ty 0Ty

Q0 ~ 9A’ 9B

0T = K X a@% X 8Q
The base case was chosen as the time to failuAaturrent and 423K junction
temperature. The uncertainty of activation energyt0.025eV. The uncertainty was
determined considering that reported values ofvatitin energy for impurity migration
along dislocations in GaN range from 0.23eV-0.28EMs gives a prediction uncertainty
of £110h for die failure time.

- 2.7
f.die—attach = —

A X [AT™ exp (k_YQ‘)]
2 = () 10 o) x 27exp (2
on ~ \at) M Gp) X 27exp (pp)
oT, 2.7 Q. 1
_F_ N
30 ~ a1 P Gp) X 7T
oT, 0T
o f
aqQ don
Therefore 5T, = % X a@% X &n

The same base case as above was chosen, and inbgeaftdahe exponent is £0.4. The
error was determined using the 95% confidence lbanthe exponent. Previous studies
reported an exponent of 4, whereas the measurezherpin this study is 4.2. This gives
a prediction uncertainty of £255h.
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Appendix H: Thermo-mechanical stress calculation

L
T1(x)

H %
= —
<« SN Tl(x) + TZ(X)
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Figure 67. Stress diagram for a tri-material system

The shearing forces created in the interfacestfraaterial assembly when they are heat
up by AT are indicated in the figure above. In additiontie shearing force there is a
bending moment on each material, direction of whichletermined by the right hand

rule. These forces along with unrestrained therexglansion would cause longitudinal

displacements, d(x) at each interface. If the tatenial assembly is to maintain its

integrity these displacements should be in equulrbr

The sign convention:
All compressive forces and displacements are (-) ve
All tensile forces and displacements are (+) ve
For equilibrium,
—dy (%) = dz1(x) ; da3(x) = —d3(x)

* de
_dl(X) = OllAtx - /11.]- m

0

x h
n@de +fn@ -2
0

* h, (¥ de
dy1(x) = aAtx + Azf T,(€) + T,(e)d € — Bt,(x) + ?f o)
0 0

¥ h, (* de
ds() = abtx+ 2 | (@) +Ty@d € ~frry) + % [ =
0 0
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8 h3 * de
—d3(x) = azAtx — /13f T,(€)d € + B37(x) — ?f E
0 0

This would lead to following set of equations,
(a; — ap)Atx

= —(+Ay) f T,(e)d
0

(hy + hy) fx de
2 0

€ —Azf To(€)d € + (B + fr)Ta(x) — p(e)
0

(az — az)Atx

—~Gs+2) | To(e)d
0

(hs + hy) J‘x de
2 o P(€)

Considering bending moment equilibrium around theterline of the solder layer, we
could develop an equation that links bending mon@shear stresses.

e -1, f To(€)d €+ (Bs + Bs)ts (x) —
0

(hy + hy) (hy + h3) _—M
TTl(x) +TT2(9C) =@

M = 2?:1 M;
M; is the flexural rigidity of the material, which ¢alculated as,

h?Ei
Ml' =

= 207 h- thickness of the material, E —Young moduluBoisson ratio

The above relationship can be used to simplifyttveequations further.

X

(ay —ay)Atx = _/112_[

n©d e+ [ TEde+ B +pn
0 0

(hi+hy)?
aM

A = (h1+hzjglz+h3) R

Alzzll‘l' /12_

(a3 — ap)Atx = —Ays fo T,(€)d € +1, fo To(€)d € + (B, + )T2(x)

(h3+hz)2, AIZ — (hy+hy)(hy+hs) _/12

123 = 13 + /12 - M M

The above set of equations were solved in a prevsbudy[142], assuming that shearing stress
has a solution in the form of,

7; = C; sinh kx.
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Where, k is the eigenvalue of the problem.
In the proposed solution Eigen value k was thetswiuo the following biquadratic equation.

(B1 + B2) (B2 + Ba)k* — {(By + B2)Azz + (B3 + B2)Ar2}k?* + 6 =0
(hy + h3)? + A (hy + hy)?

6 = 11/12 + /1213 + 13/11 + /11

4M aM
(hy +hy) | (hy +h3)\?
T ( 2VM 2VM )
h, + h3)?
=4 lﬂz(% —ap) + </13 + %) (a1 — a3)

h, +h{)(h, + h
- (( 2 131(\4 2 3))(a3 - az)l
(hy + hy)?
C,=A4 [Az(as —ap) + <13 + %) (a3 — a3)
h, +h{)(h, + h
- (( 2 131(\4 2 3))(a2 - a1)l
A kAt
~ Scoshkl
_a-vH
Al' —_ Thl
Bi= e

Where, G- shear modulus
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Appendix I: Pilot study - 5mm indicator type LED

The 5mm indicator type LEDs were used for the ahigiilot study. Commercial InGaN-
based white LED package manufactured by Cree las. wsed for this study. The LED
packages were subjected to current stresses of 3@GOAA, 90mA and 100mA. The
maximum rated continuous current was 30mA and mawxinpeak current rating was
100mA. The LED packages were of through-hole tyfdeey were attached to a proto-
board, and the constant current was provided usingmbination of DC power supply
and voltage controlled constant current regulafidre LED packages were at %5
ambient.

The current-voltage characteristics were extrapdbdically till complete failure. The
series resistance and ideality factor were extdabtem the measured data. The LED
packages showed catastrophic failure. It was olbseat the failure point there is a bluish
glow concentrated around the anode. The LED paxlshgwed some resemblance of
exponential current-voltage dependence, but itaeasidered as failure at this point.

The extracted series resistance and ideality faftioran LED package at 60mA is
indicated in Figure 68. At the point of failure thas a sharp increase in ideality factor,
which indicates that failure is related to diedad. The time to failure also showed power
law dependence to current as indicate#igure 69 These two factors indicate that metal
migration have created short-circuit current pagtween P-GaN and N-GaN regions by-
passing the junction. The measured current expasequite low for a study that didn’t
control junction heating. A current exponent train excess of 2 was expected, since
junction heating would have played a significartérat high currents [56].
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Figure 68. Series resistance and ideality factangk of a 5mm LED package at 60mA
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Figure 69. Time to failure at different currents



