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ABSTRACT

The development of Erbium-Doped Fiber Amplifiers (EDFA) in long-haul
telecommunications applications resulted in the rapid evolution of high power
semiconductor lasers. In these applications, the demand for increased channel density in
fiber-optic communication has pushed forward the use of single-mode ridge-waveguide

laser diodes (LDs).

One of the major concerns in these single-mode LD packages is the thermal management
of the module. These semiconductor lasers usually generate large heat fluxes, up to the
range of MWem 2, that adversely affect their performance and reliability. Thus, the aim of
packaging is to dissipate heat as efficiently as possible, in order to operate the LD at its
maximum optical performance, without exceeding the permitted device temperature. As a
first stage packaging, die-attachment of LDs onto a submount/heatsink is adopted and
face-down bonding approach is recommended to meet the large heat generation rate.
Some of the packaging-related issues faced in this bonding configuration are precision
bonding alignment, low bonding yield, high bonding stress, good bonding integrity, as

well as long-term reliability issues.

This thesis introduces the development of a modified bonding technique for single-mode
ridge-waveguide LDs. The effects of bonding parameters on the microstructure, bonding
integrity of the solder joint, and LD performances were analyzed. Reliability tests such as
thermal cycling and accelerated aging tests were also performed to prove the package’s
long-term stability. The solder joint possessed good long-term reliability, with little

intermetallic compounds (IMC) growth at the interfaces. The formation of Au-rich f and
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g phase Au/Sn compounds in the solder joint limit the interfacial IMC growth.
Mechanical testing exhibited excellent bonding integrity, with brittle fracture occurring
within the LD. No degradation of threshold current Iy, could be observed and a 3X optical

improvement over unbonded LDs was attained due to improved thermal management.

Band structure theory of semiconductor lasers was conducted to understand the
temperature-dependence characteristics of LDs. Transient and steady-state thermal
analysis of semiconductor lasers showed that the heat generated in the LD and its
associated thermal resistance Ry, was induced by the radiative energy transfer of free
carriers. The dependence of Ry, on different bonding configurations and its correlation
with the output power was discussed. Finite Element (FE) modeling was also carried out
to provide theoretical understanding on the temperature distribution and thermal
dissipation for different bonding configurations. Face-down bonded LDs demonstrated
improved thermal management with ~80% of heat flow towards the heatsink while face-
up bonded LDs could only manage ~50%. The analytical method using electronic band
structure calculations and FE modeling gave close fitting to the experimental results. This

verified the performance capability of the LD under different bonding configurations.

Although this modified bonding technique focuses on long-haul telecommunications
applications, where 980 nm single-mode ridge-waveguide LDs are utilized, they are also
applicable to a plurality of other semiconductor lasers from short wavelength (0.6-1.1
um) GaAs-based LDs to InP-based long wavelength (1.3-1.5 pm) semiconductor lasers.
Their applications in military, industrial, commercial, and consumer products typically
involves space communication systems, fiber optic transmission systems, sensors, laser
printers, optical disk players, and diode-pumped solid-state lasers etc. In particular, the

growth of long wavelength applications in telecommunications network has shown an
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explosive rate. Development of this modified bonding technique will complement the

introduction of new cutting-edge classes of high-power semiconductor lasers.
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Numerical modeling
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CHAPTER 1

INTRODUCTION

1.1 Background

Laser diode (LD) is one of the key components in applications, including material
processing, marking and label printing, medical applications such as skin treatment, and
military/aerospace applications ranging from laser warning and targeting to “directed-
energy”’ weapons and inter-satellite communications. LDs with an emitting wavelength of
980 nm have a key application in telecommunication networks such as pumping of solid-
state lasers such as NdYAG lasers, fibre lasers and disc lasers, as well as direct
applications of the LD output. However, the majority of these LDs are used in
telecommunications applications as pumping source for Erbium-Doped Fiber Amplifiers
(EDFA). The development of EDFA has made direct optical transmission long-haul fiber

telecommunication possible.
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Figure 1-1 Schematic diagram of pump laser used to amplify signal in EDFA module.

These fiber-optic communication systems, which require high fiber coupling efficiency,
are not inherent in broad area lasers due to their multi-mode behavior. The demand for
increased channel-density in Dense Wavelength Division Multiplexing (DWDM)
networks further pushed forward rapid evolution of high-power single-mode pump lasers.

Development of high-power LDs has attracted a lot of attention to add new dimensions

1



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

into the photonics industries. With the continuous pursue for higher lasing power,
efficient thermal management is essential in the packaging design to facilitate controlled
operation. Low-cost packaging of optoelectronic devices is important with the
introduction of optical telecommunication networks in metropolitan and local areas as
well as in parallel optical data communication links, because packaging dominates the
cost of optoelectronic modules from 60% up to more than 90% [1]. However, the
development of LD packaging not only is a critical step for possible commercialization of
the product, but also a technological challenge for achieving better performance.
Material-oriented problems concerning electrical, mechanical and thermal issues must be
resolved, while design-oriented issues strive for ease of manufacture, reworking and

inspection.

Presently, the heat generated in a semiconductor laser cannot be dissipated effectively to
their surrounding and require a thermo-electric cooler (TEC) module to regulate the
operating temperature. To facilitate proper thermal management, the LDs must be bonded
onto a submount/heatsink. A well-controlled, high yield, void-free bonding interface is
required to accommodate efficient thermal management in the die attachment. In die
attachment, thermo-compression bonding and ultrasonic bonding are two commonly used
bonding processes and they are bonded in either face-up or face-down configuration. The
face-up bonding approach has been widely adopted [2-5]. However, the heat generated is
confined within the LD due to the low thermal conductivity of the device. Hence, the
face-down approach using Au80Sn20 solder is recommended to effectively dissipate the
heat generation. However, a number of thermal, mechanical, optical, and electrical factors
complicate the development of optoelectronic packaging in single-mode ridge-waveguide
laser diodes (LDs). Despite its increasing popularity of Au80Sn20 solder, the

microstructure evolution of Au80Sn20 solder joint is still not clear as there is not much
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documentation on the bonding process using Au80Sn20 solder for semiconductor lasers
[6], [7]. A systematic study of the bonding process is also required to ease the stringent

requirements faced in LD packaging.

1.2 Objectives

From the aforementioned research background, high-power semiconductor lasers
employed in fiber-optic communication systems generate significant heating that affect
their performance and reliability considerably. These LDs require a thermally-effective
packaging technique to improve on their performance and reliability. This thesis aims to
provide a systematic understanding of the bonding technique and long-term reliability
investigation of the bonded LDs. The objectives of this thesis can be described with three

sections as detailed below.

1.2.1 Development of Modified Face-down Bonding Technique of Semiconductor

Lasers.

Au80Sn20 solder joint specimen based on the application of LD package will be
designed. The soldering and packaging parameters for the fabrication of Au80Sn20 solder
joint will be optimized to attain well-controlled bonding interface. Effects of bonding
parameters on the integrity of the bonding interface and the principal performances of the
LD will be reported. The electrical, optical, and spectral characteristics of LDs will be
investigated before and after packaging. Such studies will provide guidance to the

construction of a bonding window using Au80Sn20 solder.
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1.2.2 Multi-scale Thermal Analysis of Semiconductor Laser

Firstly, band structure theory of semiconductor lasers will be conducted to understand the
thermal behavior of LDs. Temporal and spectrally resolved measurement will be explored
to understand the physics of heat generation in a LD. Then, a thermal simulation exercise
will be conducted to understand the heat transfer in a packaged LD. From the
experimental findings and the simulation results, the temperature profile of the LD
package will be investigated under different bonding configurations. This thermal model

will be used to verify the performance capability of packaged LDs.

1.2.3 Long-Term Reliability Investigation of Laser Diode Package

To ensure that these bonded LD exhibit good long-term reliability, the LD package was
investigated under thermal cycling and thermal aging conditions. Effects of thermal
cycling and thermal aging loadings on the reliability of the package were investigated.
The degradation characteristics of LD packages were identified and an empirical life

prediction model for these LDs was also developed.

1.3 Thesis Outline

This thesis is organized in the manner whereby CHAPTER 1 gives the background and
motivation of this project, determines the aims and objectives of the work to be
performed, and provides the scope of the work carried out. CHAPTER 2 elucidates the
principles of LD operation, highlights the key technologies involved in existing
optoelectronics packaging methodology, and identifies the importance of the bonding

process. In CHAPTER 3, the experimental techniques will be highlighted. CHAPTER 4
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introduces the development of the modified face-down bonding process. The effects of
different bonding temperatures and bonding pressures on the integrity of the bonding
structure and its associated electrical-optical performance of the LD will be discussed. A
bonding process window using Au80Sn20 solder will then be established. CHAPTER 5
describes a thermal behavior of semiconductor laser. The heating mechanism of
semiconductor laser will be explored. Band structure analytical calculation and FE
modeling will be used to comprehend the temperature profile of the LD and verify the
performance capability of the LD under different bonding configurations. CHAPTER 6
assesses the long-term reliability of bonded LDs. Effects of thermal cycling and thermal
aging loading on the reliability of bonded LDs will be reported. A life prediction model
for bonded LDs will also be developed. Lastly, CHAPTER 7 summarizes the project

accomplishments and suggests future recommendations.
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CHAPTER 2

LITERATURE REVIEW

Optoelectronic packaging today serves the purposes of heat dissipation, mechanical
support and electrical conduction in the die bonding layer. While strong interfaces are
necessary to ensure mechanical integrity of the bonded components, they are also
responsible for lowering electrical and thermal conductivity of the assemblage. The heat
generated by high-power laser diodes/arrays has to be transferred optimally to the
semiconductor package in order to ensure efficient thermal management. Premature
failure due to inadequate heat dissipation and mechanical integrity has remained a

challenge to the current development.

Hence, the packaging methodology for optoelectronics devices will be carefully reviewed
in this chapter. Although the LD fabrication process will not be reviewed, a typical LD
epitaxial structure is studied since it is directly related to the bonding process and
simulation exercise. The principles of lasing operation in semiconductor lasers will also
be discussed to facilitate evaluation of key LD performances. Existing optoelectronics
packaging techniques and classification of different packaging materials are then
appraised. From the comprehensive appraisal, the packaging methodology and the

classification of packaging material can be designed accordingly.

2.1 Semiconductor Lasers

High-power LDs have a key application in these telecommunication networks [8, 9]. Both

980 nm and 1480 nm LDs have been used as pumping sources for EDFAs [10]. However,

there are more application fields for 980 nm LD such as terrestrial communication



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

systems, undersea use, etc. with the largest portion in communication areas. This is
because 980 nm was identified as being the most efficient pump wavelength where no
excited state absorption exists [11]. Amplification with an excitation wavelength of 980
nm ideally has a low-noise figure close to the 3-dB limit [12] and low-power
consumption [13]. The improved noise figures permit increased separation between
repeaters. Application of wavelength-division-multiplexing technology for larger
transmission capacity is also a key point to meet the increasing demands of
communications in the world today. Hence, 980 nm single-mode ridge-waveguide LD is
an attractive candidate to increase the channel capacity in the network. A ridge waveguide

structure is widely used for reasons of easy fabrication and modal control [14].

2.1.1 Types of Semiconductor Lasers

There are various types of lasers used in the industries i.e. ridge lasers, broadarea lasers,
ring lasers, VCSELs (Vertical Cavity Surface Emitting Laser) etc. Generally, these lasers
are categorized into edge-emitting and surface-emitting. The focus of this thesis is edge-
emitting laser for fiber optics applications. Within this LD structure, there are various
heterostructure designs reported for these applications; namely GaAs/AlGaAs,
InGaAs/GaAs, InGaAs/Ga(In)As(P)/GalnP, and InGaAs/AlGaAs etc. Generally, these
heterostructures provide optical confinement perpendicular to the junction, and the use of
ridge in the laser structure allows optical confinement parallel to the active region. The
stripe essentially acts as a guiding mechanism by limiting current spread over the active
layer. This can be achieved by creating an area of high resistance, SiN passivation layer,
over the region of the active layer in which lasing is to be suppressed underneath the
ridge. As shown in Figure 2-1, 980 nm Fabry-Perot (FP) lasers consist of multiple

quantum-wells (QWs) surrounded by cladding layers.
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Figure 2-1 Simplified schematic layer structure of 980 nm GRIN-SCH laser and its
energy lineups at QW/Confining/Cladding regions. SiN layer suppressed current flow

within the ridge.

The cladding layers create potential wells for carrier confinement in the active region as
shown in Figure 2-2. This double-heterostructure permits absorption and emission of
radiation. To allow emission to occur, absorption of photons increases the concentrations
of holes and electrons in the QWs (a condition known as population inversion) and, is

then stimulated to give energy in the form of light radiation.
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Figure 2-2 Typical double-heterostructure energy levels in a single QW active region
for carrier and light confinement. Carriers are injected into the QW during biasing to

induce population inversion.

2.1.2 Principles of Lasing Dynamics

Stimulated recombination of free carriers in the quantum wells generates lasing emission
with energy ~ E,. Typically, both direct and indirect energy gaps in semiconductor
materials are dependent on alloy composition and are frequently assumed to fit a simple
quadratic form [15] as shown in Figure 2-3. For these ternary InGaAs QWs, the energy
bandgap can be approximated by,

E,(In Ga,  As)=xE,(Inds)+(1-x)E (Gads)- x(1-x)b in eV (2-1)

where the bowing parameter b is 0.477 [16].
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Figure 2-3 Bandgap dependence on alloy composition. Ternary compounds can be
formed from binary materials by motion along the line joining the two points that

represent the binary materials.

To determine the characteristic of a semiconductor, the carrier density for current
conduction must first be defined. The carrier density in the confinement layer can be
obtained from the distribution function AE) and density-of-states function g.(E). The
probability of electrons confined in the active region follows the Fermi-Dirac distribution
[17],

l
exp[(E— E, /kBT)J+ 1

f(E)= (2-2)

where E;is the Fermi energy and the population of electrons [18] can be approximately
expressed as,

1
expl(E - E_J,( )f kBTJ+

N= WJ: g (E)E (2-3)
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where W is the total thickness of the confinement layers, g. the density of states in the

conduction band, and Ey. the quasi-Fermi level of the conduction band.

0.5 1.0
J(E)y——

Figure 2-4 Fermi-Dirac distribution as a function of temperature. At OK, f(E) is unity for
E<E. This indicates that all energy levels below E, are occupied and all energy levels
greater than E;are empty. The probability of occupancy for T>0 K is always % at E =

Es, independent of temperature [19].

From equation 2-2 to 2-3, the density of carrier confinement is dependent on temperature
and can be explained with Figure 2-4. The decaying function of temperature reflects the
distribution of carriers in the bands and depends on the bandtail density of states
distribution. As the temperature increases, the carrier density reduces. To acquire the
same amount of carrier density at higher temperature, higher current must be injected.
The theoretical implications of variations in key laser parameters on performance
constitute the study of optical losses in p-n junction lasers. When the temperature
increased, «; was raised. This was attributed to the larger separation of quasi-Fermi levels
due to band structure modification. At higher temperatures, to obtain the same threshold
gain, the required separation of quasi-Fermi levels was higher (see equation 2-2).

According to Fermi-Dirac statistics for injected carriers, the injected carriers not only

11
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populate energy states of quantum wells but also energy states of confining layers [19].
This band/state filling phenomenon at the confining layers contributed to threshold
current and led to poor temperature characteristics. The increase in temperature
broadened the quasi-Fermi functions F. and Fj, such that the condition for inversion
changes to F. + F, >1 and, hence higher injection current density was required. The
increased in temperature also caused electron and hole distributions to spread out into
higher energies, contributing to leakage current incurred as a greater fraction of injected
carriers moved, either by diffusion or drift, to the active region and ending up in the
cladding or contact region. This electron leakage current consisted of a fraction of
injected carriers with sufficient thermal energy to surmount the potential barrier between
the active region’s quasi-Fermi level and the conduction energy, Ec, of the cladding layer.
This led to increased conversion of excitation energy into a non-radiative recombination

process.

With reference to Figure 2-5, the threshold condition for a semiconductor laser is given
by [19],

(a,-a,)=/F)-a,-aF,)+a, (2-4)
where o and a3 are the absorption coefficients at the lasing wavelength in region 1 and 3,
respectively; ay. is the free-carrier absorption coefficient in the active region (region 2);
(ot2+ ar) 1s the total absorption coefficient in region 2. F; and F, are functions of the

waveguide geometry.

12
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Figure 2-5 Schematic of the diode structure showing the waveguide effect in the junction
region. Distribution of impurities and variation in the bandgap energy is defined in the

three laser regions.

The end losses at the facets are defined by,

a —l—ln : 2-5
m 2L R]Rl (')

where R = 0.32 is for non facet-coating LDs, and L is the cavity length (600um).

Assuming that o is a linear function of the current density J,
—a,=pJ (2-6)
where P is the gain constant which has a decreasing function to temperature. The

probability of energy occupancy is dependent on temperature as shown in Figure 2-4.

Combining equations (2-4) and (2-6), an expression for the threshold current density can
be obtained. In terms of the specific expression for the loss through cavity ends with

reflection coefficient R within a cavity length L,

/ 1 1
Jth =1/ ﬁ{(I/F, Ne, + e, F, )+ o, + 2L In R R, } (2-7a)

or, more generally

13
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1 1
h= —In—— 2-7b
Jth (1/;6{{1 i+ 7 In RR, il (2-7b)

where the total internal laser-loss coefficient a is given by,

a=(/F e, +a,F,)+a, (2-8)

This shows that the loss consists of free carrier absorption due to carriers within the QW
(region 2), free carrier absorption due to carrier in the confining layers (region 1 and 3),
waveguide scattering, and impurity absorption. This absorption loss depends largely on
the carrier concentration in the active region, as well as the planarity of the junction and

other waveguide mechanisms [20].

Likewise, the differential quantum efficiency 7y is also dependent on the mirror and
optical losses. It illustrates the ratio of photon output rate resulting from the increase in
injection current and can be expressed by,

1
Mo =1 (2-9)

1
1+ 2a,L/In
i (R )

1442

where internal quantum efficiency 7, is a measure of the efficiency of a laser in

converting electron-hole pairs into photons within the structure.

The emission power can then be expressed by,

ol

h
5 =-’}'u;f([_fm_“f.) (2-10)

where £ is Planck’s constant (6.63X107*)/s); f is the frequency, /; is the leakage current

and /,, 1s the threshold current.

14
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2.1.3 Thermal Behavior of Semiconductor Lasers

Thermal management is a critical issue in semiconductor lasers and light-emitting diodes
for achieving optimum performance in cw or modulated operations. During operation, the
current flowing through the device results in a localized heating at the emitting facet [21-
23]. The temperature rise is a critical parameter as it strongly affects the device
characteristics and reliability, including the lasing threshold current [24, 25], emitted
optical power [26, 27], wavelength of longitudinal modes [28], peak of emission
spectrum [24, 29, 30], terminal voltage [31], as well as the device lifetime [32, 33]. A
large temperature rise during cw operation may (i) increase the threshold current, (ii) limit
the maximum optical power, (iii) lead to unwanted temperature-dependent shifts in
spectrum and mode, and (iv) reduce the useful lifetime of the device. In extreme case,

severe heating may even lead to catastrophic failure of the facets [34].

Theoretical and experimental analyses of the thermal behavior in semiconductor lasers
have been carried out extensively. The dynamics of thermal phenomena in semiconductor
lasers have been considered using heat flow model [29, 35] and radiative energy transfer
calculations [36, 37]. In order to study the thermal behavior in semiconductor lasers, the
injection current are usually chosen close to lasing threshold so that the radiated power is
minimal. However, these thermal measurements were conducted from below Iy,
(spontaneous emission) [21, 28, 30] to above I, (stimulated emission) [25, 30] and at
various modulating frequencies [22, 23, 26]. A large variation of thermal behavior was
also observed. Hence, the thermal resistance Ry, of the LD may not be constant and varies

with current.

15
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Feng et al. [38] gave a thermal explanation of the process of current increasing from
spontaneous emission to the lasing phenomenon. At low injection current, below
threshold, most of the injected power was converted to heat energy. When the injection
current increased, the light production process began to increase and more of the input
power transferred to light. The power input per unit area which is converted to heat due to
this cause is given by

when 1</, =N ® (2-11a)
when 12 /,, =0l +n,(1-1,) (2-11b)

where 7, .p and 7 are the external differential efficiencies for spontaneous and

stimulated emission.

2.1.4 Reliability of Laser Diodes

The reliability of 980nm semiconductor lasers is also discussed since these devices are
expected to have long operational life. The reliability projection of the LDs is measured
as the evolution with time of either the light output power at constant injection current or
the threshold current at constant light output power. For convenience, constant current
mode will be discussed. During the operation of high-power LDs, the output power under
constant driving current changes. The output power tends to decrease during operation
due to degradation of the device. There are several types of degradation characteristics in
relation to the initial period of degradation, degradation rate, and degree of degradation
[39], [40]. As shown in Figure 2-6, the degradation characteristics can be classified into
three different modes: gradual, rapid and catastrophic degradation. Gradual degradation
corresponds to a slow progressive decay of optical power over a long period. Non-
radiative recombination at existing point defects produces new point defects, reducing the

light generation efficiency [41]. Rapid degradation, which can be detected by a very fast

16
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decrease in output power, is associated with the presence of extended defects that destroy
the active region of the laser and quench the optical emission. A step-like decrease in

output power is typically for catastrophic degradation.
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Figure 2-6 Different types of degradation characteristic as a function of time. Gradual,

rapid or catastrophic degradation occurs under constant driving current.

In the aging process, different degradation modes have been reported, with Dark Line
Defects (DLD) [34] and Catastrophic Optical Damage (COD) [42-44] being the dominant
problems faced during long-term operation. The degradation mode is related to the
generation of a dislocation network, at different magnitudes of the injected current
density. At lower current density, DLDs are generally found whereas COD effect is
discovered at high injection current. Reviewing the general situation of facet-related
problems in semiconductor lasers is helpful to understand the complicated phenomena

occurring at the facet.

In the degradation process, light absorption at the facet generates electron-hole pairs.
These generated electron-hole pairs accelerate bond breaking and resultant facet

oxidation. It raises the temperature near the facet due to non-radiative recombination by

17
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way of surface states located at the facet. On the other hand, facet oxidation is enhanced
by the increase in the bond breaking, which is photo-enhanced oxidation. This oxidation
process can be understood as a defect injection process in the active region [45].
Consequently, DLD often takes place in the vicinity of the facet after long-term
operation, showing non-radiative recombination enhanced defect motion [46]. As a result
of these effects, bandgap shrinkage is enhanced and further light absorption and
temperature increases occur. In the final stage, this temperature rise causes thermal
runaway and the positive feedback loop reaches the melting point of the laser material.
This run-away process causes COD and degradation at the facet. Based on the loop, a
facet oxidation loop, a loop of dislocation growth from the facet, and some related

phenomena are physically connected as shown in Figure 2-7.
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Figure 2-7 Failure mechanism of Catastrophic Optical Damage (COD) in the active

region [47].

Understanding the LD structure and its lasing characteristics facilitate prominent
advantages in the packaging process. The electrical and thermal characteristics of LDs

can be optimized from the packaging design.
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2.2 Optoelectronic Packaging Methodology [48]

High-power, single spatial-mode, 980nm LDs are critical components for EDFA in dense
wavelength-division multiplex (DWDM), fiber-optic communication systems. As shown
in Figure 2-8, these LDs are usually packaged into 14-pin butterfly packages, which are
essentially comprised of several sub-units; Thermoelectric Cooler (TEC). optical sub-
assembly (containing LD), Metallic Fiber Ferrule, and Optical Fiber. Some of these major
packaging processes in this butterfly LD package include; soldering of the TEC module,
attachment of the optical subassembly including LD bonding, insertion and alignment of
a Metallic Fiber Ferrule, laser welding, and hermetically sealing the package. However,
this thesis will focus only on the bonding process as it has an immediate thermal impact

to the LD package.

Metallic
Fiber
Ferrule

Saddle Shaped Clip

Figure 2-8 The inside of the completed butterfly package style LD module showing
various components. The optical subassembly, including the bonded LD, is attached onto
a TEC module to regulate the operating temperature. An optical fiber is then aligned to
the LD with a Metallic Fiber Ferrule to provide the fiber with a housing necessary for
rigidity and welding purposes. The metallic fiber ferrule is welded to the saddle shaped

clip. Finally, the packaged assembly is completed by hermetically sealing it.
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2.2.1 Technical Considerations in LD Bonding

LDs are practically applied to optical communication systems, which demand high output
power and long-term reliability control. To achieve high output power, long operational
life and high reliability, it is essential to improve the electrical characteristics and
simultaneously release the Joule heat from the LD efficiently. The lost heat, especially in
high-power LDs, must be dissipated as fast and uniformly as possible. Major temperature
fluctuations during operation cause wavelength shifts, and excessive temperature increase
is often associated with a drop in optical efficiency. In extreme cases, it can even cause
destruction to the LD [39]. Hence, the LD is bonded onto a heatsink to ensure satisfactory

thermal and electrical coupling.

This poses significant packaging challenges as a number of thermal, mechanical, optical,
and electrical factors complicate the effort to package semiconductor lasers. Firstly, the
performances of semiconductor lasers are temperature sensitive [49], [50]. Threshold
current increases and the efficiency of electrical input into optical power decreases while
the operating temperature increases. Secondly, semiconductor lasers generate large heat
fluxes, which cause excessive temperature rise in the active region [23]. High power LDs
can generate more than 1000 °C in the active region under high injection current. Third,
these devices are sensitive to stress-induced degradation [51]. Threshold current and
polarization of the optical beam change with increased stress induced. Hence, the
conventional flip-chip bonding method [52] cannot be used for assembling a laser onto
the heatsink because of the surface complexity in ridge-waveguide structures. Fourth,

submicron positioning alignment tolerances are required to achieve high coupling
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efficiencies [53]. Low-cost packaging of optoelectronic devices is also important because

packaging dominates the cost of the optoelectronic modules.

Thermal Considerations

For laser die attach, there are generally two bonding configurations; face-up and face-
down. Eutectic die bonding processes for face-up bonding approaches have well been
established by the semiconductor packaging industry [2, 3, 5]. Due to the low thermal
conductivity of ternary alloys and multiple heterostructures [54], [55], the heat generated
from the active region cannot be dissipated onto the heatsink efficiently. The thermal path
has to go through the entire 100 nm GaAs substrate before reaching to the heatsink. The
heat generated in the active region spreads laterally over the entire width of the laser as it
flows to the heatsink, leading to a two-dimensional heat flow in the LD. This two-
dimensional heat flow accounts for the logarithmical dependence of ridge width [56]. For
single-mode (<4 pum) ridge-waveguide LDs, the bulk of the heat generation is confined to
the active region. This raises concerns as significant heating in the active region
influences the spectral and spatial characteristics, with longitudinal modes broadening
[26]. The optical output power will also be compromised since their performance
characteristics are sensitive to the LD operating temperature. As depicted in Figure 2-9,
face-down bonding is recommended for effective heat transfer since the proximity of the
active region is less than 2 um from the surface [57-60]. The proximity of the active
region to the top of the heatsink strongly influences the heat flow. Owing to the good
conductivity of the heatsink material, the heat produced in the active region is rapidly
distributed to the heatsink. Substantial improvement can be achieved as thermal resistance
is inversely proportional to the ridge width for face-down approach [29]. Face-down

bonding also eliminates the trade-off problem between high-frequency modulation [61]
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and temperature control. In a LD package, three forms of electrical parasitics were
present; intrinsic diode, external chip and package parasitics. For high-frequency
applications, the external parasitics of the chip and the package prevent the module from
achieving higher frequency modulation. In order to drive the LD into higher frequency
modulation, a face-down bonding approach can help to reduce the external electrical

parasitics significantly.

Hence, numerical modeling has been employed to perform thermal analysis of different
packaging designs [29, 62, 63]. The thermal resistance for a face-down bonded LD was
reported to be ~30% smaller than that of a face-up bonded. Hence, higher injection

currents can be accommodated to achieve higher radiated power.

g}iﬂn ) ___300;1m .
~ ]
I,(u;.m;I o o« Solder

Submount £ i Submount

(a) (b)
Figure 2-9 Comparison of different bonding configurations of ridge-waveguide laser
diodes. (a) For face-up bonded LDs, the heat generated in the active region is
ineffectively transferred through the 100 pm substrate; (b) For face-down bonded LDs,

the heat flux is effectively reached the heatsink within several microns.

Stress Considerations
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However, the stress associated with face-down bonding can cause mechanical distortion
to the device. Due to the small distance between the active region and the contact layer,
strain accumulation in the active region gets promoted. The stress experienced in the
active region increases rapidly with external pressures. Hence, different bonding
processes lead to different stress states. Minimizing this stress improves the operating life
of the device. Various stress-mapping measurement techniques [64-68] have been
proposed to study the effect of stress on its operational parameters such as spectral
position and polarization [69], [70] as well as lifetime and reliability [71], [72]. Localized
stress distribution in the LD can be monitored by using photoluminescence technique.
The polarization ratio of transverse-magnetic to transverse-electric light has demonstrated
good agreement between the wavelength and strain. From the polarization measurement,
strain arising from the packaging technique and the assembling materials can be
estimated. Semiconductor lasers normally operate in the TE modes (electric field parallel
to the junction). However, higher-order TM modes (electric field normal to the junction)
are introduced due to the presence of stress in the active region. Stress has also been

implicated as one of the factors in the short-term degradation of lasers.

Alignment Considerations

(a) Underhanging of LDs (b) Overhanging of LDs (¢) Good bonding alignment

23



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Figure 2-10 Alignment considerations for bonding of LDs. (a) Underhanging of LDs onto
heatsink impaired the optical signal; (b) Overhanging of LDs onto heatsink resulted in
higher temperature at the facet; (c) The LD should flush along the edge of the heatsink for

optimum device performance and effective fibre coupling.

Alignment of the LD to the heatsink is absolutely critical for the face-down approach as
shown in Figure 2-10. When the LD underhangs from the heatsink as depicted in Figure
2-10(a), the emission light will be interrupted. As the active region is less than 2 pm from
the surface, the laser beam diverges onto the heatsink surface easily and degrades the
optical signal. On the other hand, if the LD overhangs the heatsink (see Figure 2-10(b)),
the optical performance and reliability of the LD [73], [74] will be affected due to non-
uniform heat transfer. Generally, the bonding alignment should observe +5 pm accuracy
as the characteristic thermal length of a LD is 5 um [29], [21]. As reported, the heating
occurs at the emitting facet and extends inwards into the cavity length during operation.
Due to the accumulation of defects at the facets, the heating was observed to occur within

5 pm from the facets.

In addition, face-down bonding of LDs often reduces the yield significantly. Due to the
proximity of the active region to the solder layer, solder bridges onto the emitting facets
easily. The devices are frequently ‘short-circuited” or the emitted layer beam may get
obscured. These complicating issues are some of the challenges in optoelectronic

packaging that deterred industries from adopting the face-down approach.

2.2.2 Existing Face-down Bonding Techniques for Semiconductor Lasers
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Various face-down bonding techniques in attaching the LD onto a heatsink have been
summarized in Table 1. A flip-chip interconnection technique using small solder bumps
[59], [60] was introduced to resolve the alignment issues. When the solder bumps melts in
the reflow process, the surface tension of the molten solder allows self-alignment and
accomplishes precise chip positioning. However, thermal dissipation is compromised
since heat can only be transferred through the solder bumps. Under bump metallization
(UBM) must also be created on the LD and heatsink to achieve accurate alignment. To
improve thermal dissipation, a vacuum-release process [75], [76] is recommended to
produce a fluxless and virtually voidless solder bond. Good bonding integrity with less
than 5% voids can be obtained within 1 sec. Unfortunately, this technique requires a
temperature-controlled vacuum chamber, of up to 0.1 Torr, which is not available in

present automated/semi-automated die-bonders.

Table 1. Comparison of various bonding techniques. The bonding parameters depend

largely on the bonding technique and bonding material used.

Bonding Method Bonding Bonding Limitations
Parameters Material
Solder bump chip bonding 230 °C, 60 secs, In-Pb - heat transfer
[59], [60] - additional process
Vacuum-release process 133.3 Pa, | sec Pb37Sn63 | - additional facilities
(751 [76]
Composite solder structure | 320 °C, 13 mins | Au-Sn - long bonding time
[77], [78] 0.276 MPa
Ultrasonic scrubbing [79] 310 °C, 39.2 kPa, | Au80Sn20 | - high stress
few secs - low yield

Bridge die bonding [56] 230 °C, 1 min In - heat transfer

- reliability concerns

Epitaxial lift-off [80], [81] 235°C, 30 secs; Au80Sn20 | - long bonding time

0.345 MPa
Pulsed heated thermode 370 °C, 5 secs, Au80Sn20 | - multi-mode lasers only
[82], [6] 0.375 MPa - high stress
Controlled solder 157-232 °C..1 In-Sn - reliance of flux
interdiffusion [83] MPa - exhaustive approach

- reliability concerns
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Bonding of GaAs/Si chips using Au-Sn composite structures has laid a cornerstone to
fluxless assembly for semiconductor lasers [77], [78]. Isothermal solidification permits
good bonding integrity in the solder joint. However, the device is subjected to high
bonding temperature for a long bonding duration of 13 mins. LDs are likely to experience
degradation under high bonding temperature exposure for such long duration. In addition,
the ridge structure does not conform to the planar bonding area and bonding homogeneity
will not be attained. Ultrasonic bonding introduced by Nishiguchi et al. [79] is capable of
resolving any surface irregularities in the solder joint. A good joint integrity can be
achieved with significantly low bonding pressure and short bonding time. The ultrasonic
energy breaks up and eliminates the oxidation layer and contamination from the
connection surface. At the same time, the frictional heat generated binds the metal atoms
together. Unfortunately, solder bridges onto the facet easily with this technique. In

addition, the stress induced by the scrubbing process may also damage/degrade the LDs.

Active
Region

Passivation
layer

LD metallizatio
Flux
7 =T

LY o S s e |

Figure 2-11 Schematic diagram of various bonding techniques. (a) Lee et al. composite
structure for Au-Sn solder joint; (b) Merritt et al. approach using In-Sn solder joint; (c)

Boudreau et al. bridged bonding using In solder.
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Bridged die bonding [56] was introduced to reduce the associated stress, by employing a
solder pattern with a gap, preventing solder from having contact with the sensitive ridge.
The bridged die bond geometry is developed to exploit the advantage of face-down
bonding while avoiding the stress issue. This technique does not address the thermal
issues directly as the heat generated is just beneath the ridge. The heat flux generated in
the active region must be re-directed to the side of the LD before traveling towards the
heatsink (see Figure 2-11(c)). Mechanical integrity of the joint is also compromised.
Therefore, a superior bonding metallurgical system is essential for improving the quality

of the device bonding.

As such, modified bonding techniques using epitaxial lift-off [80, 81, 84] are introduced
to bond devices onto substrates. A device layer structure and a solder layer are grown
lattice-matched on a GaAs substrate with an intermediate sacrificial (“lift-off™) layer.
After lifting-off the device using a selective etching of the sacrificial layer, it can be
transferred to the substrate. The solder was deposited onto the device and, hence the
solder thickness can be controlled. Although the thickness of the bonding layer can be
controlled to submicron accuracy, the bonding duration is evidently long. In the bonding
process, a pressure cap is applied as a mechanical loading onto the device during reflow
at vacuum condition. Pittroft et al. [6, 82] demonstrated face-down bonding for high-
power LD arrays. Pittroff et al. uses a pulse heated thermode, controlled by Unitek
Phasemaster. An AC reflow soldering can be controlled with 60 Hz of scrubbing effect.
The scrubbing effect may induce distortion to the LD. For single-mode LDs, the narrow
ridge width will be easily damaged or induced large mechanical stresses by the scrubbing

effect. They also adopted a high bonding temperature of 370 °C, which may

degrade/damage the device. In addition, their ridge widths are more than 100 pm and are
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meant for multimode operation. Their bonding approach may not be applicable for single-

mode LDs, which have a typical ridge width of < 4um [85].

Hitherto, a process breakthrough has been developed for face-down bonding of single-
mode ridge-waveguide LDs [83]. Solder was deposited on both LD and heatsink. Flux
was then applied onto the LD to prevent solder oxidation. The LDs were subsequently
cleaved and bonded onto heatsink. Application of flux may leave residues that affect the
optical signal. The solder joint also faces long-term reliability issues as well as

misalignment after aging.

Although high quality bonds were achieved in some of the bonding techniques discussed,
they may not be acceptable for real production due to cost factors. The bonding process
must be modified in order to achieve good bonding integrity and obtain long-term
reliability without compromising on the performance of the LDs. Hence, to maintain
structural integrity within the LD, the bonding process should possess low bonding
temperature and reduced bonding pressure, and shorten its bonding duration. Reducing
the bonding temperature and bonding pressure lower the stress imposed on the LD and
limiting the bonding duration increases the reliability of the solder joint. However, the
effect of bonding parameters on the bonding integrity of the solder joint and the
electrical-optical performance of the LD are not understood. Cracks and voids were
observed in these solder joints [86]. Furthermore, as described by Sheen et al. [86], the
microstructure evolution of Au/Sn solder joint is not fully comprehended. The solder joint
was described to consist of Au-rich and Sn-rich phases. However, interditfusion of Au
and Sn can form various Au-Sn intermetallics. This will be elaborated in detail in Section

2.4.2 with the Au-Sn phase diagram.
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2.2.3 Bonding Process Considerations

For bonding of optoelectronic devices, it is important to gain knowledge of the bonding
process in order to improve the performance and reliability of the package. Four popular
flip-chip bonding processes have been studied; Au-Sn multilayer metallization process,
Anisotropic Conductive Adhesive (ACF/ACP) process, Non-Conductive Paste (NCP)
process, and solder process [87]. The purpose of the bonding process is to form a
joint/connection between the LD and the heatsink. Physical bonding offers contact
between conductors and connection lines, while chemical bonding forms intermetallic
compound (IMC). It is, therefore, necessary to form an IMC as chemical bonding
between metallization and solder during reflow. This requires the soldering temperature
to be higher than the melting point of the joint material. Soldering is typically initiated by
the formation of an IMC, followed by diffusion and further intermetallic formation.
However, the intermetallics layer can be a source of mechanical weakness in soldered
joints due to its brittle cracking or delamination [88]. This can be limited by reducing the
bonding temperature and bonding duration. To shorten the bonding process, the
temperature must be raised rapidly as well as generate little distortion even under high
temperature in order to create uniform connections. Furthermore, instantaneous bonding
under high temperature raises manufacturing productivity and increases the bonding

strength.

For die attachment, the key factors affecting the bonding quality are the surface quality at
the bonding interface and the quality of the solder. For optoelectronics packaging, the
mounting surface is required to be lapped at submicron surface flatness in order to
achieve good heat transfer from the LD. In addition, the adhesion strength of a metal

layer to its preceding layer is also strongly influenced by the roughness of the surface
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[89]. Sufficient surface furnishing at the bonding interface is required to improve the
bonding quality. As the fundamental principle of soldering is intermetallic formation, the
soldering environment must also provide the condition for chemical reactions to occur.
Incidentally, solders may have oxides on their surfaces. Oxidation of solders is the major
difficulty in producing high quality joints. These oxide layers have very high melting
temperatures (SnO~1080 °C and SnO,~1630 “C) [90] and do not melt at the soldering
temperature (typically 200~300 °C). Thus, this forms a barrier on the solder surface and
prevents the molten solder from having intimate contact with the base metal. Study of
oxidation and reduction kinetics proved that with decreasing O, partial-pressure, good

solder joint integrity can be achieved [91].

Mechanical failure may also result from thermo-mechanical stresses developed in the
assembly process. During bonding, mechanical loading is applied onto the LD to create
interfacial contact before solder reflow. This induces large residual stress in the ridge and
active regions, especially in single-mode (<4pm) ridge-waveguide LDs with the face-
down approach. Before reflow, the applied mechanical loading induces compressive
stress onto the narrow ridge. This may cause structural distortion to the device, degrading
the LD performance. In addition, during reflow, compressive stress is also induced onto
the device due to the large CTE mismatch between the LD and the heatsink material
when the bonded LD is cooled to room temperature. Hence, the mechanical pressure
should be reduced to prevent permanent structural distortion to the device. The
temperature profile may also affect the strain induced in the LD. During cooling, the stiff
solder layer prevents relative motion between the LD and heatsink, and stresses are
induced at the interface. Hence, the effect of varying cooling rates on die failure has been
studied. Generally, there are three different methods to cool the device; rapid, gradual,

and slow. In rapid cooling, the assembly is transferred to a cold plate immediately after
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bonding with a rate of 300 °C/min. This induced large residual stress on the device as the
effect of cooling rate was found to depend on the level of strain energy release rate [92].
In gradual cooling, the assembly is cooled to room temperature at 1.3-2.2 °C/min. This
reduces the residual stress incurred by the device. For slow cooling, the assembly is held
at elevated temperature to permit solder relaxation. High temperature creep deformation
of the solder layer will further allow stress relaxation when the cooling process is
controlled. The slow cooling process also shows better metallurgical effects such as
diffusion and alloying [93]. However, this cooling scheme requires long bonding duration

[94].

The effect of multiple furnace passes has also been investigated to improve the assembly
yield [95]. The reliability of the solder joint on single die/multiple pass processing and
multiple die/single pass processing have been studied to support the feasibility of multiple
die devices with multiple pass processing. Localized heating at the active region also
places stringent requirements on the die positioning accuracy. Bonding alignment using
recognition precision is studied to enhance positioning to a submicron level [53]. Fiducial
marks have been created on the surfaces of the LD chip and heatsink to correct the effects

of heat expansion during the bonding stage.

23 Bonding Requirements

There are various types of media used for interconnections in electronic packaging i.e.

metal-filled epoxy and glass, and solder [96-99]. Depending on the application and its

processing environment, different bonding media will be used accordingly.
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Table 2. Comparison of various bonding media used in advanced packaging.

Die Attach High Modulus (stiff) Low Modulus (flexible)
Classification

Electrical/Thermal Gold eutectics, silver Silver filled polyimides, silver
Conductive filled glass filled epoxies, tin-lead based

solders, indium-based solders
Thermal Conductive | Tin oxide-filled glass, AIN-filled epoxy, alumina-
indium oxide filled glass, | filled epoxy

beryllia filled glass _
Non-Conductive Unfilled glass Unfilled epoxies, epoxy
silicone, polyimides

Both metal-filled glass and epoxies have poor thermal conductivity and thus poor heat
dissipation. While metal-filled glass produces high stress on the device due to very high
processing temperature and lack of plastic deformation, metal-filled epoxies do not

induce high stress because they deform visco-elastic at low stress.

At present, the most widely used solder is still lead-tin (Pb-Sn) alloy, but due to the
potential environmental hazards caused by lead (Pb), lead-containing solders have been
banned in applications involving water and food [100]. It may eventually be banned in
electronic products as well. There have been many efforts in developing alternative
solders [97]. Subsequent sections will discuss two of those alternatives used in
optoelectronic applications; soft indium (In) solder and hard gold-tin (Au80Sn20) alloy.
The soldering process usually requires the application of flux to improve the wettability
of the bonding area [56]. This has worked very well over many decades [101] until the
discovery and confirmation of severe ozone depletion by Chlorofluorocarbons (CFC’s).
Another concern in using fluxes is attenuation/defection of the optical signal as it can
leave residues on components that compromise the integrity of the optical path within the

package. This further bolsters fluxless processing for optoelectronic packaging [102].
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Ohmic Contact (Au/Pt/Ti)
Bonding layer
Oxide-resistant layer

Diffusive Barrier

(b)

Figure 2-12 (a) Schematic diagram of ridge-waveguide LD and its diverging output beam

profile; (b) Typical cross-sectional view of multi-layer metallization in packaged LD.

Other than the environmental considerations, the requisites for packaging of laser chips
involve: (1) compatibility of high temperature solders with metallization on the heatsink
& epitaxial chip side, (2) material of the package heatsink, (3) minimizing thermal
expansion mismatch and (4) connection of the chip pads to the package leads. For
attachment of the laser chip to the package heatsink, the metallization must satisfy the
following requirements:

e Sufficient adhesion of LD [75]

e Low material strain for maintaining mechanical durability [103]

e Thermal stability at device operated temperature [104-106]

e Process manufacturability
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e Low electrical contact resistance for low loss and high performance [107]

e Low thermal impedance for effective dissipation of internally generated heat

[108], [109]

Table 3. Properties of materials used in optoelectronic packaging [110, 111].

Mounting Adhesive & Bonding layers
Components | Diffusive Barrier
o |50 &
Requirement % 2 5 - > & E SE, § S
- ' (a0 '
Q (ﬁ ;-.3 () fc’
Cramsity 531 | 892 [ 7.14 | #0890 731 | 836 | 7.5| 147
[gem™] 7 8
Melting Pt 156. 21
(°C] 1238 | 1084 | 1907 | 1668 | 1455 6 183 - 278
Young Modulus » . 31.0
(GPal 82.68 | 130 | 279 | 116 | 200 11 3 68
Electrical Resistance 0.14
- 2 5
e 1.7 | 12.7 | 40 7 8 6 13
Thermal Conductivity 0.50
2 »
[W/em/°C] 0.44 | 398 | 0.94 | 0.22 | 0.91 | 0.82 9 0.58
CTE 5.8-
(K X 10] 6.4 165 49 | 8.6 | 13.4 | 32.1 | 25 - 16
Shear Strength
[MPal - - - - - - 23 | 27| 50
Poisson Ratio 031 034|021 | 032|031 [ | 0a | - | O

However, all the above-mentioned requirements cannot be satisfied by a single metal

layer and hence the necessity for multi-layer metallization at the bonding interface as

shown in Figure 2-12(b). Table 3 provides some useful information on the selection of

each layer.
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24 Classification of Material

2.4.1 Heatsink [112-116]

Copper (Cu) is by far the most common heatsink material for power modules due to its
high thermal conductivity, easy mechanical handling, galvanic plating, amenability and
moderate pricing. The high thermal conductivity can lead to longer lifetime and reduced
linewidth of LD. However, the coefficient of thermal expansion (CTE) mismatch between
the heatsink and LD is the primary disadvantage in using copper. This mismatch
generates a significant amount of thermal stress and mechanical strain on the bonding
layer. Consequently, the interface between the LD and the heatsink is one of the primary
failure sources of a power module. At present, substitution of the Cu heatsink is
significantly more expensive. Thus, in a cost-driven market, it is unlikely that expensive
heatsink materials would readily replace conventional low-cost Cu plate. Consequently,

in this research, Cu is selected as the heatsink material.

2.4.2 Bonding Layer (Solder)

Table 4. Comparison of various solder materials used in photonics packaging applications

and their physical properties [117].

Solder Physical Properties
Melting Tensile Creep Thermal Electrical
Point Strength Resistance conductivity Resistivity
(°C) (MPa) (W/m/°C) (p€2.cm)
Hermetic Sealing: Eutectic die attach — fiber location — fluxless soldering
Au88Gel2 356E 185 Excellent 44 -
Au80Sn20 280E 276 Excellent 57 16
Opto-package assembly step soldering — non amenable to fluxless soldering
Sn63Pb37 183E 32 _Moderate 50 15
96SnAgCu | 215-225 ~40 High - Na
Fiber ferrule joining
Indium | 156 2.5 | Poor | 80 8.8

35




ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

| In97Ag3 146E 5.5 Poor 73 7.5
In52Sn48 118E 11:9 Low 34 15
. Component Anchoring
Bi58Sn42 138E 55 Moderate 19 35
Bi40Sn60 | 138-170 - Moderate 21 38

In a typical LD butterfly package, different solders are used at various assembly processes
such as die attachment, assembly step-soldering, fiber-ferrule joining, component
anchoring, and hermetic packaging. The table below shows some of the solder materials
used in the photonics packaging applications and their physical properties. For die
attachment of LDs, Au80Sn20 and indium solders are frequently utilized in the photonics

industries.

Solder is used for the purposes of electrical interconnect, mechanical support, and heat
dissipating channel. Solders are usually categorized into 2 types, hard solder and soft
solder. In general, hard Au80Sn20 solder is used for high temperature assemblies, while
soft In solder is meant for lower temperature assemblies [118, 119], [119]. Hard solder
[120] has very high yield strength, and thus incurs elastic rather than plastic deformation
under stresses. Soft solder, on the other hand, has very low yield strength and incurs
plastic deformation under stresses. The decision to use soft (In) or hard (Au80Sn20)
solder is based on the optimization of a number of properties, including solder strength,
solder migration, creep, fatigue, whisker formation, stress, thermal expansion, liquidus

temperature, and thermal conductivity of each solder type.

In optoelectronic applications, semiconductor lasers exhibit low fracture strength and are
easily damaged by stress [121-123]. Hence, soft solders, such as In and In-based alloys,
are used widely in optoelectronics die attach applications such as LDs and photonic
switches. It 1s quite ductile and can help release the stresses developed in a structure

through plastic deformation. Their capability to deform plastically helps to relieve the
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stress developed in the bonded structure and prevents device fracture. However, this
makes soft solder subject to thermal fatigue and creep rupture, causing long-term
reliability problems [124-126]. The deterioration of In solder is thermally enhanced by
the reaction between In atoms and Au atoms. The diffusion of Au atoms into the In layer
forms AusIn, Auln, or Auln, intermetallics. They are also attributed to solder instabilities
like whisker growth, void formation at the bonding part, and diffusion growth [127-131].
Growth of In whiskers may short the electrical connection and obstruct its optical beam.
Furthermore, thermal and electrical resistances of In-bonded devices increase during
storage and aging [132-134]. In optoelectronic applications, the LD modules are usually
required to have long service lifetime. Hence, bonding of LDs using soft solder face

impending reliability problems [124, 135, 136].

In applications where creep cannot be tolerated, eutectic Au80Sn20 alloy can be replaced
to overcome such instabilities [52]. Accordingly, it has good thermal conductivity and is
free from thermal fatigue and creep movement phenomena [137]. Unfortunately, hard
solder does not help release the stresses developed because of low plastic deformation.
To comprehend the bonding principle, the binary phase diagram and intermetallic
compounds (IMCs) of Au-Sn are briefly reviewed. The binary Au-Sn equilibrium phase
diagram [138] consists of four different stable IMCs as well as two eutectic and at least
three peritectic reactions. The eutectic that forms at 217 °C (93.7 wt% Sn) is known to be
brittle with Sn and AuSn4 domains. Intermetallic compounds like AuSn, and AuSn, have
negative influence on the fatigue life. On the contrary, the melting point of Au-rich
eutectic Au80Sn20 is 280 °C. This eutectic point has a reaction L« [6+C], and is of great
interest as a soldering material. The phases of interest for Au80Sn20 eutectic solder are £’

(AusSn), £, and & (AuSn), which will be described in more detail.
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Figure 2-13 Gold-Tin binary phase diagram [139].

The & phase, which has an hexagonal cubic packing (hcp) crystal structure, exists from
the peritetic p+L<>C from 9.1 at.% Sn at 521 °C to 17.6 at.% Sn at 280 °C, and 13.9 at.%
Sn at 190 °C [140]. It has good mechanical properties, increased thermal conductivity and
excellent reliability. The £’ (AusSn) phase has a composition of 16.7 at.% Sn, and exists
up to 190 °C. At temperatures lower than 190 °C, the C phase is transformed to £’ phase,
an extension of the  phase at low temperature [141]. On the other hand, the & phase or
AuSn is a hexagonal IMC with a melting temperature of 419.3 °C. It is a non-

stoichiometric compound with a homogeneity range between 50.0 and 50.5 at.% Sn and

can be designated as Au ;SN 00<x<0.02).
Au80Sn20 soldered devices have been successfully tested without measurable

degradation after 10,000 power cycles of 40 °C to 140 °C [97]. LDs bonded using

Au80Sn20 solder also observed good aging characteristics [132].
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2.4.3 Diffusion Barrier [142]

In a solder joint, the major concern is the formation of IMCs caused by diffusion of
copper atoms from the substrate to the joint. The growth of intermetallics makes the
solder joint less ductile and less capable of releasing stresses through plastic strain. As a
result, the chip may crack under thermal or mechanical cyclic loading conditions.
Prevention of copper diffusion is needed in applications as they proved detrimental to the
function of solder connection. This undesirable diffusion growth is of particular
technological concern since it is always ongoing and may cause cracks and delaminations
especially in the presence of residual stress. It continues to grow, though much more
slowly, during storage and service. Consequently, the composition, microstructure and
physical properties of the joint change within the device life. The formation of such IMCs
can be avoided by coating the surface of the heatsink with a diffusion barrier. This will
eliminate the formation of IMCs by its physical presence and lower its degradation rate.
This blocking function can suppress the growth of intermetallics such as Culn and Cuglny

in the case of In solder, and CusSns and Cuz;Sn for Au80Sn20 solder.

In industrial applications, nickel (Ni) is plated over Cu in numerous applications due to its
low cost and process manufacturability. Ni has superior thermal and electrical
conductivities [ 143] as compared to other potential barrier metals such as Chromium (Cr)
and Platinum (Pt). Ni is also found to have limited mutual solubility rate of Ni in Au at
temperature below 350 °C, as well as a low solubility rate of Ni in Sn-based solders

[144], [145]. After these considerations, Ni plating over the Cu heatsink is adopted.
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2.5  Conclusion of LD Packaging Technique

Based on the stringent requirements in optoelectronics packaging, the cost in the
development of LD packaging is significantly elevated. As such, there is not much
comparative study for packaging of LDs [6, 7]. To create cost-effective packaging
studies, diced Si/GaAs wafers are utilized in place of LDs to simulate the LD packaging
process [76-78, 146]. Integrity of the solder joint has been reported with metallurgical and
mechanical investigations. These studies emphasized the microstructure evolution and
intermetallics growth, affecting the bonding integrity under accelerated reliability testing
conditions [88, 147-149]. In addition, these investigations are based on different bonding
material, different bonding processes, and diftferent bonding parameters [79, 81, 82, 88,
90, 147-150]. Thermosonic, ultrasonic and thermo-compression bonding have been
introduced. With different bonding materials used, the bonding temperature ranges from
160 °C to 370 °C, bonding pressure ranges from 39.2 kPa — 1 MPa, and bonding duration

ranges from a few seconds to several minutes.

In general, there is a lack of systematic study of the bonding process, performance, and
reliability. A practical approach must be adopted with metallurgical and mechanical
investigations of the bonding interface and electrical-optical-spectral evaluation of the LD
performance. In order to obtain a highly reliable solder joint, the bonding process has to
be optimized because the joint is strongly dependent on the initial microstructure.
Optimization of the bonding process also helps to facilitate possible industrial volume
production. The processing parameters and conditions (reflow environment) need to be
tailored to minimize the void content and/or microscopic irregularities in the bonding
layer, and to increase the homogeneity of the bonding layer for maximum heat transfer.

Furthermore, comprehensive comparison of different bonding techniques is also required
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to identify the optimal bonding technique. Since the performance of a semiconductor
laser is largely dependent on its thermal management, theoretical analyses on key LD
performances are also required to understand the intrinsic properties of the LD.
Numerical modeling of packaged LD is needed to understand the thermal behavior of
bonded LDs better. These theoretical understandings can validate the experimental

findings in terms of the LD performances.

Based on the literature review, development of an optimized bonding technique need to
be introduced to alleviate current packaging challenges in optoelectronics applications.
Destructive metallurgical and mechanical examinations of the package should be carried
out to observe structural integrity at the solder joint. Although metallurgical and
mechanical studies of the solder joint are mandatory to achieve good bonding integrity,
parametric evaluations of the packaged LDs are also essential to ensure performance
optimization. The intrinsic behaviors should be uncovered to improve the electro-optical
properties of LDs. The functionality of bonded LDs should also be discussed. Device
functionality and performance optimization could be obtained from these investigations.
Long-term reliability testing of bonded LDs should also be carried out to observe long
operational service life of the packaged LDs. Since the LD performance depends largely
on the heat generation and means of dissipating it, the thermal behavior of LDs as well as
temperature distribution of the package should also be comprehended. A multi-scale
simulation exercise should be used to explore and identify the physics of heat generation

and heat transfer of bonded LDs.
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CHAPTER 3

EXPERIMENTAL TECHNIQUE

3.1 Preparation of Cu Heatsink

Diced Cu plates of 5 mm by 5 mm by 3 mm were treated with electroless nickel (Ni) and
gold (Au) plating. Electroless plating is a selective autocatalytic metal deposition process
based purely on chemical reaction. Its efficient and simplicity benefits lead to substantial
cost reduction in the overall metallization process. A sequence of electroless chemical

treatments have been established [151] as shown in Figure 3-1.

Particles Native
Oxide
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Figure 3-1 Development of an electroless plating technique. a) After surface

polishing, residues and oxide remains on the surface of the copper; b) An acid solution
removes the residues from the surface; ¢) Native oxide is etched off with a micro-
etchant; d) Deposition of Ru metal behaves as a chemical activation for Ni plating; e)
Ni is strongly absorbed on the Ru thin film accompanied by dissolution of Ru by

simple immersion; f) lon exchange between Ni and Au ion in the solution.
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Gross surface preparation of Cu heatsinks promoted better adhesion and reduced
particles/contaminants. KSN-Z2 Acid Cleaner, an acid cleaning process, is designed to
remove dust and organic residues from Cu as a first stage surface preparation because
adhesion and homogeneity of electroless metal deposits suffer if the surface is not
sufficiently clean. The next step, namely deoxidizing, is crucial, because if the native
oxide is not removed completely from the Cu surface, a subsequent deposit becomes non-
uniform. A simple wet chemical etching technique such as KSN-SE Chemical
Polish/Microetch fitted easily into the process line. This micro-etchant was aggressive
enough to penetrate through the tenacious oxide barrier even at room temperature. It
produced a leveled surface of uniform texture providing an ideal surface for Ni/Au
plating. Prior to electroless Ni plating, chemical activation of Ruthenium (Ru) is
necessary since Cu is not catalytic to chemicals. The Cu heatsinks were immersed into
Planar Pre-initiator XL. Planar Pre-initiator XL is a metallic immersion coating that
ensures complete coverage of Cu areas. The areas with Ru deposit would be sensitized

and Ni can then be deposited.

Electroless Ni deposit not only sealed the Cu surface as a diffusion barrier layer, it also
provided hardness, mechanical strength and solderability to the bonding pad. Essentially,
Ni was deposited initially by ion exchange or displacement reaction aided by the reducing
agent. Once initiated, the process autocatalyzed itself to continue Ni deposition at a rate
depending on the temperature and pH of the solution. This Ni plating solution produced a
phosphorous (P) content of ~10wt% in the plated region. The immersion Au plating
process using Super MEX #250 Make Up solution was specifically developed for plating

onto electroless Ni. It provided pure Au deposit by ion exchange between the substrate
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metal and Au ions in the solution. The Au layer provided oxidation resistance and

improved its wettability for the underlying Ni during soldering.

3.2 Bonding Process

After the plating process, the laser diodes (LDs) were bonded onto Cu plated specimens.
During bonding, the LDs were exposed to high temperature. To prevent thermal shock
and device degradation, the bonding time should be restrained. When the solder was at its
molten stage, its wettability improved and good joint integrity could be achieved within a
short duration. In order to produce high bonding quality, the stage was encapsulated as
shown in Figure 3-2. This encapsulation behaved as a cover gas since solder preforms
were susceptible to oxidation prior to the bonding cycle. To ensure good wetting, the
reflow step was usually carried out with the use of reduction gas or O, purge gas since the
surrounding environment influenced the wetting process and solder joint quality [91,
152]. With the stage opening at the top, Argon (Ar) gas was utilized as purge gas. Ar gas
would be retained in the stage while O, and N, would be purged because Ar is
significantly denser. Accurate bonding alignment is also essential for optimal LD
performance. Digital image correlation technique [153], [154] was used to aligned LD

onto the edge of the Cu heatsink.
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Figure 3-2 Die bonder with stage encapsulation. Ar gas is flushed into the stage to ensure

good wettability.

The modified bonding process was conducted using semi-automatic die-bonding
equipment (Semiconductor Equipment Corp. Model 860). The LD was picked up by a
vacuum tool, positioned and pressed against the heatsink that is fixed by vacuum on the
bonding stage. For soldering, the LD and heatsink were heated separately by the tool and

the bonding stage.

The modified bonding process can be summarized as follows:

1) The bonding stage is filled with Argon (Ar) gas to reduce oxidation.

2) The laser chip is picked up from a waffle pack by a vacuum pickup collet. The
heatsink is held onto the bonding platform via vacuum.

3) The collet is heated to a considerable temperature (~60 °C) while the stage is fixed at
the processing temperature. The heating rate approximates 18.8-20.0 °C/sec. This
processing temperature must be higher than the melting temperature of the solder, but
sufficient to achieve good wettability and avoid premature failure.

4) A eutectic Au80Sn20 solder preform is picked, aligned and placed onto the edge of

the heatsink.
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5) The chip is then aligned to the edge of the heatsink using a digital image correlation
technique.

6) The chip is pressed gently against the molten solder. Administration of bonding
pressure is applied to create sufficient contact at the bonding interface.

7) Upon contact, the collet is heated further to ~100 °C to reduce thermal shock impact
onto the device. The progressive heating at the LD helps to prevent device
degradation. The duration of solder reflow is determined by the diffusivity of the
bonding material.

8) The pickup collet releases the chip and the bonded sample is gradually cooled to

100°C before extraction from the Argon-filled stage.

33 Characterization of Semiconductor Lasers

After bonding, the short-term and long-term performance stability of the LDs were
examined. Since the quality of the bonding area is critical to the operation and reliability
of LDs, electrical and optical performances of bonded LDs should also observed.
Electrical performance was studied to analyze the contact metallization and integrity of
the heterostructures while the optical performance was studied to observe the maximum
capability. Hence, a LD characterization system was developed with a TEController, a
peltier-controlled LD holder, a LD driver, an Optical detector and a Power meter as
depicted in Figure 3-3. A classification test using a ILXlightwave laser diode parametric
analyzer LPA-9084 was programmed to screen LDs for functional quality and failure
analysis. During testing, a computer was used to automate the instrument control and data
acquisition process. The thermoelectric Controller (TEC) was used to regulate the
heatsink temperature with 0.1 °C accuracy. Upon temperature stabilization, the LD Driver

provided a continuous wave (CW) current sweep of 1mA step size at msec interval. The
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Integrating Sphere accepted direct optical input from the laser and provided accurate light
power measurement without being sensitive to polarization mode or beam profile at the
end of the fiber. The Photodiode Power Meter measured the current flow at the back facet
of the Photodetector, combined with the Integrating Sphere to directly measure optical

power.

To attain accurate results, the LD holder used a low resistivity contact pin and peltier-
controlled temperature module. Good temperature control is required to minimize the
temperature fluctuation during long hours of testing. The thermistor was calibrated with
temperature accuracy of +0.1°C. This is crucial since the properties of the LDs are

dependent on the operating temperature.

Figure 3-3 Schematic diagram of LD holder in LD characterization system. The LD

holder provides good electrical contact & stable temperature control.

3.4  Microstructural Preparation

Metallurgical examination of the package is also a basic necessity to inspect the bonding

quality. Although Scanning Acoustic Microscope (SAM) could provide a quick and
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nondestructive evaluation of the bond quality, it falls short in resolution (=20 pm) where
failure analysis is concerned. Optical observation of the bonding interface gave good
indications to the reliability of the joint, by studying various possible failure modes of the
assembly, which include brittle fracture of the die, delamination, and thermal fatigue of
the solder joints. The standard procedures of metallographic preparation were sample
mounting, grinding and polishing, chemical etching, microscope examination and
measurements. The bonded samples were cold-mounted with epoxy for 8 hrs and
polished (KEMET Inc.). The mold was ground using silicon carbide (SiC) papers of grit
600 to expose the interface. SiC paper of grit 1200 was then used to further grind the

materials until the cross-section of the sample was visible as seen in Figure 3-4(a).

(a) (b)

Figure 3-4 Cross-sectional view of (a) grinded and (b) polished samples.

Next, the sectioned area was polished with Type K alumina suspension (liquid diamond)
of 3 pm, 1 pm, and 0.5 pum sequentially until the interface and internal microstructure of
the solder joint can be seen clearly under an optical microscope. A final touchup using
polishing suspensions (COL-K) allowed better surface finishing for microstructural
analysis as shown in Figure 3-4(b). The samples were then examined with a combination

of optical microscope and SEM/EDX. The composition of each phase was determined
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using the JOEL JSM-6360A SEM, operating at 20 ekV. For every data point, at least 5

measurements were made.

3.5  Mechanical Testing

To study the mechanical strength of the bond, shear testing according to MIL-STD-883C
(Method 2019) [155] was performed till complete fracture of the joint. Shear Test
Analysis STA-3100 (Keller Technology Corps.), with a 1 kg transducer, was used to
perform die shear tests. Figure 3-5 shows the submount being held onto a 5 kg vacuum
stage and the shear tool position relative to the die (to prevent scraping of the submount’s
surface). As the mechanical properties of the solder joint were sensitive to temperature
and strain rate, the American Society for Testing Materials (ASTM) shearing speed of
0.25 mm/sec to 6 mm/sec was recommended to avoid creep deformation behaviors. The
shear rate was selected to be 3 mm/sec. In cases where there was evidence of less than
50% adhesion of the die attach medium (failure criteria 3.2b) [155], or no evidence of
adhesion (failure criteria 3.2¢) [155], the shear strengths were < 300 g (1.25X) or < 400 g
(2.0X) respectively for joint size smaller than 0.32258 mm”. The soldering pad for these
LDs is 0.18 mm”. Residues attached in discrete areas of the die attach media shall be

considered as evidence of good adhesion.
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Figure 3-5 Shear Test. The shear tool was elevated from the surface to ensure consistent

shearing measurement.

3.6  Reliability Testing

The packaged device must withstand temperature cycling, resulting in coefficient of
thermal expansion (CTE) mismatch induced stress on component interconnections. The
submounts were placed into a furnace that repeats thermal cycling conditions specified by
the Bellcore Reliability Assurance Practices of TA-TSY-000983 [156] as shown in Figure
3-6. During temperature cycling test, the temperature was changed from —40 °C to 85 °C
within 40 min per cycle. The ramp rate was 12.7 °C/min and the dwell time was greater
than 10 min for a total of 500 cycles. This temperature change allows sufficient screening
at the intended temperature extremes. During temperature ramping, elastic-plastic
deformation was performed followed by creep deformation at the dwell duration. The

mean temperature was 22.5 °C and the cyclic frequency was 36 cycles/day.
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Figure 3-6 (a) Thermal cycling chamber; (b) Temperature profile using Bellcore

Reliability Practice - Thermal cycling Test [156].

All the submounts were tested before the start of thermal cycling, at scheduled
intermediate checkpoints, and at the end. Intermediate monitoring of the electrical,
mechanical, and material characterizations identified the failure mechanism in the
package. Electro-optical characterizations were monitored as indications of defects and to
supplement information for future failure analysis. The effect of temperature cycling on
the joint strength was also investigated. Metallurgical studies on the interfacial
intermetallic growth, and coarsening of intermetallics, and orientation evolution of
intermetallics were also explored. These studies provide useful design guidance for
understanding and evaluating the solder joint strength under temperature cycling tests for

LD packaging applications.
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CHAPTER 4
DEVELOPMENT OF MODIFIED FACE-DOWN BONDING PROCESS FOR

PACKAGING OF RIDGE-WAVEGUIDE LASERS

4.1 Introduction

Reliable, reproducible, high yield packaging technologies are essential to meet the cost,
performance, and service objectives in optoelectronic system. From the literature survey,
face-down bonding approach is recommended for effective heat transfer. A modified
face-down bonding technique for single-mode ridge-waveguide LDs is introduced and the
effect of bonding parameters on the bonding integrity of the solder joint and the LD

performance are analyzed.

4.2 Electroless Ni/Au Plating

Attachment of LDs onto a heatsink required the two surfaces to be tlat and smooth in
order to provide good thermal and mechanical contact. However, all surfaces have
microscopic roughness as well as macroscopic non-planarity. Hence, the uniformity
across the heatsink is vital in achieving proper contact during the bonding process.
[rregular stress can incur on the LD due to oblique bonding. To acquire good bonding

contact, the height accuracy of the heatsink was selected to be £2.5 pm.

Based on the plating guidelines from MacDermid [157], the Cu submounts were cleansed
with KSN-Z2 Acid Cleaner for 12 min and etched with KSN-SE Chemical
Polish/Microetch solution for 30 s before plating. The Cu submounts were then dipped

into Planar Pre-initiator XL, Ni plating solution and Super MEX #250 Make Up solution
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sequentially. The plating duration was 3’2 mins, 9 mins, and 5 mins respectively. The
chemical interaction of the electroless Ni/Au plating process was first investigated.
Chemical deposition of nickel metal with hypophosphite solution meets the Reduction-

Oxidation potential criteria without changing the mass of the substrate:

Reduction : Ni** + 2¢” «> Ni

Oxidation : H,PO, + HO «> H,PO3™ + 2H™ + 2¢

Ni** = H,PO; + H,0 — > Ni + H,PO; + 2H" (4-1)

Since electroless nickel deposition was accompanied by hydrogen evolution,
hypophosphite-based electroless nickel solution would not represent the true electroless
plating reaction. As shown in Figure 4-1, a small amount of phosphorous content was
found within the nickel layer. This Ni/P solution produced a phosphorous (P) content of

~10wt% in the plated layer.

To facilitate proper plating control, the thickness and surface texture of the plating
process were analyzed. Cross-sectional Scanning Electron Microscopy (SEM)
observation of the plating process was conducted to identity the plating thickness to the
underlying Cu layer. An approximate 2-3 pum thick of Ni/P was deposited onto the Cu
heatsink. This layer behaved both as adhesion layer to the copper substrate and diffusive
barrier for the solder alloy from interacting with the base metal (Cu). Immediate coating
of 0.1pm gold layer prevented oxidation and improved solderability. Neither visible
(gross) voiding nor a broad Au reaction layer [158] could be observed from the plating
process. The uniformity and quality of the plating deposition were also important to the

development of the packaging process. Further surface characterizations using SEM and
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optical interferometer were carried out to ensure that the plating process improved the

surface texture and surface irregularities for ease of packaging.
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Figure 4-1 Typical cross-sectional view of Ni/P layer, sandwiched between Au/Sn solder

and Cu heatsink. EDX analysis showed ~10wt.% of P content in the Ni layer.

The surface texture at each plating stage was first studied. As shown in Figure 4-2, the
surface texture after the plating process improved significantly and created a conducive
surface for solder reflow. Polishing striations and random pores could be observed on the
Cu surface. The tiny pores were cavities embedded within the Cu plate as shown in
Figure 4-2(a). As the Cu was not catalytic to chemicals, Ru was utilized as a chemical
activation source for subsequent Ni plating [159]. A thin layer of Ru covered the entire
Cu surface. Random distribution of the Ru deposit could be observed on the Cu surface.
Thereafter, Ni plating replicated the underlying features of the Cu surface, with random
nucleations shown in Figure 4-2(c). The nucleation was caused by sensitization with the
Ru deposit. During Ni plating, the Ni ions from the solution were deposited initially by
displacement reaction with the Ru deposit, followed by autocatalytic deposition. The
striations were observed to reduce significantly as the plating thickened and the cavities

were completely covered by the Ni layer. The texture of the immersion Au was almost
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exactly similar to that of the underlying Ni surface except that the amount of nucleations
was visibly reduced. This is important as wettability is dependent on to the surface

texture.
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Figure 4-2 Surface morphology at different stages of the plating process. (a) Grinding
scratches on the Cu surface; (b) Activation of Ru atoms onto the Cu surface; (¢) Complete
deposition of Ni layer with isolated Ni atoms on the surface; and (d) Good Au surface

texture overlapping the Ni surface area.

Topographical measurement of the plated surface was then compared. Surface
topography of the plated surface was frequently characterized with a surface probing

system such as Atomic Force Microscopy (AFM) and surface profilometer. However, the
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techniques of a probing system involved contact and tapping modes, which might
deform/remove surface features on the soft plated material. Vital features such as
nucleations might be distorted, leading to misinterpreted information. Its area of focus
was also relatively small to suggest any curvature and uniformity over the entire bonding
area. An optical interferometer (WYKO NT2000) measured surface heights from 0.1 nm
to several millimeters with a roughness measurement resolution better than 1 Angstrom
(See Figure 4-3). Its non-contact feature under high magnification permitted accurate
topology measurement without damaging the surface. Hence, optical interferometer was
preferred over probing systems due to its high roughness measurement resolution without

physical contact.
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Figure 4-3 Typical surface roughness measured during the plating process. Striations of

peaks (red) and valleys (blue) could be observed from the surface.

Topographical measurement at different stages of the plating process was studied to
determine the robustness of the bonding area. In the activation process, random
nucleation associated with Ru activation decreased the overall uniformity due to uneven

grain size scatter. As shown in Figure 4-4, the surface roughness increased after Ru
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activation. Nevertheless, electroless deposition of Ni and Au onto the Cu heatsink was
observed to improve the surface finishing [160]. Initial surface roughness of 40-50 nm
can be improved to 26-35 nm after the plating process. Striations of polishing lines were
concealed by the deposited metallization. Since the surface roughness improved, the
wettability of the of the plated surface also improved [161]. The plating process on the Cu

heatsink was deemed sufficient for bonding of LDs.

-]

s 8 8 3

Surface Roughness Ra (nm)

5

20 T T 1
Cu Ru Ni Au

Surface Material
Figure 4-4 Comparison of surface roughness at different stages of the plating process.

Improved surface roughness could be obtained from the plating process.

4.3 Bonding Process

Figure 4-5 shows a schematic diagram of a face-down bonded LD. The LD has a width
and a cavity length of 250 pm by 600 um, respectively. The ridge, which is created over a
series of masking and etching processes, has an approximate width of 3 um and a height
of 1.59 um. The active region, which is the heat source, is less than 2 um from the ridge
and about 100 pum from the substrate. Due to the proximity of the active region to the

epitaxial metallization, the solder may bridge onto the facet easily in a face-down bonding
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approach. A metal opening at the ridge over the SiN passivation layer restricts the
electrical current flow within the ridge. Ti/Pt/Au metallization was then deposited onto
the LD to provide electrical connection. Finally, an annealing process improved the
adhesion property of Ti/Pt/Au metallization onto the substrate. Understanding the
peripheral and the epitaxial layers of these LDs pose significant advantages in the

packaging development.

GaAs
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TifPt/Au Metallization

~

-
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Figure 4-5 Simplified cross-sectional view of ridge-waveguide edge emitting LDs.

In a thermo-compression bonding process, three key bonding parameters are required to
create chemical bonding — temperature, applied pressure, duration. While a bonding
pressure assist in creating physical contact of two bonding surfaces, reflow temperature
and duration are applied to create chemical bonding. From the viewpoint of
interconnection, physical bonding offers the contact between the LD and heatsink, while
chemical bonding is through the formation of intermetallic compound (IMC) at the
interfaces. The reflow duration is defined as the duration above the liquidus state of the
solder. In general, the reflow duration is usually kept as small as possible but long enough
to form chemical bonding. Long reflow duration would readily reduce the integrity of the

solder joint with thicker IMC formation and increased void content. To understand the
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thermodynamic stability of the interconnect, the phase diagrams of Au-Ni, Au-Sn and Ni-

Sn systems were discussed.
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Figure 4-6 Binary phase diagram of Au-AuSn system.

For Au-rich 80Au/20Sn eutectic, the solder consists of two Au/Sn phase compounds;
AusSn and AuSn. From the phase diagram as shown in Figure 4-6, the reflow temperature
must acquire a minimum of 280 °C for reflow soldering. Below 280 °C, the chemical
interaction is slow and requires a long duration to achieve chemical bonding. During
reflow soldering, any increase in Au and Ni elemental additive might increased the
liquidus temperature of the solder. When additional Au diffused into the solder during
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reflow, it increased the Au composition of the solder. Due to the thin solder layer of 5-8
pm, a small increase of Au content could result in a significant increase in the overall Au
composition of the solder. According to the Au-AuSn phase diagram, a 1 at% increase of
Au from the 80Au/20Sn eutectic would increase the liquidus temperature by 30 °C.
Similarly, during reflow, Ni from the heatsink diffused into the solder to form
intermetallics. Reaction of Ni with Sn at the interfaces reduced the Sn activities in the
bulk solder and increased the overall Au composition in the solder joint, which in turns,
increase the liquidus temperature of the solder. Hence, bonding at 280 °C may result

chemical instability due to the increased liquidus temperature.
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Figure 4-7 Binary phase diagram of Ni-Sn alloy system.
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When Sn-bearing solder reacts with Ni, it forms Ni-Sn intermetallics at the interfaces. As
shown in Figure 4-7, only Ni3Sny IMCs can be formed at reflow temperatures of 280 °C
to 320 °C. According to the phase diagram, the atomic percent of Sn at 320 °C is less than
1 at%. The low solubility of Sn into Ni at the reflow temperature range of 280 °C to 320

°C could result in improved interfacial stability to the solder joint.
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Figure 4-8 Binary phase diagram of Au-Ni system.

From the Au-Ni phase diagram, it can be observed that Au and Ni limited mutual
solubility. As shown in Figure 4-8. Au and Ni react at high temperature of 800 °C and
above. At low temperatures of 280 °C to 320 °C, there was limited Au-Ni chemical
interaction. Hence, in electronics packaging, Ni is frequently used as a diffusion barrier

while Au is used as a surface protective layer to the underlying Ni metallization.
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For bonding of LDs, the integrity of the bonding interface is strongly dependent on the
bonding parameters i.e. pressure, temperature, and duration. In normal practices, the LD
was loaded into the bonding stage during preheating as shown in Figure 4-9(a). Bonding
pressure was then applied against the heatsink before solder was reflowed [6, 53, 82, 90,
162]. Due to the ridge-waveguide structure, the bonding pressure must provide sufficient
contact in order to achieve good bonding integrity during the bonding process. On the
other hand, this built up large residual stress on the laser ridge when using hard solder.
When a mechanical load was applied onto the laser ridge, compressive stress was
concentrated at the laser ridge. Since the active region (lasing source) is directly beneath
the ridge and only a few microns away, the induced mechanical stress may cause

structural distortion to the device.

To improve the wettability of the solder, the bonding temperature must be sufficiently
high. The bonding duration must also be sufficient to permit formation of IMC at the
LD/solder and solder/heatsink interfaces. However, long bonding duration, large bonding
pressure and high bonding temperature would readily degrade the performance and
reliability of the LDs. To minimize the bonding stress induced, a modified bonding
process, with low bonding pressure, short bonding duration and low bonding temperature,
should be introduced. This can be achieved when the bonding stage was heated above the
melting point of the solder before application of a mechanical load. As shown in Figure 4-
9(b), the bonding stage was heated above the melting point of the solder material and then
the LDs were loaded into the bonding stage. This could significantly reduce the thermal
shock impact as the LDs were exposed to shorter bonding duration at high bonding
temperature. The bonding duration could also be reduced since the wettability of the
solder improved when it was in its molten state. The bonding pressure could also be

reduced since the molten solder readily conformed to the bonding surfaces.
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This modified bonding process exploited two contact methods with different metallurgies:

thermo-compression bonding and eutectic soldering. The metallurgy of contacts formed

by thermo-compression bonding showed high stability without remarkable interdiffusion

given the short reflow. The molten solder, which cushioned the bonding pressure,

compensated alignment tolerances and stress maxima [163]. Coincidently, this

combination of short bonding duration and low bonding pressure could also reduced

thermal shock impact and residual stress induced onto the LD. Hence, eutectic soldering

and thermo-compression bonding could improve the reliability of the LD package.
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Figure 4-9 Comparison of different bonding profile at the bonding stage. Short bonding

cycle, together with low bonding pressure, could be attained in this (b) modified bonding

process compared to (a) conventional approach.

For face-up bonding of LDs, mechanical loading was usually applied onto the LDs before
solder reflow. The LDs were pressed against the solder preform and then the temperature
at the bonding stage was raised above the melting point of the solder to create
interdiffusion at the bonding interface. However, for the face-down approach, the bonding
process must be modified since residual stress and bonding quality had been a major
concern in the packaging technology. This bonding process often resulted in high bonding
stress induced and/or structural damage to the laser ridge. To prevent damages to the
ridge of the LD, bonding stress must be significantly moderated when using hard
Au80Sn20 solder. In order to cushion the bonding load, Au80Sn20 solder was heated
above its melting temperature before a mechanical load was applied. Good interfacial
contact could be obtained since the molten solder would readily conform to surface

irregularities.
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Based on this modified face-down bonding technique introduced, a test program was
constructed with temperature ranging from 280 to 320 °C, bonding pressure ranging from
0.981 to 9.81 N, and at a bonding duration of 5 to 15 s. The temperature range was
selected between the melting point of Au80Sn20 solder, which is 280 °C, and the typical

bonding temperature for LD packaging when using Au80Sn20 solder, 320 °C. Higher
bonding temperature was avoided as it might degrade the LD performances. As depicted
in Table 1 (see Section 2.2.2), the bonding pressure falls between 0.276-0.375 MPa.
However, the bonding pressure was extended from less than 0.196 MPa to more than
0.523 MPa to observe the limiting effects of different bonding loads. In optoelectronics
packaging, a short bonding duration was preferred to avoid thermal shock impact onto the

LDs. Hence, the bonding duration was confined to within 15 s.

Firstly, LDs were bonded at 300 °C for 5, 10 and 15 s. All the LDs were well-adhered
onto the heatsink with sufficient formation of IMC at the LD/solder and solder/heatsink
interfaces. To meet the requirement of good bonding formation and without degrading
performance/reliability, the bonding duration was restricted to 5 s. At least 3 samples

were used for each combination of bonding parameters in the test program shown in

Table 5.
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Table 5. Test program for face-down bonding of LDs using Au80Sn20 solder.

Dwell Time Bonding Pressure (MPa)
(S9) <0.196 | 0.196 | 0.262 | 0.327 | 0.392 | 0.458 | 0.523 |>0.523
o
o
(ag]
o |z
< =
et
= o
= | R
*]
g | o
& =3
o
o0
(]

From the experimental matrix, the effect of various bonding parameters on the joint
integrity and the LD optical performance was summarized as shown in Table 6.
Mechanical shear testing was conducted to evaluate the integrity of the solder joint and
parametric investigation was conducted to study the LD optical improvement after
bonding. From the shear test, two types of fractures were observed; solder joint and die
rupture. The different fracture behavior was perceived by the quality of the solder joint.
Voids, cracks and delamination in the solder joint were perceived to degrade the
mechanical integrity of the solder. The optical performance of the LDs improved after
bonding due to heat transfer from the LD onto the heatsink. This optical improvement
depends largely on the bonding integrity of the solder joint and will be elaborated in the

following sections.
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Table 6. Experimental results of bonded LDs at various bonding parameters.

Dwell Time Bonding Pressure (MPa)
(5s) <0.196 0.196- 0.327- 0.458- >0.523
0.262 0.392 0.523
Optical 1.99-2.43 | 1.84-2.49 2.98 2.42-2.66 2.89
Improvement | " | R DU
S| Yield 4/6 3/8 1/6 2/5 1/4
Shear Tcst """"" Solder | Die | | Die | Die | Die
Joint Rupture Rupture Rupture Rupture
Optical 1.71-2.53 | 2.25-2.55 | 2.34-3.01 | 2.26-2.39 2.69
| Improvement | - | o o |
= Yield 5/7 4/6 27| 38 1/3
Shear Test """" Solder | Die | | Die | Die | Die
- Joint Rupture Rupture Rupture Rupture
o Optical
S 1.99-222 | 2.53-2.64 | 228296 | 2.1-245 | 2.16-2.45
o| |Improvement | | - |
5l 8 vield 2/3 4/4 4/5 4/5 23
% ShearTeSt """" Solder | Die | | Die | Die | Die
i . Joint Rupture Rupture Rupture Rupture
Optical 1.31-1.66 | 1.88-2.71 | 1.87-2.13 | 2.07-2.65 | 1.5-2.81
Improvement | "~ " | | |
S Yield 33 5/6 6/6 5/6 33
Sh """ T t """" Solder | Solder/Die | | Die | Die | Die
oot 1% Joint Rupture Rupture Rupture Rupture
Optical 0.91-1.19 | 1.09-1.15 | 1.06-1.43 | 1.14-2.08 | 1.68-1.91
 Improvement | |
2 Yield 3/3 3/3 3/3 3/3 2/3
ShTeSt """" Solder | Solder | | Solder | Solder | Solder
sar Joint Joint Joint Joint Joint

From the mechanical shear testing, failure site occurring in the solder joint is

demonstrated to be a poor bond due to the formation of voids, cracks and delamination.

Due to the high mechanical strength of AuSn solder, failure site occurring within the LD

die shows that good bonding integrity was observed. From this mechanical integrity

perceptive, the bonding integrity for bonding temperatures of 280 °C and bonding

pressure of <0.196 MPa was deemed insufticient to create good bonding behavior. Based
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on this experimentation, the solder joint was divided into two zones of good and bad

bonding integrity as shown in Table 7.

Table 7 . Mechanical integrity of bonded LDs.

Dwell Bonding Pressure (MPa)
Time <0.196 0.196- 0.327- 0.458- >0.523
(5s) 0.262 0.392 0.523

o

N

(an]
g = bonding integri
& = Good bonding integrity
o
gl 8
L
o,
g o
o = Poor

bonding
% integrity

From Table 8, it was observed that at high bonding temperature, the bond yield was
significantly reduced. Out of 36 bonded LDs, only 11 LDs was functioning. Further to the
mechanical testing, the optical performance of the LDs was also studied to understand the
effect of different bonding parameters as shown in Figure 4-10. The optical improvement
for 280 °C bonding temperature was lesser as compared to the higher bonding
temperatures. And for each bonding temperature, the optical performance was lower for
applied pressure of <0.196 MPa. The lower optical improvement was attributed by the
poor bonding integrity in the solder joint. When the bonding integrity was poor, heat

transfer from the LDs to the heatsink was limited.
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Table 8. Effect of bonding parameters on the bonding yield.

Dwell Bonding Pressure (MPa)
Time <0.196 0.196- 0.327- 0.458- >0.523
(5s) 0.262 0.392 0.523
_ § High probability of solder bridging onto facets
O
= o ‘
(5 —
E o
I
g | 8
E Lag]
L
&= =)
3 High probability of electrical functionality
<
o0
o

As the optical performance of the LDs are strongly dependent on the bonding parameters,
the optical performance of the LDs were observed at various bonding temperatures and
bonding pressures. In general, the optical performances increased with higher bonding
temperature and higher bonding pressure. As shown in Figure 4-10, the optical
performance for 280 °C bonding temperature was observed to increase with bonding
pressure. With increased bonding pressure, the molten solder conformed better to the
bonding surfaces, thereby creating a better physical contact with the LD. Likewise, as the
bonding temperature increased, the wetting characteristics of the solder improved. As
shown in Figure 4-10, for a bonding pressure of 0.327-0.392 MPa, the optical output of

the LDs increased with temperature.
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Figure 4-10. Effects of bonding parameters on the optical performance of the LDs.

4.3.1 Effects of Bonding Temperature

Insufficient Wetting at Low Temperature

During reflow, the temperature must be high enough to ensure complete melting of the
solder as well as sufficient wetting of solder to the base material. In general, as the
bonding temperature increased, the wetting characteristics of the solder increased while
the reaction between the solder and the substrate metallization also increased. While high
bonding temperature improves the soldering process, it forms thicker interfacial IMC and
degrade the integrity of the solder joint. At 280 °C solder reflow, the wettability of the
solder preform was insufficient to form good bonding as shown in Figure 4-11(a). As the
bonding temperature fluctuated about the melting point of the Au80Sn20 solder,
incomplete melting caused interfacial void formation and delaminations, which could act
as a source of crack initiation during reliability testing. Partial bonding between the LD

and the heatsink resulted in poor solder interconnect, compromising the mechanical
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integrity of the solder joint. This often resulted in solder failure when subjected to shear

test. As shown in Figure 4-11(b), Au80Sn20 solder was detected from the fracture

surface.
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(b)
Figure 4-11 (a) Typical cross-sectional view of as-bonded LDs with insufficient wetting
at the solder layer. (b) Au80Sn20 solder was detected from the fracture surface after shear

test.

When LDs were poorly bonded at 280 °C and/or lesser than 0.196 MPa (also see Figure

4-15), heat transfer through the solder joint was ineffective. In LD packaging, the purpose
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of bonding the device to the heatsink via solder is to create mechanical support as well as
to assure good heat transfer. Thermal management through this solder material is crucial
in such applications. Any voids formations and/or delamination in the solder joint caused
the thermal resistance between the LD and the package to increase significantly at that
point due to hot spots. LDs bonded in this region had an average optical output of 80-120
mW as shown in Figure 4-12. With the increased thermal resistance in the solder joint due
to void formation, the heat dissipation was not effective and the optical output could only

reached a manageable 1.2-1.5 times increment from its original value.
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Figure 4-12 Optical performance of partially bonded LDs. Marginal optical output of 80-
120 mW could be achieved, depending on the degree of bonding integrity. The

differential quantum efficiency was observed to improve slightly after bonding.

Low Yield at High Temperature
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Figure 4-13 Typical cross-sectional view of solder bridging onto facet of LDs.

On the other hand, yield was significantly reduced when the bonding temperature
increased to 320 °C. Out of the 36 samples bonded, only 11 samples were functioning.
The most of the samples were short-circuited due to solder bridging along the cavity
length of the LD as shown in Figure 4-13. The optical beam could also be obscured when
the solder overflow onto the emitting facets as shown in Figure 4-14. High bonding
temperature might also degrade these LDs. LDs bonded in this region would not be

feasible for industrial production.
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Figure 4-14 Fracture analysis of sheared LD package in face-down bonding
configuration. Solder was observed to obscure the emitting facet and short-circuitry along

the length of the LD was observed.

4.3.2 Effects of Bonding Pressure

Poor Bonding Integrity resulted from Small Bonding Pressure

In die bonding, a contact force is applied during the bonding process to spread out the
interface material to achieve a void-free solder joint as well as to minimize the solder
thickness. For different packages, the applied force varies depending on the material’s
compressibility, surface flatness, surface furnish, and area of contact. In face-down LD
bonding approach, where the surface topology is non-uniform, the application of pressure
has a large factor in reducing the thermal resistance of a joint. In general, the thermal
resistance can be reduced by applying a pressure while reducing the material thickness.
The thermal resistance created by the material itself (assuming void-free case) for a given
thickness is constant as a function of pressure; however, the contact resistance at the
interfaces is extremely dependent on pressure. Typically, there is a minimum contact
force that should be applied to the package for contacting and forces beyond that value
would decrease the thermal resistance until the assembly can withstand. To reduce the
contact resistance, the solder material should be void free and the interfacial resistance be

minimized.

However, bonding pressure was frequently traded between mechanical integrity/void
formations and residual stress induced. Poor bonding integrity was observed when the

bonding pressure was smaller than 0.196 MPa. Due to the irregular ridge LD structure,
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voids were evidently found around the ridge region. The pressure is insufficient to spread
out the solder material. Weak adhesion strength, with voids and delaminations, was

observed in the solder joint as depicted in Figure 4-15.

T——" -.;._._—-—g-;;__ - -
S ST e — = .

=T -

Figure 4-15 Typical cross-sectional view of insufficient bonding contact at the

solder interface.

For LDs bonded at 280 °C and/or less than 0.196 MPa, weak adhesion strength could be
observed in these partially bonded LDs. Figure 4-16 shows a typical fracture behavior of
partially-bonded LDs. Due to the void formations, delaminations and non-wetting
characteristics at the interfaces, fracture occurred in the solder joint with an average shear

strength of 90 g (4.9 MPa).
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Figure 4-16 (a) Typical sheared surface of partially bonded LDs; (b) SEM/EDX analysis

at region A of the fracture surface.

Good Bonding Integrity

As the bonding pressure increased to 0.196 MPa and the bonding temperature increased
between 290 °C to 310 °C, good bonding integrity could be observed (see Figure 4-17).
The wettability of the solder improved and the Au layer from the LD and heatsink were
observed to diffuse completely into the solder. When the applied pressure increased
beyond 0.196 MPa, good bonding integrity could be observed. The applied pressure
permitted the solder to spread evenly across the bonding area during the reflow process
and a void-free solder joint was observed. Except for the bonding condition of 290 °C and
0.196 MPa, all the LDs bonded above 280 °C and more than 0.196 MPa exhibited good
mechanical integrity, with brittle fracture occurring within the device. Distinct cleavage
fractures were observed to initiate on many parallel cleavage planes, which was referred
as wallner lines, at the GaAs material. In the process of shear testing, the strain in the
joint would increase and microvoids would nucleate at regions of localized strain
discontinuity. These microvoids grew, coalesced, and eventually formed a continuous

fracture surface. The wallner lines were resulted from the interaction of a simultaneously
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propagating crack front and an elastic shock wave in the material. The average shear
strength for these well-bonded LDs was 450 g (24.5 MPa) and this exceeded the shear

strength criterion benchmarked by MIL-STD-883C.

Cu Heatsink
20kU X356 SBrm BBB8S2
Figure 4-17 Typical cross-sectional view of well-bonded LDs in the bonding process

window.
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Figure 4-18 Facture analysis of well-bonded LDs after shear test. LD residues was found

on the fracture surface after shear test.

The maximum optical output achieved depended on the quality of the bonding interface.

Table 9 shows the output power variation with different bonding area through visual

observation. A partial bonding area of 60-75% had an optical improvement of 2.14+0.14

and a 0.06-0.072mW/mA increased in the slope efficiency. Devices with above 80%

bonding area further improved the optical performance by 2.57+0.27 and the slope

efficiency demonstrated an increment of 0.088-0.146mW/mA.

Table 9. Optical performance comparison with different bonding area.

Bonding Emission Power per facet (mW) | Differential efficiency (mW/mA)
Quality (%) | Before After Relative | Before After Relative
100 58.144 139 2.391 0.353 0.418 0.065

90 59.528 150.612 | 2.53 0.371 0.478 0.107
60 61.295 131.546 | 2.146 0.328 0.418 0.09

65 56.927 129.608 | 2.277 0.332 0.404 0.072
100 52.395 140.938 | 2.69 0.318 0.461 0.143
70 52.036 112.538 |2.16 0.313 0.373 0.06

90 51.18 125.183 | 2.446 0.309 0.418 0.109
75 57.148 119.377 | 2.089 0.329 0.35 0.021
65 58.723 118.004 | 2.01 0.355 0.443 0.088
80 51,291 133.751 | 2.068 0.341 0.414 0.073

Nevertheless, when LDs were bonded at higher than 280 °C and at 0.196 MPa and above,

good bonding could be observed. The LDs demonstrated optical improvement to 150-160
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mW, limited by Catastrophic Optical Damage (COD) of the facet. The COD facets were
caused by accumulation of defects at high injection current. The differential quantum
efficiency of these LDs was observed to be constant up to 10I; without any thermal
influence or disturbance to the characteristic (see Figure 4-19). Due to the effective heat-
dissipating channel, from the active region (heat source) to the heatsink, the temperature
in the active region was lowered. Hence, the LDs could be driven to higher injection
current, leading to higher emission power. A high bonding yield of 74.4% was also
achieved in this region. Out of the 39 samples bonded, 30 samples exhibit optical
performances. 7 bonded samples were either short-circuited or the optical beam were

obstructed by solder overflowing to the emitting facets while another 2 samples exhibited

marginal optical output.
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Figure 4-19 Optical performance of well-bonded LDs. Optimal optical performance,

with more than 150 mW optical output can be achieved. The differential quantum

efficiency showed good stability at high injection current.

High Stress induced due to Large Bonding Pressure
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Although large bonding pressure may reduce the thermal resistance of the solder joint, it
may degrade the performance of active devices such as LDs. During a bonding process,
the LD would experience stresses; mechanical stress from the bonding pressure applied
and thermal stress due to the coefficient of thermal expansion (CTE) mismatch between
the LD and the Cu heatsink. Since the active region is near (< 2pm) and directly beneath
the ridge of the LD, the mechanical stress induced was assumed to be the applied bonding
pressure. When the applied pressure increased beyond 0.523 MPa, the pressure induced
large mechanical stresses onto the package, damaging the active layers of the LD.
However, for thermal stress, the stress was estimated using numerical modeling. As
shown in Figure 4-20, compressive stress would be imposed for face-down bonded LDs
and tensile stress for face-up bonded LDs. During the cooling stage of the bonding
process, the bonded LDs would induce stresses due to different CTE and different
material properties. Because of the CTE mismatch, different elongation and contractions
would take place in the LD assembly. The LD would experience relative motions during
which shear and bending stresses were induced in the LD assembly. As the CTE value of
LD material was significantly lower than the Cu heatsink, compressive stress would be
induced on the LD and its respective active region if it was face-down bonded while

tensile stress would be imposed on the LD if it was face-up bonded.
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Figure 4-20. Deformation contour of LD package after bonding process from 280 °C to

25 °C. Compressive stress would occur on the LD if face-down bonded while tensile

stress would be imposed if it is face-up bonded.

In addition, the stress induced at the active region for a face-down bonding configuration
was significantly larger than face-up bonded LDs as shown in Figure 4-21. Further
external loading applied onto the LDs, i.e. applied pressure, could further cause the LD
material to induce stress and cause a degradation to the intrinsic behavior of the LD
structure. The higher stress state might cause the electronic bandgap at the active region
of the LDs to change. The bandgap modification at the active region might alter the lasing
behavior of the LDs and increased the intrinsic optical losses. The increased optical losses
might, in turn, increase the threshold current value and lower the optical power. This will

be elaborated in the following paragraphs.
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Figure 4-21. Von mises stress induced after the bonding process. (a) face-up bonded LDs

and (b) face-down bonded LDs.

However, when the bonding pressure increased beyond 0.523 MPa, the intrinsic LD
properties deteriorated. From the 1-V and dV/dl characteristics in Figure 4-22, a slight

deterioration was observed. This suggests that the junction experienced some structure
modifications.
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Figure 4-22 Electrical derivative measurements of I[-V characteristic of LDs.

Heterojunction distortion can be observed for large bonding load.

Large bonding pressure might also cause the threshold current to degrade. These
AlGaAs/GaAs LDs had a typical threshold current of 16-18 mA. The threshold current,
which is often a measure of LD degradation, increased to as much as 28 mA after
bonding as shown in Figure 4-23. It is essential to ensure that the bonding process did not
deteriorate the intrinsic properties of the LD. The changes to the heterojunctions might
reduce the sensitivity of the device with temperature, increasing the non-radiative

processes in the quantum wells.
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Figure 4-23 Threshold current degradation due to large residual stress experienced.

To understand the effect of large bonding pressure on the intrinsic changes of the LDs,

the threshold current was measured under pulsed condition of 0.1 psec at 0.1% duty

cycle. Short pulse width and low duty cycle ensured that the measurements were

influenced by the bonding process, rather than induced by carrier density or temperature.
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Figure 4-24 Temperature dependence of threshold current /, in these LDs. The 1/

deteriorated at elevated temperature due to increased non-radiative processes at high

operating temperature.
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As observed in Figure 4-24, the threshold current I, increased significantly when
subjected to large bonding pressure. This might be induced by the modifications to the
heterojunctions, resulting in ineffective radiative recombination of carriers in the active
region and increased loss mechanisms such as leakage current. Due to the high bonding
stress induced, the active region experienced compressive stress. Compressive stress
applied perpendicular to the active region increased the threshold current due to

modification to the band structure caused by deformation [164].

Differential quantum efficiency was also plotted under a short pulse width and low duty
cycle condition as shown in Figure 4-25. Firstly, the differential quantum efficiency 7p
was observed to deteriorate above 50°C. The decrease of 7, suggested an increased of
non-radiative recombination at elevated temperatures and that the intrinsic quantum
efficiency 7, deteriorates at high injection current. Secondly, the abrupt change of 7 after
bonding showed that the structural distortion caused further increased conversion of

excitation energy into non-radiative recombination processes.
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Figure 4-25 Temperature dependence of differential quantum efficiency 77p in these LDs.
The np deteriorated at elevated temperature due to increased non-radiative processes at

high operating temperature.

Wavelength stability is also an important parameter for high-power optical pump
applications because a reduced wavelength shift with increasing temperature would allow
a relaxed temperature control. Electroluminescence measurement was conducted to
observe the emission wavelength after bonding. As shown in Figure 4-26, the emission
wavelength shifted due to bandgap renormalization in the active region. This further
substantiated that large bonding load induced structural distortion of the junction found in

the electrical-optical characterization.
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Figure 4-26 Effects of emission wavelength at different heatsink temperatures. Linear

dependence of wavelength shift on operating temperature could be observed.

Due to the large bonding pressure, the active region experienced stress and the
performance deteriorated due to a change in its band structure properties [165, 166].
Compressive stress applied perpendicular to the junction plane of the LD increased
threshold current due to the energy splitting and mixing between the valence-band wave
functions caused by deformation [164]. Briefly, uniaxial strains break the cubic crystal
symmetry and cause the heavy hole, light hole, and split-off bands to shift in energy
relative to one another, lifting the degeneracy of the heavy hole and light hole band and

split-off band.

4.3.3 Optimal Bonding Window

Based on these observations, mixtures of bad bonding mechanisms could also be
observed. A combination of low bonding temperature and small bonding pressure were
found to be insufficient in achieving good mechanical integrity between 280-290 °C with

less than 0.262 MPa. Low bonding temperature reduced the wettability of the Au80Sn20
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solder and low bonding pressure induced partial bonding due to insufficient contact with

the solder.

Hence, the LD performance was influenced not only by the thermal management of the
packaging design, but also attributed by the bonding stress induced. Interfacial
investigation of the bonding interface was used to explain the performance of the LDs and

can be summarized in the table below.

Table 10. Experimental matrix for face-down bonding of 3 pum ridge-waveguide LDs
using Au80Sn20 solder. The bonding window is derived from both interfacial and

parametric evaluations.

Dwell Time Bonding Force (MPa)

(5 secs) <0.196 | 0.196 | 0.262 | 0.327 | 0.392 | 0.458 | 0.523 | >0.523
G | 320 == ’ z
e_ ¥

o | 310

=]

£ | 300

o

2 | 290

£

2 | 280

where [0

degradation, @ represents poor bonding integrity, and represents a mixture of bad bonding
effects, and [:] represents the bonding window.

With the optimized bonding process window, its reflow profile was then compared with
existing bonding techniques as shown in Figure 4-27. With reference to Lee et al.’s
approach [78], the bonding temperature was reduced from 320 °C to 290 °C. The bonding
duration was significantly reduced from 13 mins to 5 s. Although Pittroff et al.’s method

[6] offered similar bonding duration, the bonding temperature was significantly higher at
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370 °C. The bonding pressure required to achieve good bonding integrity was also

reduced to 0.196 MPa as compared to the above-mentioned methods.
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Figure 4-27 Comparison of different bonding profiles for Au80Sn20 solder joint.

Bonding pressure, temperature and time were three key bonding parameters used. (a)

The heating and cooling rate of the Pittroff et al. method were measured using

Semiconductor Equipment Corp. Model 860 die bonder; (b) The heating and cooling

rate of the Lee et al. bonding process were assumed to be linear.
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4.4 Microstructure of Solder Interconnect
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(¢) Au-Sn phase diagram [139]
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(b) After reflow
Figure 4-28 Microstructure evolution of Au80Sn20 solder (a) before and (b) after solder

reflow with Au/Ni metallization. (¢) Phase diagram of binary Au-Sn system.

The Au80Sn20 solder preform has an initial coarse random distribution of dark and light
domains as shown in Figure 4-28(a)-(b). EDX analysis showed a high tin content of 35-
40 wt% in the dark domain while the light domain has a smaller tin content of 8-12 wt%.
The dark and light domains can be confirmed to be 6 and ' phases with the phase
diagram as shown in Figure 4-28(c). When the temperature lowers below the eutectic
melting point of 280 °C, 6 and £ phases will solidify simultaneously in the solder
interconnect as follows [139]:

L& S+¢,280°C, (4-2)
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At temperature lower than 190 °C, £ phase is transformed to ' (AusSn) phase, an

extension of C phase at low temperature.

In a reflow process, material transportation of diffusing species occurs by atomic motion.
This chemical reaction is called diffusion and the factors that influence the chemical
reaction is the diffusing species and temperature. The rate of atomic diffusion depends on
the magnitude of the diffusing species as well as the temperature at which it is run. As the
temperature increases, the atoms, which have higher kinetic energy, move faster and
therefore collide more frequently. In this atomic transportation, the atoms must overcome
the activation energy for chemical reaction to occur. The relationship between the
temperature and the rate of a reaction typically depends on the temperature at which the
reaction is run and an Arrhenius equation can be used to determine the activation energy

for a reaction,

D=D, exp[- %J (4-3)

where k is the rate constant for the reaction, Z is a proportionality constant that varies
from one reaction to another, E, is the activation energy for the reaction, R is the ideal gas

constant in joules per mole kelvin, and 7 is the temperature in kelvin.

The diffusion coetficient can be identified by studying the intermetallic growth at various
reflow durations. By taking the natural logarithms of equation 4-3, the activation energy

can be found.

InD:lnDrJ"_d(l) (4'4)
R\T
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Before discussion on the intermetallics formed during the reflow process, the possible
intermetallics formed in the Au-Ni, Ni-Sn and Au-AuSn binary systems were discussed.
As shown in Figure 4-6, two phase compounds were formed in the Au-rich eutectic
80Au/20Sn solder; AuSn and AusSn. The AuSn phase compound has lower surface
tension as compared to AusSn during molten state. The lower surface tension of AuSn
phase compound could result in higher affinity to the interface rather than in the bulk
solder. During solder, Sn from the solder could react with Ni to form IMCs at the
interface. From the Ni-Sn phase diagram, several intermetallics could be formed; Ni;Sny,
Ni;Sn, and Ni3Sn. Ni3Sny is likely to be formed in high Sn content bearing solders such as
Sn-Pb and Sn-Ag-Cu solders while Ni3Sn, and Ni3Sn is likely be formed in low Sn
content bearing solder such as 80Au/20Sn solder. Depending on the bonding condition,
different IMCs could be formed. In the Au-Ni system, the mutual solubility is limited at
low reflow temperature of 320 °C. The limited interaction between Au and Ni caused the
Ni and Sn to be the dominant chemical interaction during reflow. To further understand
the intermetallics formed at the interface, the ternary Au-Ni-Sn phase diagram was
discussed. When Au-rich 80Au/20Sn solder reacts with Ni, the AuSn and the AusSn
phases could react with Ni to form IMCs. In the AuSn phase compound, three possible
intermetallics could be formed; NisSny(Au), NisSny(Au) and AuSn(Ni). The
concentration of Ni can vary from 75 to 90 at%, depending of the types of IMCs formed.
In the AusSn phase compound, the concentration of Ni can varies from 17 to 70 at% and
AusSn(Ni), NisSna(Au) and AuSn(Ni) IMCs could be tormed.. During reflow, Ni
diffused into the solder to form IMCs at the interfaces. Due to the low Sn concentration in
the SOAW?20Sn solder, the chemical interaction between Ni and Sn were limited and the
formation of NizSny(Au) IMC was not likely to be present. The diffusivity of Ni into the
solder was further limited by the short reflow condition and the low bonding temperature.

Hence, Ni3Sny(Au) IMC was also not likely to be present in the solder joint. During
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reflow, Ni diffusion into the AusSn phase compound could form AusSn(Au) IMC and Ni
diffusion into the AuSn phase compound could form AuSn(Ni) IMC. As mentioned
earlier, due to the lower surface tension in AuSn phase compound compared to AusSn
phase compound, the AuSn phase compound would coalesce to the interfaces while the
AusSn phase compound remained at the center of the solder joint. The higher affinity of
AuSn phase compound to the interfaces forms AuSn(Ni) IMCs. Furthermore, in the Au-
Ni-Sn chemical interaction, the primary chemical interaction in the diffusion process
involved Ni and Sn. Due to the lower Sn concentration in the AusSn phase compound
(17.6 at%) as compared to AuSn phase compound (50 at%), diffusion of Ni into the
AusSn phase compound was slower and limited. Hence, AusSn phase compound was not

observed in the solder joint.

S

e I
- at. % Au

Figure 4-29 Ternary phase diagram of Au-Ni-Sn system.
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Between 280 °C to 320 °C reflow temperature, chemical reaction between Au and Ni is
unlikely to occur. Ni reacts largely with Au-Sn intermetallics to form Au-Ni-Sn IMCs.
Due to the short reflow duration and low Sn content in the 80Auw/20Sn solder, the rate of
chemical reaction was limited. While it is necessary to form IMC at the interfaces for
chemical bonding between the LD and the heatsink to occur, too thick an IMC layer can
be a source of mechanical weakness in soldered joints due to its brittle cracking, or
delamination. The thickness of the IMC layer can also be reduced by reducing the

temperature and duration of the reflow process.

When Au80Sn20 solder was reflowed onto Au/Ni metallization, & phase was observed to
coalesce at the solder/heatsink interface as shown in Figure 4-28(b). The possibility of &
phase compound moving towards the interface and £' phase remaining at the center of the
solder joint, could be postulated by the lower surface tension in & phase than £’ phase
[167]. The & phase had greater affinity to the Ni layer than the ' phase due to its higher
wettability. Hence, & phase compound coalesced toward the Ni layer while the £’ phase
compound remained at the center of the solder joint. Since the ' phase has good
mechanical and thermal properties [168], the mechanical integrity of the solder joint and
heat transfer may be improved. For partially bonded LDs (See Figure 4-30), the
microstructure at bad bonding regions such as voids and delaminations showed random
distribution of Sn-rich and Au-rich whereas the Sn-rich phase drifted towards the edges of
the solder interconnect at good bonding regions. This signified that the Sn-rich phase had
higher affinity with the interface. This interfacial interaction was further observed for

well-bonded LDs.
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Figure 4-30 Delaminations observed in partially bonded LDs.

During soldering, complete dissolution of Au from the LD into the solder joint could be
observed. As depicted in Figure 4-31, SEM/EDX analyses showed that the solder joint
comprised of a layer of Sn-rich phase near the LD/solder and solder/heatsink interfaces,
Au-rich phase at the center of the solder joint, and a layer of (Au,Ni)Sn IMC at the
solder/heatsink interface. Metallurgical interaction between Sn and Pt form PtSn and
PtSny IMCs at the LD/solder interface. The intermetallic layers at the LD/solder interface
have already been investigated elsewhere [144] and will not be elaborated here. Instead,
the IMC at the solder/heatsink interface will be emphasized. Interfacial reaction between
eutectic Au80Sn20 solder and the Au/Ni bonding pad was studied since the formation of
IMC in the solder joint depended on the multi-layer metallization, solder alloy and

application condition.
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(c) (d)
Figure 4-31 (a) Cross-sectional view of as-solidified LD bonding interface; (b) & phase is
identified at regions A and C; (c) (Au,Ni)Sn IMC at region D; and (d) £’ phase at region

B.

During the heating stage, quick dissolution of Au from the heatsink into the solder layer
inevitably exposed the Ni layer, which also diffused into the solder. As shown in Figure
4-32(b), Ni could only be detected within 1-2 pm of the Sn-rich § phase and the amount
of Ni varied according to the location of the & phases. For those 6 phases further away
from the interface as depicted at region B and C, the concentration of Ni was
approximately 1 wt%. For those nearer the interface, the concentration of Ni could be as

high as 3 wt%. The low concentration of Ni detected is due to the limited solubility of Ni
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into solder [169]. As the concentration of Sn remained unchanged, substitution of Ni with
Au was expected to form (Au,Ni)Sn IMC. (Au,Ni)Sn and (Au,Ni);Sn, were previously
reported at the solder/heatsink interface after a long reflow duration of 75 s at a peak
temperature of 315 °C, and the solder joints were aged at 200 °C for 365 days [170].
(Au,Ni);Sn, IMC layer was not detected here as this modified bonding process had a

short reflow duration of 5 s.

Region | Sn(L) | Au(M) | Ni(K)

A 37.7 62.3 -

38.14 | 60.66 | 1.21

38.08 | 60.48 | 1.44

Ol O @

38.46 | 58.00 | 3.54

(b)

(a)
Figure 4-32 (a) Cross-sectional view of solder/heatsink interface; (b) SEM/EDX analyses

of Ni concentration at different locations of  phase at the solder/heatsink interface.

EDX mapping of the solder joint was also conducted as shown in Figure 4-33. Random
distribution of Sn-rich and Au-rich phases was observed in the solder joint. Further
analysis of the 80Au/20Sn intermetallics in the solder joint was carried out using EBSD
technique to identify the phase transformation. Reasonable matching of standard
diffraction patterns from the database of indices for Au-Sn intermetallics was performed.
At the Sn-rich region, a hexagonal 3 phase crystal structure was detected. However, at the
Au-rich region, two different crystal structures were observed; a trigonal £’ phase and a

hexagonal p phase. Although £' and P phases have very similar chemistry, their
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crystallographical patterns are obviously different as depicted in Figure 4-34. Based on
this crystallographical diffraction patterns, the solder joint actually consist of three
phases; 8, {' and  phases. Based on the EDX and EBSD analysis, mapping of the solder

joint was carried out as shown in Figure 4-34,

Ni

i
y it e S— e -1

Figure 4-33 Typical SEM micrograph Au80Sn20 solder joint and its corresponding

EDX mapping results.

The formation of this B phase shows that the Au layer from the LD electrode and Cu
heatsink diffused not only into the & phases to form ' phases, but also into the £’ phases
to form B phases during reflow. However, the diffusivity rate of Au into the  and ('
phases is unknown and requires further investigations. During reflow, Sn and Ni
interdiffused to form IMCs. However, due to the low Sn content in these ' and B phases,

diffusion of Sn to the interfaces were limited, resulting in slow IMC kinetic growth
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during aging [86, 170]. The Au-rich B and ' phases acted as a form of diffusion barrier to
the formation of interfacial IMCs. Song et al. [170] have demonstrated that the IMC
thickness was only 6 um after 200 °C thermal aging for 365 days. The metallurgical
stability of the solder joint is an important aspect in optoelectronics packaging as these
LDs are expected to have a service lifetime of 10° hrs [32, 171, 172]. Furthermore, the
mechanical properties of a solder joint is governed by the microstructure and interfacial

IMCs formed.
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Figure 4-34 EBSD diffraction patterns of intermetallics formed in the solder joint. (a)

Diffraction pattern found from the Sn-rich region and (b)-(c) diffraction patterns found
from the Au-rich phases. Kikuchi bands and poles of (d) 8, (e) £’ and (f) B phases was

indexed according to the lattice orientations on the specimen surface. (g) EBSD mapping

of the solder joint.

4.5 Mechanical Strength and Failure Mode
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(©) (d)
Figure 4-35 (a) Typical planar-view of well-bonded LDs after shear test; (b) Magnified
view of sheared LD at region B; (¢) SEM/EDX analysis of fracture mode at region A; (d)

SEM/EDX analysis of fracture initiation at region C.

To study the mechanical strength of the bond, die shear testing was performed until
complete fracture of the joint. Identification of the material brittleness/ductility and
fracture behavior of the solder joint were then determined with metallurgical
investigation. The micrographs in Figure 4-35 show a typical well-bonded sample with
LD residues remaining on the heatsink after shear test. At region C, GaAs was detected
while Si, N, and Ti/Pt/Au metallization were detected at region A. This showed that the
fracture initiated at the GaAs substrate and propagated towards the SiN layer. Brittle
fracture occurring within the LD and Ti/Pt/Au metallization layers remaining on the
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heatsink, unequivocally demonstrated that the solder joint yield good mechanical
properties. These results showed that the Ti/Pt/Au metallization provide strong adhesion

and mechanical stability for the SiN layer [173].

As depicted in Figure 4-35(b), the fracture mode appeared to occur at an interface. To
further verify the fracture mechanism, depth profiling was conducted at region A of the
fracture surface. Secondary lon Mass Spectroscopy (SIMS) was used to analyze the
distribution and concentration of the elements of interest on the fracture surface as shown
in Figure 4-36. Firstly, Ga and Si were detected simultaneously off the surface, followed
by Ti. This further substantiated that the fracture location was between the GaAs and the
SiN passivation layer. Thereafter, Au was detected to diffuse completely into the joint.

Due to the large sampling rate and thin Pt barrier layer, Pt was not detected.
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Figure 4-36 SIMS depth profile at region A of the fracture surface. Ga and Si were

detected off the fracture surface.

However, a separate depth profiling was conducted on the epitaxial metallization of the

LD. Analysis showed the presence of a thin Pt layer in Figure 4-37.
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Figure 4-37 SIMS depth profile on the LD epitaxial metallization.

4.6 Summary

A modified fluxless face-down bonding of LDs using Au80Sn20 solder has been
introduced. This modified bonding process offered to resolve the issues of ridge damage
and misalignment. For long-term reliability, hard Au80Sn20 solder was used to enhance
fatigue and creep resistance. The microstructural evolution of the solder joint was
investigated. The interconnect comprised of a layer of Sn-rich & phase near the LD/solder
and solder/heatsink interfaces, Au-rich B and £’ phases at the center of solder joint, and a
layer of (Au,Ni)Sn IMC at the solder/heatsink interface. Au diffused into 8 phase to form
C' phase and into C' phases to form [ phase. Ni diffused into the & phase to form
(Au,Ni)Sn IMC at the solder/heatsink interface. The & phase was postulated to coalesce at
the interfaces due to lower surface tension. The solder joint also possessed excellent

mechanical properties. Mechanical testing showed that the fracture mode occurred within
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the LD, at the GaAs/SiN interface. As such, the underlying integrity of the die attach was

achieved using this modified bonding methodology.

In electronic packaging, bonding integrity in the solder joint is the primary concern.
Unlike electronic packaging, packaging of optoelectronic components requires further
attention to the electrical and optical properties of the LDs. Both destructive and non-
destructive testing methodologies were explored to generate a comprehensive
understanding on the integrity of the solder joint and functionality of the LD. The effect
of bonding parameters on the bonding integrity and the performance of the LD was
established. The integrity of the bonding interface was found to be strongly dependent on
the bonding time, bonding temperature and bonding pressure. The bonding time should be
sufficient to permit formation of IMC at the LD/solder and solder/heatsink interfaces. The
bonding pressure should provide sufficient contact during bonding. The bonding
temperature should also be sufficiently high to improve the wettability of the solder.
Electro-optical characterization showed that the LD performance was largely dependent
on the bonding process. Weak adhesion properties in the solder joint resulted in marginal
optical output of 80-120 mW. Optimal optical output of >150 mW was achieved when
good bonding integrity was achieved. However, large bonding pressure damaged the LD
heterostructure and caused threshold current to deteriorate due to bandgap deformation.
Hence, it is important not only to improve the LD performance with good bonding
integrity but also to develop an assembly technology that can reduce strain in order to

realize high output power and high reliability.

From the test program, a robust bonding process window using AuSn solder was
established. The primary advantages of this bonding window are its short bonding cycle,

low bonding pressure incurred, lower bonding temperature, and reproducible reliable
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solder joint. This modified bonding process demonstrated a significant reduction in
bonding time to merely 5 s at 290 °C. The bonding pressure was also moderated to less
than 0.2 MPa. Based on the optimized bonding profile, a comprehensive investigation of

different bonding techniques should be conducted to identify the optimal bonding

technique.
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CHAPTER 5
PERFORMANCE VERIFICATION OF BOND LASER DIODE WITH

NUMERICAL SIMULATION

5.1 Introduction

Thermal properties are one of the important factors in semiconductor laser
characterization because it is associated with the threshold current, output power,
emission wavelength, as well as the device reliability. To successfully implement a
packaging concept, fundamental knowledge of the thermal capabilities of the packaging
design will facilitate prominent advantages to the development of the packaging
technology. Hence, it is mandatory to acquire theoretical understanding of the thermal
behavior of a laser diode (LD) since its performance depends largely on the heat

generation and dissipation it.

In this chapter, the thermal behavior of packaged laser diodes will be studied using FE
modeling. FE modeling will be used to study the temperature gradient across the
packaged LD. Subsequently, the thermal behavior of the packaged LD will be correlated
to understand the physics of heat dissipation with different packaging designs. This
thermal simulation exercise will also serve to verity the performance capability for each

bonding configuration.
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5.2 Thermal Behavior of Semiconductor Lasers

5.2.1 Thermal Analysis using Electronic Bandgap Calculations

It is well known that the emission wavelength of semiconductor laser is a sensitive
indicator of temperature. Hence, determination of temperature change in a semiconductor
laser is usually deduced from its emission properties. Before further discussion, it is

important to highlight the temperature-dependent characteristics of semiconductor lasers.

These semiconductor materials have temperature-dependent quantities, with functional

form often fitted to the empirical Varshni form [174],

al?

_T+/§ (5-1a)

E (T)=E,(0)

where o and [ are adjustable (Varshni) parameters. The temperature-dependence bandgap

for GaAs [175, 176] is

-4 2
£ (Gads)=1510- 22080 T o o (5-1b)
- T +204

and the temperature-dependence bandgap of InAs [177] is

42
E,(Inds)=0.42 - Ll L S (5-1¢)
: T+75

The emission wavelength has the same temperature dependence as the bandgap energy

[178]:

AT )=— ' 5-2
() & in nm (5-2)

The lasing wavelength increased in proportion to the temperature rise in the active region

because of the bandgap shrinkage effect [7]. When the temperature in the active region

108



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

rise, the center wavelength shifted to a larger wavelength as shown in Figure 5-1.
Deabsorption of spontaneous and simulated emission and non-radiative recombination at
higher temperature resulted in the shift of laser emission. With an increase of
temperature, the carrier distribution broadened due to carrier scattering. As a
consequence, more carriers must be injected into the active region to achieve the same
magnitude of peak modal gain. With more carriers, wavelength shift due to bandgap

renormalization and band filling increased. These led to a reduction of the fundamental

bandgap of the material.
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Figure 5-1 Calculated emission wavelength as a function of heatsink temperatures using

electronic band structure theory.

These semiconductor lasers were calculated to have a wavelength tuning coefficient of
0.327 nm/°C from Varshni empirical equations [28]. This temperature-dependent
emission wavelength property was calculated based on the electronic band structure
theory. Utilizing this emission wavelength as a temperature sensitive parameter, the
estimated temperature rise in the active region can be compared with the experimental

measurements.
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5.2.2 Transient and Steady-State Analysis
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Figure 5-2 Transient temperature of the active region is derived from the calibrated
emission properties. Temperature was observed to rise within micro-seconds and

saturate in milli-seconds.

To understand the heat flow in the diode, it is important to study the transient
behavior of the LDs. Pulse measurement of varying pulse widths showed that the
temperature in the active region did not increased during the first 1 psec of operation. As
the pulse width increased, transient heating could be observed as depicted in Figure 5-2.
The emission wavelength (temperature rise) rose abruptly and saturated within several
millisecs. Localized heating was confined to the active region. The thermal heat capacity
of the LD prevented the heat generated at the junction from diffusing far from it since the
thermal conductance of the passivation layer and the GaAs substrate was much lower
than the metal electrode. From the analogy of heat conduction, the heat generated in the
active region spread to its adjacent layers after 1 psec. The time for the excess heat

energy to be transported to the GaAs substrate and reached thermal equilibrium depends
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on the device and its surrounding medium. Likewise, the temperature in the active region
was also observed to vary with duty cycle as shown in Figure 5-3. When the frequency of
the pulse repetition rate increased above 10%, the temperature distribution across the LD
was non-uniform and the temperature in the active region increased exponentially till cw
operation. At high pulse repetition rate, the temperature rise in the active region might

lead to performance deterioration.
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Figure 5-3 Influence of pulse repetition rate on the temperature characteristics of the

LDs.

To effectively study the temperature-dependent behavior of these LDs, spectral shift of
spontaneous emission peak in a 0.1 usec pulsed operation with a duty cycle of 0.1% was
conducted at different heatsink temperatures. These LDs demonstrated a wavelength
tuning coefficient of 0.312 nm/°C and the spectral shift was approximately the same as
that of bulk GaAs, 0.3 nm/°C [179]. The temperature rise and its associated thermal
resistance were deduced from the comparison of emission wavelength peak in cw and
pulsed operation of the laser, since the diode was essentially at the heatsink temperature

at short pulses and low duty factor.
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Principle of Null Measurement

For these AlGaAs/GaAs LDs, the threshold current density runs in the order of 1-10
kAcm™. This represents a large input power of approximately 1.5-15 Wem?, depending
on the voltage drop at the junction. This input power is sufficient to elevate the
temperature in the active region and produce profound effects on its emission. Hence, the

performance of the semiconductor lasers fluctuates with different conditions.

In semiconductor lasers, the temperature rise in the active region is dependent on the
ambient temperature and operating condition. Notably, the ambient temperature
represents the temperature in the active region at idle condition, and the heat generated in
the active region corresponds to the operating condition. Consequently, the temperature
rise for CW operation can be determined provided that the wavelength shift is nullified.
In the present work, a calibration of dA/T was done by measuring the peak wavelength at
different ambient conditions. This null measurement utilized a pulsed measurement at

various heatsink temperatures.

Firstly, it took approximately 400 ns for the heat to diffuse after the LD was switched on
[25], and heat accumulated in the active region was transferred to the heatsink within
several micro-s. For pulse lengths shorter than this, therefore, the heat conduction might
be ignored and the temperature rise could be calculated from the heat capacity only. The
thermal heat capacity of the LD prevented the heat generated at the junction from
diffusing far from it. Thus far, it had been assumed that the diode was operated in a
manner such that at the start of the pulse, the temperature of the LD was equal to the base
temperature. This 1s true for a single pulse, but for this assumption to be valid for repeated

pulses, sufficient time must be elapsed between the application of individual pulses such
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that the heat generated within the LD must be conducted away and dissipated. If the pulse
repetition rate is too fast, this assumption is not valid. The temperature across the LD
would no longer be constant and equal to the base temperature, but would be dependent
on this rate. The influence of pulse repetition rate on the active region mean temperature
[26] had shown that longer pulses corresponded to a decrease in thermal conductivity,

which in turn caused larger temperature rise.
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Figure 5-4 Schematic diagram of pulsed LD characterization system. Short pulse width

and low duty cycle was performed to prevent parasitic heating in the LD.

Hence, a solution is possible if the off time is sufficiently long so that the temperature
distribution across the LD is relatively uniform at the time the next pulse is applied. This
solution depended critically on the ability of the structure to conduct the heat from the
diode. The thickness and nature of the solder layer, together with the quality of their
contact to the LD, were also important. A pulse condition with a very low duty cycle of
0.1% was usually utilized [25]. A precision pulsed current source (ILXlightwave LDP-

3811) is capable of producing repetitive pulse with less than 5% overshoot as shown in
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Figure 5-3. A short pulses width of 100 ns prevented heat accumulation in the active

region and low duty cycle of 0.1% limited parasitic heating due to successive pulses.

9835

1
983.0 +

gazs: B
9320: »
981.5—-
981 o: &%

980.5

Emission Wavelength, 7.(nm)

980.0 =

1 ’f i - ) v
979.5 - s ﬂ =0.303+0.059nm /" (

i ] l‘.ii{
979.0

r T " T . T Y T T ¥ T Y
292 294 206 298 300 302 304 306
Heatsink Temperature (°C)

Figure 5-5 Experimental measurement of emission wavelength as a function of various

heatsink temperatures.

Despite the mode-hopping phenomenon, a linear wavelength increment of 0.303+0.059
nm/°C could be observed for these LDs as shown in Figure 5-5. This experimental
measurements showed close approximation to the calculated value and can be used to
measure the thermal behavior of the LDs. M. Voss et al. [30] and W. Engeler et al. [25]
also showed similar behavior for these AlGaAs/GaAs LDs. Using this calibration
technique, the results were further compared with the simulation results to understand the

temperature distribution across the LD.
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5.2.3 Radiative Energy Transfer
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Figure 5-6 Typical light output power versus injection current at a function of heatsink

temperature for these LDs under cw operation.

Figure 5-6 shows a typical light output versus current characteristic of these
InGaAs/GaAs LDs at heatsink temperatures of 20-100 °C. The characteristic temperature
T, was estimated to be around 163°C experimentally. Research studies had demonstrated
that the characteristic temperature was controlled by intrinsic mechanisms such as
temperature-dependence of optical gain and loss and carrier recombination [180-182]. As
the temperature increased, higher operating carrier density was required due to the

increase of non-stimulated recombination current.
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Figure 5-7 (a) Typical emission spectra at different injection currents. (b) Change of

emission wavelength and FWHM w around the lasing threshold.

The temperature-dependence of Iy, which is usually indicated by Ty, was further analyzed
with emission measurements. By observing the Full-Width Half-Maximum (FWHM) of
the emission spectra, together with the shift of the emission wavelength, the lasing
threshold can be verified with the measurements obtained from the LI curves. Figure 5-

7(a) represents a typical behavior of the emission spectra at different injection currents at
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20 °C. From the FWHM measurements (see Figure 5-7(b)), the gain was observed to
saturate beyond the lasing threshold. Above the lasing threshold, the carrier density was
usually fixed. Hakki and Paoli also reported that the gain at a fixed wavelength increased
linearly with current up to the lasing threshold and saturated beyond the lasing threshold
[183, 184]. Furthermore, two distinct behaviors were observed. Below the lasing
threshold. the emission wavelength was observed to shift towards shorter wavelength
whereas a longer shift of emission wavelength occurred beyond the lasing threshold. The
shift of emission wavelength was often associated with changes in the refractive index.
The change of the refractive index was resulted from the thermal band gap shift and from
the change of carrier density in the active region. The effect of band gap shift and

injection current will be discussed in the following sections.
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Figure 5-8 (a) Current dependence of spectral emission peak and differential quantum

efficiency. The differential quantum efficiency is given by the solid curve while the

dotted points show the spectral measurements at different injection current. (b) Current

dependence of temperature rise at the active region for different heatsink temperatures.

The temperature in the active region dropped to a minimum at its lasing threshold.

118



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

In order to optimize the performance of LDs below and above the lasing threshold, the
dependence of current and temperature on the associated thermal resistance must be
known. Figure 5-8(a) shows the dependence of injection current on the differential
quantum efficiency and peak emission wavelength at different heatsink temperatures. At
low injection current, the quantum efficiency was invariably small and a strong shift of
emission spectra was observed. Light absorption, which may initially occur at a depleted
area of the active region close to the facet and/or due to bandgap narrowing, led to the
generation of electron-hole pairs. These electron-hole pairs raised the temperature near
the facet due to non-radiative recombination by ways of surface states located at the facet
[47]. Non-radiative recombination and absorption were restricted to the vicinity of the
active region. The input power was mostly dissipated near the active region, generating a
significant increase of localized heating at the emitting facet. As the injection current
increased towards its lasing threshold, the efficiency of converting the electrical input into
photons improved. This can be observed in Figure 5-8(a) whereby the differential
quantum efficiency exhibited improved photon output rate near its lasing threshold. In
contrast, the emission wavelength reduced abruptly and dropped to a minimum at its
lasing threshold. Since the differential quantum efficiency was independent of
temperature for these LDs (see Figure 5-8(a)), the change of emission wavelength was
proportional to the change of spontaneous emission and non-radiative recombination of
free carriers into stimulated emission. Beyond Iy, photon absorption and Joule heating
due to the series resistance were the dominant causes for the raised temperature in the
active region. When the current increased above Iy, the emission spectra shifted to longer
wavelength. Coherent radiation which was not extracted from the LD was absorbed and

converted into heat since these LDs had an external efficiency of ~0.8.
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From the calibrated temperature-dependent emission wavelength, the temperature rise in
the active region can be obtained. As shown in Figure 5-8(b), the temperature in the
active region was observed to change around the lasing threshold. Surprisingly, the
temperature at below the lasing threshold was observed to be higher than that above the
lasing threshold, up to 36 mA. This was expected as the optical losses due to non-
radiative recombination and absorption at below the lasing threshold was significantly
larger than those beyond I, This behavior was also observed for elevated temperatures.
As the heatsink temperature increased, the emitted power at a given current dropped
owing to an increase in the lasing threshold. Hence, the temperature difference between
the active region and the heatsink become larger due to the heating effect. These findings
show that it is essential to have (1) low I to reduce self-heating and (2) a low
temperature sensitivity of I, as the operating lifetime of the LD decreases exponentially

with temperature.
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Figure 5-9 Thermal resistance of LD at a function of current. The effective thermal

resistance of the diode varies with current.
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The thermal behavior of LDs could also be expressed in terms of thermal
resistance Ry,. The thermal resistance of the LD can be defined as the ratio of the
temperature rise in the active region to the input power

AT
R, = E (5-3)

where AT is the average temperature rise in the active region for a given injected power

AP.

This calculation is valid for heat generated below the threshold current since most of the
electrical input is converted into heat energy. As the current increases close to its lasing
threshold, photon emission becomes more apparent. The electrical incremental input is
now converted into both heat energy and optical power. Hence, the emitted optical power
must be corrected to obtain the heat generation rate. Consideration of the heat generated
in the active region alone is insufficient to deduce the R, at high operating conditions.
Other sources of heating element may also surface; radiative absorption of free carriers
and series resistance of the diode. Firstly, the rate of photon absorption may change with
current densities i.e. at high injection current, thermal rollover exists with an increased of
photon absorption. The heat generated in the active region is significantly large and the
effective heat generation rate for AP is therefore

AP=P-n-P=(1-n)P (5-4)
where 7 is the external differential efficiency of the diode and can be extracted from the
LI curve. Following Eq. (3) & (4), to account for the optical absorption, the thermal
resistance is change to

AT
RHJ = 5
(A-n)l s B
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In addition to the heat generated at the junction, Joules heating due to the series resistance

R may also be present. At low injection current, R can be neglected as IV))I’R.

However, as the injection current increases i.e. /V{({(/’R, Joules heating becomes

apparent as it increases to the square of current. While the effect of R is included in this
calculation, they are important only at high current levels.

AT
R, =- ~ 2 (5-6)
(-mP+1IR

During cw operation, the heat generated in the active region is assumed to be uniform
along the cavity length. Heat loss from the top and sides of the diode to the ambient is
also assumed to be negligible. Since Ry, varies inversely with diode length, the product
RiL will be used for effective comparison of thermal behavior. As shown in Figure 5-9,
the associated thermal resistance of the LD differs at below and above the lasing
threshold. A large Ryl of as much as 1400 °Cmm/W could be observed below the
threshold current and it dropped abruptly to 60-80 °Cmm/W as it approached towards its
lasing threshold value. Below the lasing threshold, the thermal resistance followed a
linear regression of 130-150 °Cmm/W at a function of injection current for all heatsink
temperatures, and it remained relatively constant thereafter. This constant reading was
considered as the effective thermal resistance of the device. The change of thermal
resistance was induced by the transfer of non-radiative energy (non-stimulated emission)
into radiative emission of free carriers as discussed earlier. This shows that the dominant
cause for the temperature rise, at low injection current, is dominated by the efficiency of

radiative recombination.
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5.2.4 Joules Heating due to Series Resistance

The dependence of current on the thermal behavior of LDs may further lead to reliability
deterioration in terms of lifetime at higher injection current. To study the effect of Joules
heating, high pulsed and cw operations were applied to the LDs. In short-pulsed
condition, the temperature rise was less than 10 °C at 300 mA. Joules heating was

minimized as the short pulse width and low duty factor reduced parasitic heating.
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Figure 5-10 Temperature rise at high pulsed and cw injection currents. Joules heating

due to the series resistance increased facet heating significantly.

In cw operation, the heat accumulated in the active region increased steadily with
increasing current as shown in Figure 5-10. Facet heating of as much as 120 °C was
observed at 240 mA and the LDs failed thereafter. The emitting facets experienced optical
damages and the devices did not functioned as a LD. Beyond Iy, the heat generated in the
active region due to non-stimulated current was fairly proportional to the injection current
as the differential quantum efficiency was relatively constant. However, Joules heating

attributed by the series resistance was significant as it increased to the square of current.
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The mechanism for the heat generation at high injection current includes non-radiative
recombination in the active region, Joules heating throughout the structure and absorption
of spontaneous emission [31, 185, 186]. As a result, thermal runaway process usually

occurred in cw operation and caused catastrophic damage at the facet.

53 Influence of Bonding on the heating response
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Figure 5-11 Comparison of bonding configuration on the thermal behavior of LD. The
temperature in the active region reduced after bonding, with improved thermal

management in face- down bonding approach.

The heating response due to the radiative energy transfer was also observed for face-up
and face-down bonded samples as shown in Figure 5-11. The temperature in the active
region was reduced by ~ 30% and ~ 50% after face-up and face-down bonding,
respectively. Although the temperature characteristics of the LDs improved in face-up
bonding approach, the poor thermal conductivity of the GaAs substrate limited the heat
flow to the heatsink. The heat generated in the active region spread laterally across the

laser as it transported towards the heatsink, leading to a two-dimensional heat flow
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[13,17]. In face-down bonding approach, the heat transfer from the LD to the heatsink
depended on the thermal conductivity of the heatsink material. Owing to the proximity of
the active region to the heatsink and the good thermal conductivity of the heatsink
material, the heat produced in the active region could be rapidly distributed to the entire
heatsink. Hence, the temperature in the active region was significantly reduced for face-

down bonded LDs compared to face-up approach and unbonded LDs.

In an optoelectronic assembly, LDs are usually bonded onto heatsink as a means of heat
dissipation as well as electrical interconnect. Solders are usually used as interconnect in
photonic packaging due to its relatively good electrical, thermal and mechanical

properties. The thermal resistance of the assembly comprises of

Ry =Rp+ Rpger + Ry (5-7)

where R; is the thermal resistance of the LD, Ry is the thermal resistance of the solder

and Ry, is the thermal resistance of the heatsink.

The usual measure of how well the heat generated in a material is dissipated is the
thermal resistance. The thermal resistance of a material can be expressed as,

S L
R,=——" or R, = (5-8)
kA

th

where T is the device case temperature, 7}, is the heatsink temperature, Q is the rate of
conductive heat transfer, L is the interface thickness, & is the thermal conductivity of the
material, and A is the area of heat transfer. For a homogeneous material, the heat flow is
unidirectional and the thermal resistance of the solder and the Cu heatsink can be

represented as

R= 5-9
[-w-k (>-9)
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where ¢, I, w, and k are the thickness, length, width, and thermal conductivity of the

material, respectively. The total thermal resistance of the LD assembly becomes

AT t 5,
= - o Solder + heat sin k
(A=-mMP+I'R g  Weotder *Ksotzer !

th

heatsink whml sink k

heat sin k (5- 1 O)

The thermal resistance of the LD can be extracted by subtracting the solder and heatsink
value from the total thermal resistance. The thermal behavior of these LDs was also

investigated at high injection currents of up to 300 mA.
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Figure 5-12 Heating response of unbonded and bonded LDs at high pulse and cw

operation. Joules heating could be observed at high cw injection current.

Figure 5-12 shows the effects of different bonding configuration on the temperature rise
in the active region under high pulse and cw operating conditions. In pulse operation, the
temperature in the active region did not increase significantly even at a high injection

current of 300 mA. A linear increment of 0.2 °C/mA was observed. The thermal behavior
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of the LDs also did not vary significantly before and after bonding. This suggested that, at
pulse operation, the heatsink did not have an influence on the thermal behavior of the LD
and that the heat generated was localized within the LD. At short pulse operation, the
thermal heat capacity of the LD prevented the heat generated at the junction from
diffusing far from it since the thermal conductance of the passivation layer and the GaAs
substrate was much lower than the metal electrode. Since the pulsed measurement
minimized the current (Joule) heating effects, the heat generated in the LD was perceived

to be caused by rate of photon absorption.

In cw operation, Joule heating was evidently shown (see Figure 5-12). For the unbonded
samples, measurements were conducted until 220 mA before catastrophic damage
occurred at its emitting facets. A large temperature rise of more than 100 °C could be
observed in the LD. For face-up and face-down bonding, the heat removal means from
the LD to the heatsink reduced the temperature in the active region at 220 mA to an
average of ~ 70 °C and ~ 40 °C, respectively. Hence, higher measurements were
permissible for face-up and face-down bonding approach. Two other important
characteristics were observed. Firstly, at low injection current, the temperature rise for
face-up bonded LDs and unbonded LDs were higher than face-down bonded LDs. The
heat generated in the active region could not be removed effectively in unbonded and
face-up bonded samples and, hence the temperature in the active region was larger than
the face-down bonded LDs. Secondly, as the injection current increased, an exponential
increment of device heating could be observed. At high injection current, additional
heating source due to the series resistance of the LD was apparent. This behavior
suggested that Joules heating was the dominant heating mechanism at high cw operating

conditions, frequently resulting in the irreversible COD effect in GaAs-based lasers.

127



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

1000 ~
® Unbonded LD
® Epi-side Up Bond
800 A Epi-side Down Bond
L
S wof 4
3 L
. F
9
400 | A
’l
L A »
A B
200 - Eg g""EE
.". e0000e o
AALLl  AAAA 4
ol ot o 0 .0 50 .0 41 AR, )

8 10 12 14 16 18 20 22 24 26
Injection Current (mA)

Figure 5-13 Comparison of bonding configuration on the thermal resistance of LD. The

associated thermal resistance of the LDs reduced after bonding.

As shown in Figure 5-13, the thermal resistance is reduced after bonding, with lower R.p
achieved in face-down approach. The reduction of the thermal resistance might lead to
improved LD performance. To study the dependence of the thermal resistance on the
injection currents, the electrical-optical characteristics of the LDs were compared before
and after bonding. These InGasAs/GaAs LDs had an average threshold current of 17.8-
19.7 mA and exhibited thermal rollover of ~200 mW at 320 mA. The characteristic
temperature T, which was the inverse slope of the semi-logarithmic threshold current
versus temperature plot, was estimated to be 414 K for these LDs. As shown in Figure 5-
14, the LD performance improved after bonding, with higher optical power achieved and
lowered threshold current variation. The typical power achieved for face-up bonded LDs
was 260 mW and the T, was approximately 458 K whereas in face-down bonding
approach, the optical power and T further improved to 300 mW and 460 K, respectively.

Face-down bonding can significantly reduce the device heating and its associated thermal
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resistance and, hence higher instantaneous optical power levels can be achieved compared

to face-up and unbonded samples.
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Figure 5-14 Influence of bonding on the electrical-optical characteristics of LDs. Inset:
Characteristic temperature T, improved after bonding due to better heat dissipation means

through the solder joint.

In most applications, the ability of the LD to perform well at elevated temperatures is of
great interest. This is especially of concern in the case of high-power LDs where the
amount of heat generated causes the device temperature to rise significantly. As a result,
it is of utmost importance for the semiconductor laser to be robust enough so as not to
degrade due to device operation at high temperatures. The characteristic temperature of
the LD, which is commonly referred to as Ty, is a measure of the device sensitivity to
temperature. Higher values of T, imply that the threshold current and differential
quantum efficiency of the LD increase less rapidly with increasing temperatures. This
translates into the laser being more thermally stable. This can further be comprehended

with Pankove’s empirical equation [178],
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With these findings, the thermal behavior of LDs could then be analyzed by comparing

their emission wavelengths between pulsed and CW measurements.
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Figure 5-15 Comparison of typical emission wavelength under different

bonding configurations.

From the calibrated dA/0T, the temperature rise in the LD for face-up and face-down
bonding configurations could be observed with the shift of emission wavelength between
pulse and CW operation. As shown in Figure 5-15, the emission wavelength shifted from
979.25 nm (pulse operation) to 982.63 nm and 980.91 nm for face-up and face-down

bonded LDs respectively under CW operation. From the wavelength shift, the
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temperature rise was estimated to be 7-8 °C for face-up bonded LDs and 2-3 °C for face-
down bonded LDs respectively. This is due to the effective heat dissipating channel and
further explains the higher optical performance attainable for the face-down configuration
compared to the face-up design. This correlation technique was further compared with FE

simulation.
5.4  Numerical Simulation of Packaged LDs

ABAQUS/Standard capability for uncoupled heat transfer analysis is intended to model
solid body heat conduction with thermal properties, internal energy (including latent heat
effects), and general convection and radiation boundary conditions. This section will
describe the basic energy balance, boundary conditions and finite element discretization

in the thermal analysis.

In a three-dimensional isotropic one-bodied system, the governing equation is given by,

or o'T o'T o'T
& g ¥ + 5-12
P25 K[axz »? 622] g e

where « is the thermal conductivity, p is the density, O describes the distribution of heat

source density, and C,, is the specific heat.

The heat flow along the solid body can be expressed as,

50 e P (5-13a)
dt dx
dQ _ iy dr (5-13b)
dt dy
dQ _ _ . 4T (5-13¢)
dt *odz
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where d7/dx is the temperature distribution along the x-direction; A is the cross-sectional

area of the sample perpendicular to the heat transfer direction; dQ/d! is the thermal power.

Initial and Steady-State Conditions

In this LD assembly, several conditions were specified in the thermal analysis. During
operation, the first condition applies to the active region (temperature source), which has
a constant heat generation. The TE Controller fixed the base temperature of the Cu
heatsink to its prescribed operating temperature as an initial condition. The initial
temperature condition of the LD package was also prescribed. Convection must also be
considered to mimic the environmental behavior. Atmospheric air was adopted as the

field condition.

1) Heatsink temperature can be prescribed as boundary conditions at a boundary y=0

0 =0, (y.1) -

2) Prescribed heat flux ¢ acting over the active region as a heat source
q= (Iaclivc region (X., Vs f)
3) Specified convection surfaces acting around the periphery of the LD assembly.

q=hy (9 -6° )
= km.’der (9 =0 i )
= hhmrsink (9 - 90 )

where i = h(x, y,t) is the film coefficient and 8¢ = Bo(x, y.r) is the sink temperature

The other necessary conditions are T=Tg at x=y=0 for all times, and that T=Ty at all x and

v for t=0. That is to say that the junction and entire cross-sectional LD design were
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initially at the base temperature (25 °C) while the bottom of the heatsink is maintained at

this temperature as shown in Figure 5-16.

Constant heat generation

Field Condition
YL_X Cu Heatsink o Y Cu Heatsink P
AAMMAAAAAAA LA
Initial Prescribed Temperature: Tg Initial Prescribed Temperature: Tg
(a (b)

Figure 5-16 Thermal boundary conditions for (a) face-up and (b) face-down bonding

configurations.

Two-dimensional Steady-State Model

Measurement of temperature distribution had been studied along the cavity length of the
LD [21, 22]. In practice, there will be temperature gradients along the LD during
continuous-wave operation. A sharp increase in temperature of as much as 120 K at the
emitting facets could be observed. The heat generated at the active region was
accumulated within 5-10 pm of the emitting facets while the cavity body of the LD
remained relatively close to the operating condition. Since the temperature rise at the
emitting facets was the highest along the laser cavity and the temperature gradient occurs
near the emitting facets, the area of interest should be at the emitting facets. For
simplicity, only a two-dimensional model of the cross-sectional laser structure needed to
be created in order to understand the thermal behavior of LDs under different bonding
configurations. These gradients were critical in the thermal analysis of continuous wave

operation. Thus, only steady-state would be analyzed in this modeling.
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This model was segmented with higher element nodes near the active region (heat source)
and lesser nodes towards the Cu heatsink peripheral. Global meshing was adopted and the
total number of node elements was more than 10,000 for both bonding configurations. All

these effects are adopted in a global Cartesian coordinate system as shown in Figure 5-17.

, GaAs
Alr ~ AlGaAs -
———— Solder
AlGaAs o N
L. GaAs : L Sy -.,.\.’L-_._ SEssn @ s o
(a) Face-up bonding configuration (b) Face-down bonding configuration

Figure 5-17 Global element meshing was conducted on both packaged LDs with higher
concentration at the active region. Instances were constructed such that the ridge region
and the heat source have higher biased node elements compared to the periphery of the

bonding designs.

To reduce calculation time, the LD structure was simplified into a 5-layer stripe-geometry
heterostructure as shown in Figure 5-18(a). The InGaAs active region, which was
assumed to be 100 nm, was bounded with AlGaAs cladding layers. The effect of
electrical confinement within the ridge region was also included with a SiN passivation
layer beside the ridge. The LDs were face-up and face-down bonded onto Cu heatsink
using Au80Sn20 solder of 5 pum thickness. The thickness of the Ni barrier layer was
chosen to be 2pum in the analysis. To account for environmental losses, the packaging
design was bounded by ambient conditions (air). The architecture of the LD structure and

its physical parameters can be found in Figure 5-18. The values of thermal conductivity
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for the GaAs-based LD were from Adachi [187]. The thermal conductivity values for the

remaining materials were found in [111, 112, 188].

3um
1.6me
D (0.15um)
A (0.2um)
B (0.1um) RN
A (1.5um)
C (90um)
300um ———»
(a)
Layer Material Thermal Density Specitic Heat
conductivity (g/um’) Capacity
(W/um.°C) (J/g.°C)
A AlGaAs 12.11¢° 4.852¢ "7 0.336
B InGaAs 8.325¢° 5.62¢ " (0.33)
C GaAs 44¢° 5.32¢ 0.33
D SiN 18.5¢° T 0.234
AuSn solder 58¢ 14.7¢ (0.12874)
Ni 9le” 8.9¢ " 0.444
Cu heatsink 385¢° 8.96¢ " 0.385
Air 0.0256¢® 0.00109¢ " 0.716
(b)

Figure 5-18 (a) Schematic structure of InGaAs/GaAs/AlGaAs ridge-waveguide LD; (b)
the thermal properties of each layer are represented. The thermal conductivity & and heat

capacity C, are assumed to be constant over the temperature rise.

Heat generation Source

In microelectronics applications, the devices converted their power into heat energy

during operation. Joule heating arised when the energy dissipated by an electrical current
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flowing through a conductor was converted into thermal energy. The internal heat

generated in the thermal problem is a function of electrical current.

The flow of electrical current is described by Ohm’s law:
J=e"E (5-14)

where o” is the electrical conductivity matrix.

Joule’s law describes the rate of electrical energy, P.., dissipated by current flowing

through a conductor as
P =EJ (5-15)

ec

where J is the electrical current density.

The electric field in a conducting material is governed by Maxwell’s equation of
conservation of charge. Assuming steady-state direct current, the equation can be

expressed as,

_[_J.ndS =j, rdV (5-16)

where V is any control volume whose surface is S, n is the outward normal to S, and r. is

the internal volumetric current source per unit volume.

Unlike microelectronic devices, semiconductor lasers comprised an integral of thermal,
electrical, and optical performances. In semiconductor lasers, the current flowing through
the diode caused heating in three distinct ways. First, heat was generated at the junction
due to the inefficiencies of the light production process. Only a fraction of the current was

converted to light, while the rest of the injected current was converted to Joule heating. In
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addition to the heat generated at the junction, heating induced by the bulk series

resistance of the LD and contact resistance were also included.

To study the thermal behavior of LDs, the characteristics of LDs were compared between
pulse and CW operations. In CW mode operation, the heat generated in the confinement
layers due to carrier recombination significantly raised the temperature in the active
region. This heating effect became more pronounced when the injection current
increased. As shown in Figure 5-12, when the LD was operated above its threshold
current, the characteristics of LDs might not follow a direct relationship to the physics of
heat generation in the LD [189]. The carrier population in the confinement layers
increased steeply [18] as temperature increased. A sufficiently high heatsink temperature
might give rise to a run-away thermal process [17]. In this simulation exercise, the heat
generation rate was chosen to be at the lasing threshold (~17 mA) of the LDs so that the
thermal comparison reflects purely on the bonding comparison. At the threshold current,
the LD’s optical losses (and its associated heat generation) were at its minimum. A heat

generation rate of 3.63x10° W/um® was obtained for these LDs.

Influence of the Cu Heatsink Perphery

Before further discussion, it is important to understand other contributing factors that may
influence the thermal behavior of the LD assembly. To study the influence of the
peripheral heatsinking, the dimension of Cu heatsinks were studied with different widths
and thicknesses. In these analyses, the face-down approach was utilized as the heat source

had close contact to the heatsink matenrial.
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Figure 5-19 Study of temperature rise in the active region at various heatsinking widths.

Firstly, the influence of different heatsink widths was studied from 300 pum to 5 mm. As
shown in Figure 5-19, the width of the Cu heatsink did not influence the temperature rise
in the active region significantly, with temperature fluctuating merely between 3.2 °C -
3.8 °C. However, for effective lateral spreading of heat fluxes, at least | mm of heatsink
width was required. Secondly, the thickness was also varied from 100 pm to 3 mm. The
thickness of the Cu heatsink had an immediate impact on the temperature distribution of
the design. The temperature rise in the active region was observed to increase readily
when the heatsink thickness was reduced. The temperature rise was more significant
when the heatsink thickness reduced to lesser than 1 mm as shown in Figure 5-20. To
reduce the geometrical influence of the heatsinking material in the thermal analysis, the
heatsink width and thickness should be chosen such that the subsequent parametric
investigations of the LDs reflect on the bonding configurations. The heatsink width and
thickness were chosen at 3 mm and 5 mm respectively, much larger than the simulation

results to reduce the effect of heatsinking periphery.
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Figure 5-20 Study of heat distribution at various heatsink thicknesses.

Influence of Solder Materials

Solders were used frequently in photonics die attach processing. Generally, hard solders
were utilized for high temperature assemblies while soft solders were utilized for low
temperature assemblies. Hence, it is mandatory to study the influence of different solder
materials affecting the thermal capability of the packaging design. For bonding of LDs, it
was recommended to adopt a fluxless process to avoid contaminations/residues to the
emitting facets of the LDs. Hence, solders that were amendable to fluxless assembly
should be studied. The thermal parameters of the solder materials can be extracted from

Table 4 and Cookson Electronics Assembly Materials [117].
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Figure 5-21 Study of heat distribution using different solder materials; (a) Comparison of
temperature profiles across the LD to the solder layer. Insert: the device heating in the
active region depends on the thermal conductivity of the solder material; (b) Comparison

of temperature rises in the active region.
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As shown in Figure 5-21, the temperature rise in the active region and temperature
distribution across the LD were compared using different solder materials. The
temperature distribution across the laser structure was not affected significantly by the
solder materials. However, the temperature rise in the packaged LD was observed to be
affected by the thermal conductivity of the solder material. As the thermal conductivity of
the solder material improved, the temperature rise at the active region reduced. This was
due to the improved efficiency in extracting heat fluxes from the heat generation source.
Among all the solders analyzed, In and In97Ag3 solders offered the best solution to the
heat transfer solution, followed by Au80Sn20 and Au88Gel2 solders. As discussed in
CHAPTER 2, the low creep resistance in soft solders such as In and In97Ag3 caused
long-term reliability concerns whereas hard Au80Sn20 and Au88Gel2 solders offered
better mechanical and reliability behaviors. Hence, hard Au80Sn20 and Au88Gel2
solders were preferred over soft In and In97Ag3 solders. Between the two hard solders,
Au80Sn20 solder demonstrated a slight advantage in thermal dissipation compared to
Au88Gel2 solder. In addition, the melting point for Au80Sn20 solder was also
significantly lower than Au88Gel2 solder. This enforced the adoption of Au80Sn20
solder for the LD die attach process and continued assessment of different bonding

configurations using Au80Sn20 solder.

5.4.1 Face-up Bonding Configuration

A typical two-dimensional facet temperature distribution across the LD could be observed
in Figure 5-22. Localized heating at the active region could be observed with a
approximate temperature rise of 7 °C. The SiN passivation layer restricted the electrical
(heat) flow within the ridge area. This had an adverse thermal disadvantage as the bulk of

the heat generation was confined within the active region. Due to the low thermal
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conductivity of ternary cladding layers and multiple heterostructures, the thermal heat
capacity of the diode further prevented the heat generated at the junction from diffusing
far from it. The solder layer, which was also several diffusion lengths away from the

junction area, was incapable of removing the heat generated in the active region.

The heat fluxes, which are the amount of heat that is transferred across a surface area over

time, could also be obtained by fitting a two-dimensional model of heat diffusion to the

LD structure, o = % . As shown in Figure 5-22(b), the heat fluxes, which are heat
P

diffusion vectors, were observed to concentrate at the active region. Due to the low
thermal conductivity of air, the heat fluxes directed towards the ridge could not be
extracted to the environment. Hence, most of the heat fluxes were observed to accumulate
at the SiN layer near the heating source and this influenced the heat accumulation at the
ridge area significantly. The proper solution to the heat flow problem is to solve

simultaneously the heat flow equations for conduction in both directions.
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Figure 5-22 (a) Typical temperature contour at the facet of the LD for face-up bonded
LDs; (b) Typical heat flux distribution across the cross-sectional laser structure for
face-up bonding configuration. The bulk of the heat flux was observed to accumulate

within the active region under the ridge.

The temperature profile across the active region was also analyzed vertically and
laterally. The heat flux not only accumulated beneath the ridge width, but also spread
along the active region as shown in Figure 5-23(a). The heat generated in the active
region spread laterally over the entire width of the LD as it flowed to the heatsink, leading
to a two-dimensional flow in the LD, whereas in the heatsink, the flow was vertical and
extended over the whole width of the cross-section. This two-dimensional heat flow in the

LD accounted for the logarithmic dependence of thermal resistance for the face-up
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approach as reported by O.J.F. Martin et al. [29]. As shown in Figure 5-23(b), the
temperature generated at the active region was gradually dissipated across the LD
structure. The heat diffused from the junction region, a portion diffusing up through the p-
type material and a portion through the n-type material. The heatsink did not extract much
heat from the heat source due to the low thermal conductivity of the GaAs substrate. The
temperature at the LD surface and its proximity were also observed to elevate
significantly. Due to the electrical confinement beneath the ridge and its ineffective
means of heat dissipation, the temperature on the LD surface increased. The proximity of
the active region to the environment (air) would affect the temperature distribution in the
active region considerably since the thermal conductivity of air is very low. In this
bonding approach, the heat flow demonstrated an ineffective two-dimensional heat

accumulation near the active region.

™" Active Region

303 - |

Temperature (°K)

~~ " steady-state condition
Face-up Bonding Configuration
- . - - - T v T - -
] 50 100 150 200 250 300
Position (um)

(a)
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(b)
Figure 5-23 Temperature profile of face-up bonded LD on Cu heatsink; (a) lateral profile
along the active region of the LD; (b) vertical profile across from the LD to the base of

the heatsink material.

5.4.2 Face-down Bonding Configuation

The temperature distribution for face-down bonded LDs can be found in Figure 5-24.
Heat generated could be observed in the active region. However, improved thermal
management could also be observed with lower temperature rise in the active region. The
temperature rise was lowered to 3 °C in this face-down approach. The majority of the heat
flow was shown to shift towards the heatsink material due to the proximity of the heat
source to the high thermal conductive Cu heatsink. The heat flux demonstrated direct heat
flow across the heatsink, through the solder material. With effective heat transfer from the

heat source, the source temperature (active region) did not elevate significantly.
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Figure 5-24 (a) Typical temperature contour at the facet of the LD for face-down bonded
LDs; (b) Typical heat flux distribution across the cross-sectional laser structure for face-
down bonding configuration. The bulk of the heat flux was observed to flow towards the

heatsink effectively.

The temperature profile across the active region was also observed laterally and vertically
as shown in Figure 5-25. The heat generated in the active region did not spread laterally
over the entire width of the LD as demonstrated in the face-up bonding configuration.
The temperature at the LD substrate also did not elevate as most of the heat generated was
dissipated effectively onto the heatsink material. Owing to the good conductivity of the

heatsink material and the proximity of the active region to the top of the heatsink, the heat
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produced in the active region was rapidly distributed over the whole heatsink width. This
led to a one-dimensional vertical heat flow and the expansion of the heat flow in the
upper part of the heatsink depended on the heatsinking material. This shows that the heat
generated for face-down bonded LDs exhibited a direct heat removal channel towards the

Cu heatsink.
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Figure 5-25 Temperature profile ot face-down bonded LD onto Cu heatsink; (a) lateral

profile along the active region of the LD; (b) vertical profile across from the LD to the

base of the heatsink material.
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Based on these simulation results, face-down bonded LDs clearly exhibited improved
thermal management as compared to the face-up bonding approach. Not only was the
temperature rise in the active region lowered, the temperature distribution across the LD

also exhibited more heat flux vectors moving towards the heatsink.

5.5 Discussion

The dynamic thermal behavior of semiconductor lasers was studied with different
operating conditions. Transient and steady-state heating response of InGaAs/GaAs LDs
below and above the lasing threshold was reported. The effect of temperature and carrier
density on the emission wavelength had been discussed with the gain-induced refractive
index and emission/absorption processes. As current flow through the LD, three distinct
characteristics can be observed. Below I, large optical losses due to non-radiative
recombination and spontaneous emission caused an increase of temperature in the active
region, leading to a large Ry, across the device. At I, efficient radiative energy transfer
resulted in reduced device heating and its associated Ry, dropped to a minimum. Beyond
I, the optical gain saturated and phonon absorption and Joule heating becomes
important. At high injection current, the heat generated by the series resistance Rg was
much larger than the heat generated at the junction. Joules heating occurred in high cw
injection current since Ohmic heating increased with the square of current. Understanding
the carrier-induced heating response in semiconductor lasers is essential to improve the
device performance and reliability in the fabrication and packaging design. The maximum
optical power output of LDs is usually limited by either the catastrophic optical damage

(COD) of the facet or output power saturation, known as thermal rollover, due to heating
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of the active region. Knowledge of the temperature distribution can give information

about the facet heating mechanism and quality of the bond between LD and heatsink.

:
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Figure 5-26 Comparison of temperature profile across the LD to the base of the Cu
heatsink. Face-down bonding approach demonstrates an effective heat dissipating

channel compared to face-up bonding.

The thermal behaviors of different bonding configurations were numerically modeled and
comprehended. Close numerical fitting of heat generation in the active region between
band structure theory and experimental measurement could be observed. Face-down
bonded LDs demonstrated improved thermal management, with lower temperature rise in
face-down bonded LDs than face-up bonded LDs. From the simulation results, the
temperature rise for both face-up and face-down bonded LDs were ~7 °C and ~3 °C
respectively. Although the temperature difference between the face-up and face-down
approach is negligibly small at the lasing threshold, the temperature ditference were
significantly large at higher injection current. Due to the effective heat transfer for face-
down bonded LDs, direct heat flow towards the heatsink could be observed whereas face-

up bonded LDs exhibited two-dimensional heat accumulation in the active region. Since

149



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

the temperature was lowered by reducing the device heating in a face-down bonding

approach, the optical performance could increase further.

Hence, face-down bonding approach was recommended to improve the overall LD
performances. With this simulation exercise, a face-down bonding technique is
recommended for single-mode ridge-waveguide LDs. It should also be noted that
although this simulation designs dealt with InGaAs/GaAs junction LDs, its method of

solution is applicable to laser junctions of other semiconducting materials.
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CHAPTER 6
ASSESSMENT OF LONG-TERM RELIABILITY OF MODIFIED FACE-

DOWN BONDING PROCESS

6.1 Introduction

Reliability in optoelectronics packaging is also a great concern to packaging design
engineers. The major concern is the structural integrity of packaging design when
subjected to thermal cycling and isothermal loading conditions. This chapter helps to
develop better understanding of the reliability problems faced by the optoelectronic

packaging industry.

Characterization of laser diode (LD) and solder joint only offers short-term reliability
analysis of the bonding quality. As these LDs are required to have long operational
lifetime, reliability testing must also be carried out to exhibit their long-term capability.
To ensure that these bonded devices exhibit good long-term stability, the bonded devices
underwent reliability testing to provide useful design guidance for fabricating reliable LD
packages. Thermal cycling and accelerated aging are two commonly used long-term

reliability testing approaches to assess the stability of the module.

6.2 Effect of Thermal Cycling Loading on Reliability of Bonded LDs

Thermal cycling tests have been used in the semiconductor industry to assess the
reliability of solder joints in laser module packages. Although other acceleration stresses,
such as vibration, mechanical and thermal shocks may lead to solder joint failure, the

failure is mainly caused by thermal stresses during temperature cycling tests. Hence,
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detailed knowledge of solder joints in LD packaging under temperature cycling test is
important for the practical design and fabrication of reliable optoelectronic packaging.
Evaluation of the solder joint strength under temperature cycling conditions for LD
packaging applications have been conducted by others [190]. Thermal-elasticity-plasticity
model were employed numerically to predict the integrity and residual stress distribution
in the assembly. In addition, fiber alignment shifts [191] during temperature cycling tests
have also been conducted to understand possible fiber alignment shifts. Although
alignment shift in optoelectronic packaging were small, in the micron range, up to 50%
loss in coupled power was incurred, and resulted in performance degradation of the
packaged lasers. Their experimental observations were made for 500 cycles, however,
they did not discuss the LD performance and microstructure analysis after thermal cycling

aging [190].
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Figure 6-1 Typical temperature profile of thermal cycling conditions of -40 °C to +85

s
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To investigate its long-term reliability, five well-bonded samples underwent 500 thermal
cycle testing. The real temperature profile of the chamber was shown in Figure 6-1. Every
100 cycles, the bonded lasers were characterized using a ILXlightwave LPA-9084. The
main electrical and optical parameters of LDs were measured to obtain supplementary
information for future failure analysis. After 500 thermal cycles, the LDs were cross-

sectioned to observe the microstructural evolution in the solder joint.
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Figure 6-2 Electrical and optical characteristic of LDs before and after each interim
cycles. (a) Comparison of series resistance before and after every 100 cycles; (b)

Comparison of optical performance before and after every 100 cycles.
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The series resistance, Rs, did not increase significantly after 500 thermal cycles aging as
shown in Figure 6-2(a). No measurable deterioration of the epitaxial heterojunctions and
bonding quality was observed. The threshold current, which is often a measure of the
device degradation and lifetime [192], also did not increase after 500 cycles. This shows
that the thermal aging process did not damage the LDs or their intrinsic properties
significantly. However, slight optical degradation could be observed at high injection
current after 500 thermal cycles as shown in Figure 6-2(b). The optical degradation may
be attributed by the microstructural evolution, such as the growth of an IMC layer in the

solder joint.

Hence, microstructural studies of the solder joint after aging were also studied since
exposure to thermal cycling condition readily caused the intermetallic layer to grow by
solid state diffusion. However, no significant microstructural changes or IMC growth
were observed after aging as shown in Figure 6-3. This might be due to the short reflow
duration and limited mutual interdiffusion between Ni and Au80Sn20 solder [169]. The
LD and solder joint still maintained their good thermal behavior with this modified
bonding process. Hence, good bonding integrity was achieved after 500 temperature

cycles tests.
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Figure 6-3 Typical cross-sectional view of bonded LD after 500 thermal cycles. No

significant microstructure changes in the solder joint.

6.3 Effect of Thermal Aging Loading on Reliability of Bonded LDs

As these LDs were expected to have long service lifetimes, accelerated aging was also
conducted to understand the reliability of the bonded sample. Accelerated aging at high
stress levels i.e. high injection current and high operating temperature were employed to
understand the mechanisms involved in the degradation process. Typically, these LDs
were biased at 1.2-1.5 times the initial threshold current, and the operating condition for
these uncooled LDs was 25°C. The LDs were burned-in under high constant current aging

of 90 mA at 85 °C.

Long-term storage at ambient temperature can also lead to changes in the laser
characteristics due to various thermally activated processes. Such effects can be largely
pre-empted by an artificial aging process. The LD characterization system assembled in
Figure 3-3. was used to screen devices, burn in devices to stabilize their characteristics, or
estimate the lifetime of the package. The bonded lasers were subjected to an initial purge
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test to weed out lasers with weak failure mechanisms. This strenuous test involved a high
operating current of 90 mA at an elevated temperature of 85 °C. The lifetime of the LDs

can be estimated from an Arrhenius relationship [193, 194],

El1 1
Lifetime =1t, exp{— —"1:—' - —:|} (8-1)
k|1, T

where 1) is the lifetime at normal working condition, 7 is the aging temperature, E, is the

activation energy and £ is the Boltzmann constant.

However, this relationship only accounted for experimental setup at low injection current,
typically at 1.2 -1.5 times its threshold current. When the injection current increased

significantly, the stress level increased due to Joule heating should also be accounted for.

. ;N E|1 1
Lifetime =1 | e e 82
ifetime ”( faj exp{ k Lﬁ; T}} (8-2)

where /, is the operating current, / is the accelerated stress current, and n for GaAs LDs is

typically 1-1.3.
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6.3.1 Analysis of LD Degradation
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Figure 6-4 Characterization of optical performance during the aging process. Rapid
degradation process can be observed for unbonded LDs while face-down bonded LDs

exhibit gradual degradation.

During the aging process, in-situ optical measurement showed the degradation
characteristic. The initial optical power for unbonded and face-up bonded LDs were ~40
mW/facet while modified face-down bonded LDs exhibited higher optical performance at
~50 mw/facet. The higher optical performance in face-down bonded LDs was attributed
to the effectiveness of heat dissipation for the bonded LDs. Catastrophic degradation,
detected by a very fast decrease in output power, could be observed for both unbonded
and face-up bonded LDs while face-down bonded LDs exhibited gradual degradation
characteristic as shown in Figure 6-4. The time dependence of the optical performance
indicated that the optical power decrease was caused by diffusion of some kinds of
defects. The degradation failure for these unbonded LDs was estimated to be 75 hrs. A
kink was also observed at 157 hrs in the face down approach. The LD was halted at ~157

hrs to study the electrical and optical performance degradation. After bonding, the failure

157



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

for face-up and face-down bonded LDs improved to 140 hrs and 350 hrs respectively.
Again, the improved lifetime was due to the improved thermal management after
bonding. Nevertheless, the electro-optical characteristics of the bonded samples were also

investigated to estimate any degradation of the LD performance.

16 i T ] L] L
CW operation oy
151 20% e 1
1.4 .
<
& 1.3 4 -
% ——O0hr
2 1.2+ - - 70.755 hrs 1
1 <--+- 142.5855 hrs
1.1 ---=-- 156.6047 hrs
] --=--202.7947 hrs
- 251.2557 hrs
1.0 323.2947 hrs
¥ T Y T ¥ T T T "
0 20 40 60 80 100
Injection Current (mA)
(a)
10 T T T
CW operation
30°c
§ 8 4
3 0 hr
= 70.756 hrs
": 6 142.5855 hrs .
2 156.6047 hrs
2 5 ,202.7947 hrs
‘D 4 el ne” J251.2587 hrs
-+ — S G —
(4 Fat . 323.2947 hrs
= e T ]
A 2 1
0 T Bk Sl ] ]
0 10 20 30 40 50

Injection Current (mA)
(b)
Figure 6-5 Electrical characterization of LD as a function of time; (a) Forward voltage

drops while (b) series resistance increases due to changes to the junction properties.

The forward voltage and series resistance were observed during the aging process. The

forward voltage decreased while a slight increased in series resistance could be observed
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in Figure 6-5. The drop in forward voltage indicated a change in the junction

characteristics and this distortion could be better interpreted in the %? plot. As shown in

Figure 6-5(b), the junction was observed to distort with aging. During aging, heating in
the LD occurred easily through the non-radiative processes of the photo-induced carriers.
The heat generation enlarged the thickness of the region having a high absorption
coefficient by bandgap reduction. The energy emitted through the non-radiative
recombination process in this region enhanced defect diffusion. Therefore, some kinds of
defects were gradually introduced from the interface during aging. These defects
increased the temperature at the interface through the increased rate of non-radiative
recombination. This additional temperature rise might also induce a positive feedback

towards COD.

6.3.2 Catastrophic Optical Damage

Figure 6-6 Effect of COD degradation on the optical performance. Threshold current

Injection Current (mA)

and differential quantum efficiency deteriorated significantly.

150 : - —— — 06

=

I o

\ {05 @

= =

§ Ny 0.55 E

’g-'- 100 - 404 E

E —— Before COD effect 5

H After COD effect los 3

g -

- 2

=] ‘}..“'0_1 ]

2 50 ) 4028

2 2

: , :
;3\ - i

' ..l - ___‘*., = 01 §

oo \ | 3

] i ! 2

0 ;— Y T v T ¥ T T 0o
0 50 100 150 200 250 300

Unlike thermal rollover, COD effect resulted in irreversible damage to the active region

and its operation. Large loss in laser output power was resulted from the facet melting.
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The characteristics of the LD were damaged as the specified optical output could no
longer be achieved as shown in Figure 6-6. The threshold current also increased
significantly. The adverse effects of lattice disorder on carrier confinement to the

quantum well might also be responsible for the degraded performance.
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Figure 6-7 Schematic diagram of non-radiative recombination near the facet end. Carrier

absorption towards the facet resulted in higher heat generated along the cavity length.

Surface recombination at the facets and the associated depletion of charge carriers caused
the active region near the facet to become absorbing at the lasing wavelength. Due to the
high surface recombination rate at the facet-air interface, the temperature at the facets
increased during operation. The raised temperature reduced the bandgap energy in the
region, causing further heating at the facet. Higher heat flux generated at the facet drained
more current in order to compensate uniform optical gain along the active region. This
resulted in higher temperature at the facet than at the bulk material, eventually reaching a
critical temperature, thermal runaway and then COD. The absorption of energy eventually
increased the temperature at the facet to the melting point of the material (>1000 °C) and
the laser degraded sufficiently until non-radiative recombination was obtained [34]. The

failure mechanism is better elucidated with Figure 6-7.
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Figure 6-8 Evaluation of parametric behavior during the aging process; (a) Threshold
current increases significantly as shown by the emission power measurements while
differential quantum efficiency decreases gradually in the aging process; (b) The

characteristic temperature To decreases gradually with time.
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To substantiate the findings, Iy, 7p, and Ty were further characterized during the aging
process as shown in Figure 6-8. During accelerated aging, degradation manifested itself
by an increasing threshold from 18 mA to 28 mA and a slight decrease in 77, from 0.8
mW/mA to 0.6 mW/mA. A summary of the degradation characteristic was depicted in
Table 8. The increased threshold current might be due to a decrease of 7; via an increased
conversion of excitation energy into non-radiative recombination processes [39]. From
equation 2-9, the decrease of 7 induced a deterioration of 7,. The characteristic
temperature Ty was observed to deteriorate in the aging process (See Figure 6-8(b)). Due
to the generation of accumulated defects in the active region, the radiative recombination
process in the active region reduced and the LD could not function as robust as the initial
condition. The non-radiative recombination processes at the diffused defects disrupted the

basic waveguide working mechanism as discussed in CHAPTER 2.

Table 11. Comparison of packaged LD before and after accelerated aging.

Parameters Before aging After Aging
lin 19.8mA 29.8mA
No 0.815 0.595
Po 52.58mW 25.95mW
To 223.214°C 167.224°C

A generic degradation mechanism for 980 nm InGa,; (As/GaAs QW structure has been
reported with In out ditfusion from the InGaAs well into the adjacent GaAs barriers,
driven by compositional discontinuity at the interfaces [44]. Hence, surface morphology
at the facet ends were observed under SEM before and after aging. As shown in Figure 6-
9(a)-(b), the cleaved facet on the top and side view showed no abnormalities before aging.
However, after high current aging, the ridge at the facet end deformed and the active
region seemed to melt under the ridge (see Figure 6-9(c)-(d)). The most plausible cause

for this is that, at COD, material close to the facet melt and pushed through to the
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surrounding area. As shown in Figure 6-9(d), a dark region was generated at the interface
and then grew towards the inner region and also affected the surrounding areas. Dark

Line Defect (DLD) was generated from the interface towards the inner region.
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Figure 6-9 Facet observation (a)-(b) before and (c)-(d) after aging. Evidence for this
catastrophic failure can be seen from scanning electron microscope (SEM) images of
post-COD laser facets. Protrusion can be observed from the outline of the laser ridge.
Material at the active region has melted and pushed through the facet before
resolidifying. The damage occurred at the center where optical field intensity is at

maximum.
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The catastrophic damage resulting from propagation of a melted zone confined to the
active region can be explained by Figure 6-10. Propagation of the molten zone confined
to the active layer from the cleaved facet to deep within the crystal might be due to the
dark line associated with catastrophic damage. The local melting might be initiated at
defects or at defect-free cleaved surfaces [195], [34]. Progressive accumulation of defects
at the facets acted as non-radiative recombination centers under long-term aging. This
progressive defect accumulation might provide a simple means of optical degradation
during the aging process. As defects were formed near the facets, the rate of non-radiative
recombination and facet heating increased. The increased temperature enhanced the
defects generation rate further in the vicinity of the interface and non-radiative
recombination rates increased accordingly. As mentioned, the bandgap began to narrow,
leading to self-absorption at the band edges. These processes formed a time-dependent
positive feedback cycle and the loop could be added in parallel to non-radiative
recombination and heating [43]. Hence, the damage did not occur just at the cleaved
surface, but extended inwards from the facet. This rate of defective degradation depended

on the capacity of heat dissipation from the active region (heat source).
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Figure 6-10 Facet deformation at the active region resulted from the localized melting.
Progressive propagation of molten zone along the active region resulted in malfunction

of the device.
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As the LD aged, the liquid-solid interface moved inwards. The molten region was
maintained by absorption of energy from the laser beam while the back facet formed an
optical cavity and lasing continued. The re-solidified material, which consisted of
intermixed elements from the InGaAs active region as well as the adjacent AlGaAs
cladding layers, was highly defective. Movement of the solid-liquid interface continued
until the laser degraded sufficiently such that there was insufficient optical energy within
the laser cavity to sustain the molten region [196]. These hypotheses are in good

agreement with our micrographs.

6.4 Summary

In this chapter, thermal cycling and thermal aging reliability testing was conducted. In

both tests, good solder joint reliability could be identified.

In thermal cycling testing, no significant microstructure evolution could be observed in
the solder joint after 500 aging cycles. The series resistance also did not increase
significantly after aging. No measureable deterioration of the epitaxial heterojunctions or
bonding quality was observed. This demonstrated that the packaged LDs are capable of

withstanding 500 thermal cycles.

In thermal aging, face-down bonded LDs exhibited improved lifetime over unbonded and
tace-up bonded LDs. During the aging process, parametric measurements of the packaged
LDs demonstrated that the degradation occurred within the device. Progressive
accumulation of defects at the facets acted as non-radiative recombination centers during
long-term aging. This defect accumulation resulted in facet heating and optical

degradation.
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CHAPTER 7

CONCLUSIONS

7.1 Conclusion

In emerging photonics/optoelectronics applications, development of LD packaging is
essential to a new cutting-edge class of high-power photonics devices. In this thesis, a
modified fluxless face-down bonding process for single-mode ridge-waveguide LDs was
introduced to resolve complicating packaging issues such as ridge damage and
misalignment. For long-term reliability, hard Au80Sn20 solder was used to enhance
fatigue and creep resistance. Good bonding integrity can be achieved at a low bonding
pressure of 0.196 MPa and short bonding duration of 5 s during 290 °C reflow.
Microstructural evolution of the solder joint showed that the solder joint possessed good
stability with low growth rate of IMC formation at the interfaces due to the short reflow
time. Mechanical testing showed that the fracture mode occurred within the LD and that

the bonding strength exceeded MIL-STD-883C Method 2019 conditions.

Based on this modified bonding technique, a robust bonding process window was
established. Extensive investigation on the bonding integrity and LD performance were
studied during the creation of the bonding process window. The bonded LDs
demonstrated improved electro-optical properties with excellent bonding integrity of the
solder joint. The optical performance improved ~ 3 times without deteriorating its
electrical and spectral characteristics of LDs. Furthermore, comparison of different
bonding techniques demonstrated that the packaging technique influenced the LD
performance considerably. Three different bonding approaches were considered; face-up

bonding, existing tace-down bonding and modified face-down bonding. For the face-up
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bonding technique, heat transfer was insufficient to optimize the LD performance. Using
an existing face-down approach, the single-mode ridge-waveguide LDs experienced
performance degradation caused by the bonding process. No performance degradation
was observed with the modified face-down bonding process. Electrical, optical, spectral,
and thermal characterization of LDs were also shown to be improved over various
bonding methods. Since the performances of these LDs were temperature dependent, the
electrical-optical-spectral-thermal properties were considered in the comparison analysis,
together with the mechanical integrity of the bonding interface. The modified face-down

bonding technique yielded better performance and reliability.

A multi-scale thermal simulation exercise, experimental elucidation accompanied with
theoretical analyses, was necessary to understand and verify heat generation and
temperature distribution in the packaging design. A null technique of emission
wavelength was conducted to estimate the temperature rise in the package. With relation
to the band structure theory, close numerical fitting of bandgap energy calculations with
experimental emission wavelength was further achieved. The calculated temperature rise
corresponds well to the experimental measurements. FE simulation using ABAQUS 6.4.1
was then conducted to evaluate the optimal bonding configuration. The temperature
distribution of different bonding configurations was analyzed. Numerical modeling
demonstrated improved thermal management in the face-down approach. The improved
LD performances with superior thermal management were verified for the face-down

bonding approach.

Basic reliability testing also showed good bonding integrity in the solder joint after
thermal cycling and accelerated thermal aging. No significant microstructural changes

could be observed in the solder joint after either thermal cycling or thermal aging tests.
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Parametric studies demonstrated that the degradation occurred within the LD. The
degradation characteristic and failure mechanism in the packaging design was further

comprehended.

The single-mode ridge-waveguide LD was used in this project because it is one of the
promising laser devices used in telecommunications applications and it faces imminent
packaging issues due to its narrow ridge width of less than 4 pm. Although only single-
mode ridge-waveguide LDs were used in this thesis, this modified bonding process is also
expected to be applicable to a plurality of semiconductor devices. Hence, this fluxless
process might be attractive to many applications involving LDs, Laser Arrays (LDAs),
Light Emitting Devices (LEDs), LED arrays, Multiple Quantum-Wells (MQWs)
structures, and optoelectronics and photonics integrated circuits. These devices are
frequently utilized in photonics switches, pump lasers, and solid-state lasers. This
bonding process is also applicable to electronics components such as Metal-
Semiconductor-Field-Effect-Transistor (MESFET) devices and circuits, and Pseudo High
Electron Mobility Transistors (PHEMTs). These devices can be used in high-frequency,
high-power applications such as RF communications modules, power amplifier, and

electronics integrated circuits as well.

T2 Recommendations

In this work, basic reliability testing methodologies were carried out to study the bonding
integrity at the solder joint. However, to create a comprehensive investigation of the
solder joint reliability, long-term reliability testing must be conducted to realize practical
reliability prediction over long service hours. Based on the process optimization, long-

term reliability investigations of these LDs and solder joint at different environmental and
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service conditions must be adequately addressed. LD degradation is the result of the
interaction between different intrinsic (material properties, crystal defects, quality of the
interfaces etc) and external factors (packaging, bonding, temperature, injection current,
facet coating etc), which introduce profound changes in the materials forming the active
parts of the devices, with the result of a decrease in the quantum efficiency. While the
influence of physical degradation is strongly affected by the device characteristics
themselves, the packaging design may also contribute to the long-term stability of the
entire module. The many inputs that contribute to the degradation render difficult a full
understanding of the physical processes governing the failure mechanism. Hence,
fundamental understanding of the degradation modes is the basis to long-term reliability
of the package. However, this is not performed in this thesis work as it is an expensive
experimental methodology study. These LDs are expected to have a typical lifetime of

10° hrs and equipment required for such a reliability study is also costly.

In addition, thermal resistance of the bonding layer should be kept minimal to facilitate
proper heat transfer to the heatsink. Hence. Au80Sn20 solder is used in this project.
However, the thermal resistance of the solder joint can be further improved by adding a
high thermal conductivity composite material into the solder joint. Recently, carbon nano-
tubes (CNTs) were found to have excellent thermal conductivity and mechanical strength.
Formulating CNTs additives into solders have already shown tremendous mechanical and
thermal advantages over existing solder alloys. However, integrating such composite
material into optoelectronics packaging remains a technological challenge as there are

material and design oriented problems to be resolved.
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