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ABSTRACT

Three growing power electronics applicationsave massive requirements for
properly operatingheir mediumvoltage and higivoltagesystemselectric transportation,
renewable energy, and the power giitheir needs include dense power systems with
higher efficiency and higher voltage and current devitks. requires devices with high
switching frequencies to lower the size of the passives in the coraedevices that can
withstand higher operating temperatures@sponents move closer together to improve
power densitiesDevices that achieve higher switching speeds and |guemifsc onstate
resistances alseduce losses

Wide bandgap devices (WBG) like silicon carbide (Si@yea higherbandgap,
higher electric field strength, higher thermal conductiatydlower carrier concentration
than silicon(Si). This allows for higher temperature operation, faster switching, higher
voltage blocking, and lower power losses, directly meeting tbguirements of the
previously noted applicationslowever, the current packaging scheraes limiting the
ability of SiC to operate in these applicatidnsapplying packaging schemes usedSor
Therefore, it is critical tause andrefine advanced pacgang techniques so that WBG
devices carbetter operate andtheet the growing demanas these power electronic
applications.

Low-inductance, wirebontess, highdensity, scalable modulese possible due to
advanced packagingnethods While beneficial to lte operation and desigihese

techniques introduce new challenges to the fabrication prothessequiresrefinement



to improvethe yield ofsandwichstructure modules with wirebofdss interconnects:or
this module, ecapsulategdsilver-sintered substrateagduce the peak electric field within
the package, improving the partial discharge inception voltageneet insulation
requirements. It igssentiato have a uniform bondline between the substrateshieve
all bond connections anichprove reliability. Silver sintering is also used to attach the
molybdenum (Mo) post interconnects. These interconnects allosafatwichstructure
moduleswith low inductance; howevertheyhave toleranceariation from manufacturing
and bondline thiknesseswhich become problematfor multi-chip power modules with
an increased number of die and po$tse variation results in tiltcausing somgosts to
disconnect altogether. Additionally, soldering MCPMs involves a large thermal mass that
the soldeing reflow profilefrom a datasheet does not account for.

Ultimately, these fabricationoncernscan result irmisalignment or disconnected
post interconnect® the top substrat®ost interconnect planarity and alignment are vital
for this multichip ppwer moduleto avoid open or shorted connections that can derate
switch positionsThisthesis aims to refine each packaging stegssembling wirebond
less, multichip power module. The bond uniformity of silMérg) sintering is addressed
in dried preform and wet paste casd$e soldering methods are explored and improved
by creating a modified reflow profile for large thermal mass®tintroducing pressure to
reduce bondline variation and voiding content. The entire sandwich structure module is
analyzed in a statistical tolerance analysis to understand which component introduces the
most variation and height mismatch, providing insight as to which packaging techniques

need further control to improve the yield of mudhip power modules.
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The electrification of many systemsrldwidehas increased the need émmpact,
efficient power electronics.Their applications spaelectric transportation, renewable
energy systems, grid applicatiorsnd data centersio name a few mediwwoltage
applications. Wide bandgap (WBG) semiconductazan outperform silicon inthese
applications, offering higheeemperature robustness, higher efficiency performance, and
higher voltage capabilities. The faster switching will reduce the size and weight of the
converters containing these devicklowever,usingtypical packaging semes such as
wirebondswill limit the potential of WBG devices in these applications.

Advanced packaging techniques have been developed to increase the electric field
strength, reduce the power loop inductancedluce electromagnetic interference from
fastswitching transientsand improve the power densities of mugltiip power modules
for medium voltagand current applications. However, these packaging techniques are not
trivial to implement and have resulted in a low yield of these modules.

This thesis aims to refine each packaging stepssembling wirebondless, mult
chip power moduleThe bond uniformity of silver sintering is addressed in cases of dried
preformandwet paste. The soldering methods are explored and improverkeaing a
modified reflow profile for large thermal massasd introducing pressure to reduce
bondline variation and voiding conteiithe entire sandwich structure module is analyzed

in a statistical tolerance analysis to understand which component introduces the most



variation and height mismatciproviding insight as to which packaging techniques need

further control to improve the yield of multhip power modules.
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Chapter 1 Introduction

1.1 Background

Power electronics has shifted from the lestgnding use of silicon (Si) devices to
exploring the capabilities that wide bandgap (WBG) devices can offer for the field. The
inherent properties of WBG devices, namely silicon carbide (SiC), allow them to
outperform Si in several applications, as notedrigure 1. The critical electric fied is
higher than Si, making SIiC the top contender for medioitage and higivoltage
applications. This increase in critical electrical field is accompanied by a size reduction of
the chip, thus, reducing the gate area and ultimately lowering the gage.chhis is key
for device operation at higher frequencies, allowing for lowesstate resistance,
minimizing switching losses, and opening the door for applications that require efficient
power conversiofil]i [4]. The high operating temperature combined with the high thermal
conductivity allows SiC to have improved higgmperature performance while being more

feasible to cool than $ieviceq3], [5].
~8i ~4H-SiC~ GaN ~ Ga,0;
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Figure 1. Comparison of key characeristics of different semiconductor devices

[6]L7].
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Various power deviceshave utilized Si as the foundation of power electrgnics
ranging from fieldeffect transistors (FET), bipolgunction transistors (BJT), dngate
bipolar junction transistors (IGBT Si transistors have been extensively reviewed in
academicresearchthe most extensive being tt& IGBT [5]i[7]. While these power
modules have proved reliable and durable for low and medium voltages and high currents
and have seasoned experts on their operation, growth, and manufacturability, these
modules have quite a few limitations. As discussed previouslywitehing speed of Si
devices will limit these modules for the demands of efficient power conversion.
Additionally, the maximum voltage rating
these modules useless for higbitage applications such as renélea energy grid
interfaces and aklectric ships[7]i[9]. Joining Si IGBT power modules in series to
increase the rated blocking voltage can rectify this issue; however, this solution introduces
many challenges, mainly concerning voltage stability and developing complicated control
schemes[9]i [11]. Furthermore, to meet safety and reliability requirements, the modules
in series or parallel need to be isothtand heavily derated, increasing the footprint of the
converter and decrementing the overall power defisily

However, this same argument can apply to the medamd highvoltage SiC
modules with lower current capabilities. The devices and modules need to be connected in
parallel for trese modules to reach the current levels that Si IGBTs have. Paralleling SiC
devices or modules can introduce similar problems that the series of IGBTs present, now
regarding current imbalances, but the same increased control complexity and lower power
densty from derating[11], [13], [14] Additionally, the increased switching speed,

compounded by the proximity of connected modules, can present unforeseen EMI concerns
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that require careful consideration and tesf{itig). These challenges have led to a growing
interest in parallel devices within the package to increase power densities, uncomplicate
the contro$, and target reduced imbalances.

Nonetheless, the medidrand highvoltage SiC MOSFET application space has
flourished despite these challenges for kighrent applications. Commercially and
academically developed packages highlight the promising patehtit SiC and wide
bandgap devices have during operation. It is essential to identify the current packaging
layouts and materials used to successfully fabricate 4chilt power modules to explore
the challenges of fabricating these modules given thaiage requirements and the

increaseadomplexity as the number of devices and components in these modules rises.
1.2  Surveyof Multi -Chip Power Module Packaging Techniques

1.2.10verview of the Typical Packaging Components and Scherae

It has becomapparent from the characteristics of WBG semiconductors that they
can meet the demands of applications today for power electronics for high voltage, high
current, high temperature, fast switching, high efficiency, and low losses. However, these
devices canot operate under all these conditions independently. The packaging of the
devices is necessary to interface the device characteristics for use with the external world
for these applications. The packaging of the device provides the enclosure to allow the
device to reliably perform electrically, thermally, and mechanically. It involves
understanding the physics, chemistry, and material science of all the components in a
package to optimize the electrical and

performance, size, cost, and reliabilihg].
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The conventional power module package is shown in Figuri @onsists of a
Ssubstrate attached to a baseplate with a the
is to dissipate heat generated from the package during operation. The substrate, typically
an inorganic ceramic, provides mechanical suppodt eectrical connections for the
devices based on the substrate patterning. A common ceramic substrate is direct bonded
copper (DBC), which consists of two copper layers with a ceramic sandwichetiieen
for insulation and rigidity. There are also aetimnetal brazing (AMB) substrates with
silicon nitride and copper, which provide even more mechanical robustness than DBCs
with less coefficient of thermal expansion (CTE) mismatch and better heat dissipation. This

work focuses on a diretionded aluminum BA) type, which has better thermal

performance than DBC and AMB substrates but slightly worse CTE than AMB.
Power devices

Bond wi&ei Die attach
Solder Substrate
interface —
material Heat Sink

Figure 2: Conventional power module packaging scheme witbrucial components
labeled[16].

The semiconductors are attached to the substrate using a die attach material such as
epoxy, solder, and sinter. Conductive epoxy is less common for power electronics
applications due to its limited thermomechanical performance. Soldering can be in the form
of paste, preform, or wire and has been a conventional die attach method since the

beginning of power electronics. Recently, methods have shifted to silver sintering



techniques for a more reliable bond with higher thermal conductivity and less voiding
cortent.

Interconnectsform the connections within the package from the devices to
terminals or other devices. These interconnects are typically wirebonds for the bare device,
but some devices are compatible with -ipip or ball grid array (BGA)nterconnect
methods. Methods to eliminate wirebonds within a package and replace them with more
reliable interconnects have been investigated and will be a focus of this work.

Terminalsare what allow the devices to interface with external applicatidreser
can range from screw terminals, pins, springs, clamps, and more. These terminals can be
permanently attached to their external environment, such as a gate driver or bus bar, for
better attachment reliability, or they are clamped so that the packadge camoved and
serviced.

The encapsulation is crucial for improving electrical insulation for mediand
high-voltage modules. However, it is also beneficial to protect the device and internals of
the package from the environment and thermomechanioakshThe encapsulants are
dielectric materials ranging from tolerant silicone gels to rigid epoxy molding compounds.
The encapsulants are held within a plastic module housing material, or in some cases, the

encapsulation material can be the entire delviesing.

1.2.2Current Challengesof Package Interconnecs for Medium-Voltage Multi -Chip
Power Modules

Multi-chip power modules (MCPMs) enable the series and paralleling of devices
to achieve higher voltages and currents, respectively. Modules have re@acteedl0 kV

for SiC devices, but only a few hundred amps compared to high current Si IGBT



module$l7], [18]. It is important to lay out the module to reduce parasitic imbalances and
the magnitude of the parasitics overall since SiC devices are more sensitive to imbalances
and the magnitudes of parasitics due to thedagtiching rature of these devicg$9].
Thesubstrate of mukchip power modules needs to be sized to have adequate heat
spreading and reduce thermal couplbejween chips. This can resultlarge substrates
where the path between devices and the package terminals that interface with the gate
driver and busbar becomes longer. The most common interconnect method across these
substrates is the aluminum (Al) whond. Al wirebonds are cestfective and have
thoroughly developed manufacturing proced2€3. Wirebonds require pads to bond to
laterally, increasing the substratigrface size and decreasing the power def&lfly The
lengths of the wires increase tmnnect across the MCPM, increasing the parasitic
inductance and force on the necking point, degrading the reliability and module
performance[22], [23]. Additionally, wirebonds have low reliability for stressful
thermomechanical environments. They are one of the significant causes of failure at
elevated temperatures, which is not promising for WBG devicesatipg at higher
temperatures than their Si counterp2d. Cracking and bending fatigue accumulasewl
the wirebonds fail open once reaching their fgsiarren{22], [25], [26].
Wirebonds have a large inductance, and wirebonds across-amipltipower
modules also introduce parasimbalances. It has known with Si IGBT wirebonded multi
chip modules that the overshoot can be almost 3.5 times greater than the rated value,
significantly increasing losseR7]. With fastswitching SiC devices, higher losses
compounded with imbalancedagasitics in multichip power modules can have

catastrophic effects during convertevel operation and even during a doupldse test



of the packag?8], [29]. Thisresults in slowing the switching speeds to control the EMI

and reduce the impact of parasitics, an undesirable result from attempting to package WBG
devices as if they were traditional Si. Even though there are many concerns with using
wirebonds for a mulkchip power module, especially for high voltage, it is the interconnect
method used for commercial 10 kV power modules. These modules have 18 devices and
parasitic inductances ranging from-38 nH, which is unideal for SiC 10 kV switching

[29]. A promising variety of alternatives have been researched to address the consequences
tha wirebonds introduce for multhip power moduleg¢Figure 3). The options include
advanced wirebonding materials, flijhip modules, pressure contacts, and vertibete

dimensional interconnest

Figure 3: Various interconnects including (a) Alwirebonds [30] (b) Cu wirebonds
[31] (c) Au wirebonds[32] (d) Flip-chip solder bumps[33] (e) Presspack [34] (f)
Fuzz buttons[35] (g) Cu clips[36] (h) Flexible PCB[37] and (i) Metal posts[21].
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Industry companies such as ABB, Siemens, Heraeus, and Danfoss have employed
advanced wirebonding techniques and materials in power md@8lesVhile it would be
beneficial to analyze the module layout and impact of the wirebonds on the overall
parasitics and parasitic imbalances, the inside details of the modules are usually protected.
The interconnect methods can still be investigated. Mdgemstead of aluminum have
increased the reliability of wirebon{0], [38], [39]. Copper wirebonds have better power
cycling results over aluminum and high electrical and thermal conductivity. While
improvements to the bonding process have been made, there is a risk of damaging the
device during bonding due to the hardness of copptretdragile die surfacg38], [39].
Additionally, theoxidation of coppecannot be ignoredven at lower temperatures, which
can complicate manufacturabilitj20], [38]. Gold wirebonds are resilient to corrosion,
highly conductive, and easily adhere to meypycal metal surfaces in the package, making
it an easy choice in terms of performance. Still, the cost of gold (Au) is not always feasible
for largescale production of packag38], [39]. Thus, there has beemore effort in
improving the performance of copper (Cu) and aluminum wirebonds rather than
transitioning to gold.

Even though changing the materials of the wirebonds can provide better electrical
performance and, in some instances, reduce the paiasditictance slightly, it does not
address the overall problem that nuehiip power modules face with imbalanced parasitics
[27]. To reach higher currents, many devices are still connected parallel; thus, many
wirebonds are still within the module. The laydatcomes the primary method to reduce
the parasitic influences of the wirebor{d€]. Wirebonds also eliminate any potential for

doublesided cooling, which is essential to the future cooling of WBG de\2ek



Changing the material of the wirebonds or layouts to reduce parasitic inductance is
therefore deemed a workaround for this analysis and not a solution.

Flip-chip bonding is an interconnect method that inherently reduces parasitic
inductances. Flizhip bonding consists of solder balls (or bumps) distributed across the
device, which solder directly to the substrate pads. This vertical interconnect method
results in a lower profile package and minimized area needed for lateral wirebond
connections, improving the overall power density of the mof88§[41]. The solder
bumps create a | ayer bet ween the devicebs
thermomechanical reliability andeducing CTE mismatch between the die and the
substratg¢38], [41]. Howe\er, there are still drawbacks to this interconnect technology for
mediumvoltage power modules. It also proves difficult for mediunitage devices, given
creepage and clearance requirements and requiring underfills with high dielectric strength
to reducdhe peak electric field between the chip and the substrate, and the highest voltage
module (6.5 kV) had only undergone a leakage current experiment to verify opgtation

Another interconnect which proves more promising for the overall interconnect
reliability and performance for multhip power modules is accomplished by applying
pressurePresspacks utilize pressure contacts with dry spacers to form connections across
arrays of devices. The technology reduces CTE mismatch by utilizing molybdenum spacers
to interface between the die and the terminals. There is improved reliability fanrmedi
voltage and higipower applications since the dry contact eliminates common failure
mechanisms of mechanical bonding seen with wirebonds and §#8jigd5]. They also

allow the interconnects to take on a new responsibility within the package: heat transfer.



This newfound technique paves the way floublesided cooling as the topside of the
devices can now have a large interconnect to conduct heat effigu3itly

However, thessuccessful pregsacks for Si are not always translatable to WBG
devices likeSiC. SiC devices have notably less area for their con{dbis [46], and the
presspack relies on a dry contact, needing tight tolerances to ensure even contact across
all devices and also ensuring there are no potential gaps, which are difficult to control given
surface roughness of different componga8. Dry contacts also restrict the encapsulates
that can be used, requiring complicated gas insulation methods with lower breakdown
strength than silicone ge[47].

It was noted earlier how impactful the parasitics are for SiC devices. While press
pack modules can improve the magnitude and symymeompared to wirebonded
modules, prespack modules tend to have a large form factor. Most of the modules cannot
be insulated from the heat sink, and thus the inductance of the main power loop is still large
[43], [44]. Additionally, while the layout of the devices can be symmetrical to aid in
balancing, the actual contact strength relies on even pressure distridg@&jolneven
distribution will result indisconnected devicesesulting in imbalanced current sharing,
imbalanced thermal performance, imbalanced mechanical stresses, and overcurrent failures
[34], [49].

Finally, 3-D interconnects led the way in producing mahip power modules that
minimize the overall footprint by creating vertical packages. The interconnection can
remain short, allowing for a decrease in inductance while allowing the spacing to be
adjusted to accommodate high voltages by determining the clearance in vertical structures

and reducing the peak electric figbl0]. They also allow heat dissipation through the
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topside of the device and open the door for more reliable dgid#e cooling methods.
Larger contact areas of[3 interconnects decrease thermal and electrical resistance and
increase the curremarrying capability. These-B interconnects include clipgins,
flexible circuit boards, PCB embedding, and metal posts.

Fuzz buttons are a dry contact used in ppesks instead of spacers. They act as a
low-profile interconnect with compliance benefits and low parasitic inductances. Their
compliance allow$or more uniform pressure distribution than the rigid contacts in typical
presspacks. Their small size also helps with adaption to the smaller size pads of SiC
devices. However, these do not allow thermal conduction through them like metal posts do
for double-sided cooling. Insulation is also a concern due to their low profile, and medium
and highvoltage packages need further insulation. The fuzz buttons were packaged with
1.2 kV devices but never experimentally verified. The typical insulation techaapee
incompatible with fuzz buttons since they cannot be potted without degrading their flexible
nature, and the alternative of hermetically sealed packages is[G&3tlj46], [51].

More typical 3D interconnects of metal posts have been utilized and are the main
focus of this work. Mo posts enable low inductance designs and create sasttuathre
modules with high power density and good thermal conductivity for desididéal cooliig
[52], [53]. This is attractive for WBG devices due to the higher operating temperature than
Si. Mo also has a low CTE (4.9 ppm/C) that is quite similar to SiC devices (3.7) as well as
the aluminum nitride (AIN) substrat€s.3) [50], [54], [55]

These Mo post interconnects have been demonstrated in anoduleg29],

[52]i [54]. [54] utilizes Mo posts sintered to the die and substrates on one side of the

doublesided cooled packagad soldered to the other. Even though the CTE between the
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substrate and interconnect selection reduces by choosing Mo posts, other materials in the
package still dominate the thermomechanical stresses, and the failures manifest in the post
bond. To redue the thermomechanical stresses, a combination of Cu and Mo posts is
needed, as well as the removal of the copper heat sinks. While this improved the
thermomechanical reliability, the heat spreading of the package was sacrificed as the bonds
of the post iterconnects could not withstand the CTE of a Cu baseplate.

Similar work using only copper posts machined in a brslggpe sought to
improve a module's thermomechanical reliability and overall thermal cycling lifetime.
During cycling, cracks still propated in the bondline, indicatinginresolved CTE
mismatch between the interconnect and diee complex shape of the interconnect further
introduces fabrication and tolerance challenges and cost of manufacturability concerns
[56]. Additionally, the wet contact choice of solder introduces thermomechanical stresses
since there is a CTE mismatch to tdopper post that significantly degrades during thermal
cycling, which motivates the use of Mb7].

Changing post materials from Cu to Mo has improved the CTE. However, more
advanced material syntheses are investigated to improve compliance, one of the drawbacks
of the rigid post interconned68] explored a CeMo-Cu gradient post to have improved
CTE mismatch with Mo andhe conductivity of the post with Cu. This module was only
demonstrated as a single IGBT devié&®], [60] explored MeCu and Mo plated witiAu
to reduce the CTE mismatch and atee however the cost of these advanced material
interconnects is a notable concdbifferent interconnect shapes have also been explored
for alleviating thermomechanical stresses at the bondls¥sMaking an Xshaped or

octagonshaped post relieved stresses in simulation, but the dpetterming shape in
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FEM analysis had worse reliabiliip the experiment, questioning the benefits of these
complex post shapes. Additionally, these are for very short heights, and the stress reduction
would not apply at the spacing required for mediwtiage operation.

The use ofmetalpostsfor mediumvoltage power modulés limited to research
[38]. It is important to investigate why these metal post interconnects are confined to
modules from academia and their associated fabrication challesgpesially for the

future of MCPMs.
1.3 Multi -Chip PowerModule Overview and Motivations for Fabrication

Refinementdor Wirebond-Less Mult-Chip Power Modules

While the typical packaging scheme in
mean it shouldemain the best practice for the future of power electronics. Based on the
advancements in interconnect technology, it is clear that the typical packaging schemes are
not enough for the demands of power electronics applications todaymipaessibleto
adieve high voltage, high temperature, fast switching, and low loss power modules using
these packaging schemes developed for Si devices regarding WBG devices. Advanced
packaging techniques and designs are required to fabricate MCPMs for WBG devices such
asSiC.

Improvements in packaging technologies have increased the feasibility of medium
voltage SiC modules through lemductance designs and electrical insulation techniques
to achieve higkspeed switching without significant overshoot[21], [61]i[63].
Additionally, without balancing parasitics, the paralleling of multiple die becomes

challenging. The complications of connecting modules ¢oese the current or voltage
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rating within the converter have been discussed. Paralleling devices within the package are
more attractive for higher power densities.

Figure 4(a) compares twaommercial 10 kVMCPMs that utilize wirebond
interconnectsWirebonds need lateral pads to bond to while maintaining creepage and
clearance requirements, resultimglarge sbstratesand modules wittsignificantpower
loop inductancesFigure 4(b) references two moduléabricatedin the Center for Power
Electronic Systems (CPES) thatlag Mo post interconnectsetween the die and the
substrate As shown, the shift from wirebonds to Mo posts allows for dense desighs
vertical sandwickstructure modulesvith higher power density and lower parasitic
inductances.

For SIC, the devices ¢émselves can reach higher voltages than Si, thet
paralleling of devices allows SiC to finally compete witle current ratings of Si IGBTs
[64]. However, for proper operation, threodule layoutmust be designetb balance
parasitics between devi¢és]. If the parasitics are imbalanced, the devices experience
higher overshoots, higher losses, higher temperatures, and risk module[2A]ufé5],

[66]. The fabrication of these multhip power modules (MCPMSs) is not trivial, and the
next section will provide further insighito the design and fabrication of the MCPM from

[50].
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Figure 4: (a) Commercial 10 kV modules with wirebonds and their respective power

loop inductance and power dengy [17], [18]. (b) CPES 10 kV modules with Mo post
interconnects and their respective parasitic inductance and power densiiynproved

from the wirebonded moduleg29], [53].

1.3.1Multi -Chip Power Module Overview

TheMCPM that will be the focus of this work ismmediumvoltage SiC, sandwich

structure half-bridge powemodule developed by DiMarino at Virginia Tech Center for
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Power ElectroniSystemd29] (Figure5). Mediumvoltage SiC devices enable modules
with simpler control schemes, improved power density, and higher efficiency than modules
that require series connections to reach 10 kV blocking vol{&ggsThe modulautilizes
asymmetrical layout of the devices, which aids in balancing parasitics and promotes even
currentsharing across devic¢85]. Because of this, the modules can ideally scale from
one die per switch position to multiple die per switch posit@verall, themodule design

in Figure 6 utilizes stacked pressureaassistedsilver sintered substrates, Mo post
interconnectssilver sinter die attach, and spripin terminals. The module is populated
with 13 kV SiC devices fronthe National Institutef Advancedindustrial Science and
Technology AIST). The details of these devices ardablel. This section willdetail the

design anédvanced packaging techniquesed to fabricate the MCPM
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Figure 5: Half-bridge circuit schematic of the MCPM in Figure 6 with six devices,
separate kelvin connections, and embedded decoupling capacitors.
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Table 1: AIST 13 kV SiC MOSFET DeviceSpecifications.

) Backside Frontside
VTH.max Size Roson | Tomax | VTH Metallization | Metallization
6.94 X 6.94 x .
13 kV 0.35 mn? 705 5A 3.4V Gold Silver
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Figure 6: Medium-voltage multi-chip power module with stacked aluminum
nitride, direct-bonded aluminum substrates, silver sinter bonds, molybdenum post
interconnects, embedded decoupling capacitors, and spring pin terminals.

The fabrication process is broken down dbgpstep inFigure7. Two AIN DBA
substrates are sintereshder pressure for the bottom and top substréiesapsulated
stacked substrates with the midplane connecting tooh#fe maximum potentiaeduce
the peak electric field seen by the triple points, increasing the PDIV tk¥g%0]. Vias
within the ceramic connect the aluminum pads electric@lys substrate design is crucial
for the mediurvoltageoperation ofLOkV-13 kV SiC MCPMs.

One of thecritical components of the package design is metal Mo posts
interconnectgor the gate, kelvin sourcppwer sourcedrain, and midplaneonnections.
Post interconnects attached usisidyer sintering within sandwicistructure modules

enable low inductance, per-dense modules that allow dowsigled cooling52], [54].
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While this module does not utilize doukdgled cooling, the posts still enable the dense
sandwichstructure module with low parasiticEhis design is cruciato switch silicon
carbide at high voltages with loawvershoot These posts are sintered to the ainel the

substrateising pressurgess silver sintering.

Ag Die Metallization ﬂressure-less Ag Sintering DieN
Mo Post Interconnects

-0

fLarge-Area Pressure-Assisted Ag
Sintering

-

Figure 7: Fabrication process for the multichip power module in[50].

Nano-silver sinter paste is chosen to attach the posts to the die and the die to the

substrate due to the low voiding and high thermal conductivity over typical solder alloys.
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This is crucial since the Si C MOSmiEing 6 dr ai

heat away from the devig68]. Silver sintering is also beneficial for building medtaip,
sandwich structure moduléabricated in sequential steps since the melting temperature of

a sintered bond is 960 °C, and the sintering temperature of the paste is 250 °C. Using nhano
silver sinter paste allows for the post interconnects to the die, the post interconnects to the
subgrate, and the die themselves to all be attached in separate steps without any bond
degradation, easing the manufacturing process.

Three MOSFETSs per switch position are symmetrically attached on the bottom
DBA using pressuress nanesilver sintering witradditional posts for current conduction.

The symmetrical layout of the devices and Mo posts allows for balanced parasitics and an
easily scalable design.

The top substrate connects to the molybdenum posts by pressisted soldering.
Solder is chosen for this connection because the top substrate is not in the thermal path;
thus, the high thermal conductivity of sinter paste is unnecessary. Solderitgpthe
substrate also allows for compliance between all the posts since it is not as rigid an
attachment method as sintering. This is beneficial for relieving any thermomechanical
stresses the module may see during opergiohn

The terminals of the module are gold spring pins. Spring pins are beneficial for
balancing prasitics with ease of symmetrical layout. The pins compress to thgfalded
busbar, sealing off the module from the air and reducing tar ipeak electric field,
allowing for 6 mm spacing between pd@9]. Next to the spring pins, the module has
embedded decoupling capacitors, wiretiucethe parasitic inductance seen by the devices

during switching and lowering voltage overshoot. The capacitors also allow faster
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switching by connecting to an integrated enam-mode screen to reduce EMI from these
transients. The module is encapsulated in a silicone gel within adngherature resin
housing through multiple degassing and curing steps to ensure-les®ienclosurfs0].

In summary, thesadvanced packaging techniques allowtfa@successful design
of medium voltage naules that have lovinductancereduced EMI, high PDIV, and
paralleled SiC devices for higher current operatidowever,while the techniques are
necessarytheir fabrication is not trivialand itcan introduce concerraboutyield and

manufacturabilityfor these dense, sandwistructure MCPMs with post interconnects

1.3.2Motivation for Fabrication Refinements of Multi-Chip Power Modules

The advanced packaging technigoeéshe module displayed inFigure8, enable
low-inductance, higiuensity, scalable modules. They also introduce new challenges to the
fabrication process, requiring refinement to increase the yield of sandtkiciure
moduleswith wirebondless interconnects

Pressure J @L

Uniformity of
Patterned
DBAs

Post | — - , T
Interconnect e EWl ik Bhaac .
Alignment - u ﬁ: 11 ﬁ ‘ ’ I ’ l l La;‘ilevz::ea
- - Sintering

Silver Pressure [
Sintering Assisted [
Die Attach Soldering

Figure 8: Advanced packaging techniques and fabrication refinements developed
for MCPMs.
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Encapsulatedsilver-sintered stacked substrates are usedmiediumvoltage
packages to relieve the pedkatric field at triple points, increasing the PDIV and module
reliability [50]. Uniformity of thebondlinein thesestacked substrates is critical to the
thermomechanical reliability of the packaagewell as ensuring electrical connections are
sufficiently made Unlike solder, which melts during reflow and smoothly coalesces
form a bond between two connectipary defects in thgilversinter bond before sintering
will remain after the bond ®rmed, even during a presstassisted sintering procd3®].

The sinter paste will not coalesce or bridge any gaps between connections, meaning the
bondline must be determined precisely.

Post interconnects attached using silver sintering within sanebtriabture
modules enable low inductance, powiense modules that allow for dowsieled cooling
[52], [54]; however, machined post intemnects have nemegligible tolerances, which
become more problematic as the number of posts scales up with increasing die in parallel
for current scalability. Even if the post heights are identical, package assembly processes
and attachment methods cdnthe posts. The phase change of the solder and unpredictable
outgassing of solder flux during reflow can tilt the posts or render connections (iB&]ess
Alternatively, when the posts are placed in the sinter paste for the die interconnect attach,
the bondline thickness can vary if placed wittifferentamount of pressure every time,
creating a mismatch in the heights. The tilt can cause some of the smaller gate and kelvin
posts to disconnect altogether.

Additionally, soldering MCPMs involve a large thermal mass for which the

typically solderimg reflow profile was not created. Temperatures and ramp rates need to be
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scaledo reduce void creation and complete reflow; however, with increasegeratures
and times to heat the large thermal mass, there is a chancewettohg the soldef72].
Ultimately, these fabrication challenges lead to misalignment or disconnected post
interconnects. For an MCPM, post interconnect planarityphgdment are crucial tavoid
gatesource shorts or missed connections that can render switch positions useless and limit
current capabilityThis does not solely arise from the post interconnects themselves, but
every layer in a sandwiestructure module can contribute nonidealities and non
uniformity. Therefore, every stepnd every componernh the assembly procedure is
critical to analyze and understand its impact on the module fabricatiohrefinement is

paramount to achieving current scalability and improving yieldfGPMs.
1.4 ResearchObjectives and Thesis Organization

Advanced packaging techniques enable -ioductance, higidensity, scalable
modules. They also introduce new challenges to the fabrication process, requiring
refinement to increase the yield of sandwstiucture modules with wirebofdss
interconnects. These advanced packaging techniques are required to elicit the benefits that
WBG devices can offer if packaged correctly. The yield of these sandiviatture
modules requires an investigation into gvstep of the assembly procedure. However, it
also requires an investigation into the core of the module components and how their
manufacturability as a part contributes to the overall assembly, traditionally done with a
statistical tolerance analysis. Eyetep and every component is critical, and refinement is
paramount to achieving current scalability and improving yield for MCPMs.

In the next chapter, the refinement analysis will start with the preassrsted

sintering of the patterned MCPM substrates and develop a process for repeatable bondline
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uniformity as well as analyzing the warpage of the substrates during the procgsierCh

3 will investigate the benefits of presswassisted soldering to improve bond quality in the
power and signal loops and the necessary steps to solder large thermal masses properly. A
statistical tolerance analysis of the assembly process is coddurct€hapter 4 to
understand the manufacturability of the module by bridging the refinements and the
components together, quantifying the yield of the modules from a statistical lens. In
Chapter 5, the fabrication and testing of a multiple sedéetn vergon of the MCPM with

two die per switch position verifies the functionality of the refinements. The MCPM is
fabricated using the refinements and conclusions drawn from the statistical tolerance
analysis. Finally, Chapter 6 will provide a summary, conclysamd key takeaways for

future works.
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Chapter 2 Fabrication Challenges and Refinementsof
Sintering in Wirebond-lessMultichip Power Modules

2.1 Introduction

The base of the MCPM is the substrate, which, when patterned, provides the
electrical connens for the power module. As more die are connected in parallel, the
substrates grow in length to ensure no thermal coupling and to route more electrical
connections. As mentioned, these substrates are stacked and bonded using pressure
assisted silver stering to reduce the peak electric field seen at the triple points within the
module to operate above 10 K50].

This section will investigate necessary refinements to the sintering process to create
strong, uniform, reliable bonds, not only for the substrates but also for ta¢tafte and
postattach to the subsites. The bond is vital for reducing the thermal resistance of the
module as well as extracting the heat from the drains of the vertical SiC devices. Thus,
silver sinter paste provides a lewgiding, highly reliable, and more thermally conductive
solutionto extract heat from WBG devicg¢s3]. Norruniform bondlines result in poor
bond quality, resulting in bonds that will not perfamtiably over time and eventually fail.

Each sintered bond layer for the substrates, die, or posts can impact the planarity of the
entire module, whether due to uneven bondlines from the placement of posts or substrate
warpage that occurs from the pressassisted sintering process.

While larger bond areas need pressure applied during sintering to obtain a high
bond strength, smaller bond areas can typically be sintered without pressure using a nano
silver pastd68], [73]. The Mo post interconnects ar¢aathed to the die in this manner, as

well as the die and other posts to the substrate, as shown previokigyre/. However,
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using post interconnects introduce®tmain challenges: (1) proper alignment to the small
pads of SiC, and (2) ensuring planar connections by controlling the uniformity of the sinter
bondline. Defects or excessive paste application introduces tilt across the post and die,
shorts the fate ansburce, or causes paste migration onto the field grading. It is essential
to refine these fabrication steps for the MCPM to improve yield since the substrate is the
base of the module, and the silver sintering of the die and interconnects is vital for the

functionality of WBG devices in advanced packages.
2.2 PressureAssisted LargeArea Sintering Methodologyof Patterned

Substratedor Multichip Power Modules

While the die and posts can be sintered without pressure and still have strong bonds,
large-area bonds tend to require pressure. Sintering has many benefits over soldering, such
as high thermal conductivity, lower voiding content, and better thermal cycling
capabilities. However, pressuassisted sintering elicits further benefits. Much work has
been done to investigate the impact of pressure while sintering, especially for large areas
such as substrates. The following section will detail the previous work with pressure
assisted sintering involving sinter paste, sinter preform, and the benefiedihaer sinter
over micrasilver sinter.
2.2.1PreviousWork on Pressure Assisted LargeArea Sintering of Plain Substrates

As noted, stacking substrates aids in relieving the peak electric field around the
triple points of a package by connecting the middle metal to the mid potential. Soldering
such a large area would create large voids and disrupt the main thermal gagibfattom
substrate connected to the drain of the devi€has, bonding with silver sinter paste is

essentiato ensure low voiding and the benefits of increased thermal conductivity
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Pressuresintering of micresilver paste was explicitly investigated a more
reliable attachment for laregrea bonding as compared to a baseline of solder, in this
instance, to bond &0.8x50.8 mrh substrate to a copper baseplate and improve heat
extraction compared to typical thermal interface mateffalp The sintering pressure and
temperatureare not provided for the bonding step of the substrate to the Cu baseplate.
Themal cycling results show that the bonding of the m&iheer paste still outperformed
solder by 1000 cycles, giving enough evidence to explore the benefits of silver sintering
for the packaging of WBG devices that experience higher temperatures, evetodios
melting and reflow temperature of many solders.

Micro-silver paste requires pressures greater than 40 MPa for sintering below 300
°C. This pressure would not be feasible to bond the substrates for this MCPM since the
viasin the AIN ceramic will cack at pressures greater than 3 NTRY, [75]. Evenif used
for die attachmostSiC devices cannot experience 40 MPa without cracking. Thus,-micro
silver paste would not be suitalale a pressurassisted die attach method and is unsuitable
for the pressursintering of substrates withas

Since micresilver sintering required high processing temperatures and high
pressures that were not feasible for manufacturing these MCPMssiharasintering has
become a feasible replacement to allow for silver sintering at lower temperatur@8@®40
°C) and without pressure to achieve high bond strengthd@&ill [73], [76] Different
substrates and metallization combinations were exphleigddifferent sintering tiras to
achieve the highest shear strength poss®ierall, nanesilver allowed forexceptional
shear strengths at low temperatures and minimal to no pressure compared silwacro

paste.
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The University of Nottinghani77] tested the difference between pressure and
pressurdess sinteringvith nanasilver pasteof two plain SkN4 substates sized0x40
mm?, with 0.3 mm ofcopperand 1 mm ofteramic similarsizeto the DBA1-DBA 2 of
the MCPM that is the focus of this wokach substrate hadscreerprintedlayer ofsilver
sinter pastelried before sintering two substrates without pressure and two substrates with
3 MPa at 250C for 20 minutesProfilometer scans show that the pressagsisted sintered
substrates have a consistent bondline thickness, while substrates without prestteck re
in a sloped bondline. This was due to squeezing out of the paste while overlaying the
substrates, creating a naniform bondline during the sintering process. The paste in the
pressurdess bond was concentrated in the center, having many vdagasas 40Qum
at the edges. The significant voiding is a result of the wet sqnéeting process. The
pressureassisted sintered bondline exhibits only80 voids.

While the nanesilver paste is more reliable than solder when bonding large areas,
thedrawbacks to screen printing large amounts of paste must be addressed. There is a high
likelihood of uneven bondline thickness, which can create concentrated stresses as some
regions of the bond now have higher resistaficék [78]. While thepaste oozing during
screen printing and sintering cannot short connections on plain substrates, it can lower the
PDIV of the module if it oozes onto the ceramic since the creepage requirements of the
substrate were carefully designé@d]. When it comes to patterned substrates, the oozing
of the paste cdd quickly short many different connections, rendering the MCPM useless.
This work motivates the use of pressassisted sintering and to explore the use of silver
preform. Preform controls the bondline thickness, reduces voiding, and reduces the risk of

shorting pads.
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A final study compared the benefits of nasitver paste to nansilver preform to
i mprove the bondbds reliability and ease the
printing process while bonding two substratag62], two 49.2x 23.1 mn? substrates are
sintered together with narsilver paste and narglver preform. Like previous methods,
the paste is screarinted and dried beforendergoing a sintering profile at 250 °C at 1
MPa for 30 minutes In contrast, the preform is pdgied on a polyimide carrier film,
eliminating the need for the drying step. The prefornthen stamp transferred to the
substrate at 1 MPa for 6@sondsat 140 °C. The substrates are then sintered at 3 MPa for
90 condsat 250 °C.

C-SAM images show that the preform statrgnsferred bond is more uniform than
the screesprinted bond. The screarinted sintered substrates had two times higher
surface roughess than preforrsintered substrates after 500 thermal cycles. Additionally,
from a manufacturability perspective, the processing time is shortened from 30 to 3 minutes
since the screen printing and drying steps are no longer neededsiNang@reform ca
achieve a strong, reliable, uniform bond at low pressures (3 MPa) compared tgita&ro
sintering (40 MPa), which needs a drying process and sintering.

The larger, patterned substrate is missing from these main works regarding the
sintering of subsétes. Patterned substrates are required to route the electrical connections
to the many paralleled die in mutthip power modules. Additionally, while there are
studies documenting the warpage of substrates to baseplates during pressure sintering,
solderng, or thermal cycling, there is little work done on how these-prgesure sintering
processes between substrates impact the warpage of the substrate. This concept can

significantly impact the planarity of sandwiskructure MPCMs. The following
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subsectins will explore these concerns using the substrates for MCPMs shdugune

9 ard Figure10.
Frontside Backside
¢ 49.2 mm 3
N
DBA 1 {503 mm Bond by Large-Area
Sintering
v
49.2 mm

>
A
v

Figure 9: DBA 1 and DBA 2 sizing, patterning and stacking method.
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Figure 10: DBA 3 and DBA 4 sizing, patterning, and stacking method.
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2.2.2 Challenges oPressureAssisted LargeArea Sintering of Patterned Substrates

As mentioned[62] made great strides in understanding the reliability perfocean
of nanasilver preform and developing a method to sinter langga substrates without
cracking theiwvias (Figurell). Across a larger substrate, silver sinter preform can control
the bondline thickness and improve voiding better than silver sinter paste. However, the
substrates utilized if62] to demonstrate the larggea sintering was not patterned and
were less than twice the size of the substrates used in the MCPM. Larger, patterned
substrates have many crevices and complex patterns, especially for MCPMs. These
intricacies intoduce new challenges to the previous laagea sintering process.

When using the method detailed[62] to stamp transfer silver preform to a bare
substrate te pressursensitive film indicates that some of the preform may be transferred
to unwanted spots on the ceramic and may not be sufficiently transferred to all of the
aluminum pads, as shown Figure 12. Even with a smaller patterned substrate, the
methodology ir62] still had trouble achieving a uniform tisfier. Transferring the silver
preform to the ceramic could result in a short circuit between adjacent pads or decrease the
PDIV. Conversely, suppose the silver preform is not evenly transferred to the Al pads. In
that case, it can create open connectiods@nuniform bondlines because some substrate

areas will not have silver preform.
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1 MPa, 60 s

Hot Press: 25°C
0.8 mm 60A Rubber

100 pm Ag Preform

DBA

Pressure Paper

25 mm Steel Plate
Hot Press: 140°C
(a) (b)
Figure 11: (a) Previous method developed for largarea sintering of substrates by
stamp transferring Ag preform and (b) successful transfer with that method on a
smaller, plain substrate.
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Figure 12 (a) Non-uniform,two-di e patterned substrateds pr e:
Ag preform stamp-transfer method developed for small, plain substrates. (b) Nen
uni f or m, MCPM patt errepmperisdicdirg @ noauniodns pr es s u
preform transfer using the previous methods detailed.

2.2.3 A New Method for PressureAssisted LargeArea Sintering of Patterned
Substrates

The larger, patterned substrate for an MCPM requires a new-stangfer process
for successful preform transfers. The materials and methodold@2Jinvere used as a
starting point. An experiment uses the substratéignre 12(a) to test different pressures

from 1-2 MPa, durations from 600 seconds, rubber thicknesses of 0.8 and 1.6 mm, and
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rubber durometeshore hardness classifications of medisoft (40A), medium (50A),
and mediurrhard (60A). Testinglifferent rubber hardness classifications and thicknesses
is paramount becauskow the rubber deformsonsiderablyimpacts even pressure
distribution across the larg@ea substrate and creviced patterns. Analysis of the resultant
pressuresensitive filmin Table2 indicates the success of each test in achieving a uniform
transfer.The neatideal transfer was achieved with 0.8 mm mediand (60A)rubber
under a pressure of 1.5 MPa for 90 seconds with dark coloring on the Al pads and minimal
coloring on the ceramic.

Table 2: Evaluation of Pressure Sensitive Film with Pressure Varying From -2

MPa, Time From 66390 Seconds, Thicknesses Varying From 886 mm, and
Rubber Durometers of Medium-Soft, Medium, and Medium-Hard.

Pressure +
Time —

1 MPa 1.5 MPa 2 MPa 2 MPa

Rubber 60s 90 s 60 s 90 s
Hardness +

Thickness |

40A, 0.8 mm

40A, 1.6 mm

50A, 0.8 mm

50A, 1.6 mm

60A, 0.8 mm

60A, 1.6 mm




The new transfer process (1.5 MPa, 90 seconds, 60 A rubber, 0.8 mm thick) was
tested on the larger MCPM substrate using thekatpdn Figure13(a). The new process
improved the pressure distribution and allowed the successful transfer of silver preform to
the substrate, as seén Figure 13(b). Theprocess was successfully repeatedeayht
MCPM samplesandseven of the smaller patterned substrates, each showing a significant
improvement over the pressure paper results from the prior methodch$egarel12, and
all had successful, uniform silver preform transfers.

A mylar stencil further deisks the transfer step to prevent any preform from
transferring to the ceramic. The mylar stencil is 100 pum thick, so it sits well below the 300
pum thick aluminumpads and does not interfere with bond uniformity during the transfer

process. The substrates were sintered according to the profile deterniB@jcain3 MPa

for9 0 seconds a tsubtrat@erferi@edsliably m therrhahogcling tests.

1.5 MPa, 90 s u'lll'lll'lll'.

Hot Press: 25°C
0.8 mm 60A Rubber

100 pm Ag Preform

DBA
Pressure Paper
25 mm Steel Plate

Hot Press: 140°C

(@) | (b)
Figure 13: (a) New transfer method with 15 MPa, 90 s, and 0.8 mm 60A (medium)
rubber and (b) successful transfer of preform to substrate showing uniform
pressure paper.
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2.3 Analysisof Substrate Warpagduring PressureAssisted LargeArea
Sintering

The previous section details a successful method of repeatedly transferring silver
preform to patterned substrates using a staanpsfer method. This new method improves
the bondline uniformity. Reliability testing was conducted on langa sintered DBA
substrates ifi62] and demonstrated improved performance of substrates with silver sinter
preform over screeprinted silver sinter paste. The work dongG8] does not detail any
analysis of the substrate warping after undergoing the-knege sintering process. This
detail could explain why the modules built faced yldblems when trying to solder the
top posts to the top stacked substrate, assuming they did not end planar. Investigating and
understanding if the substrate warpage impacts thelamarity of the posts in sandwich
structure modules is essential.

A literature review was conducted on potential causes of warpage teataae
substrates, some from the studies on the sintering bond quality in the previous section, but
some did not provide details about the substrate warpage. The literature review focused on
the impacts of temperature, heat, pressure, and the CTE mismatch of materials with
substrates of similar sizes to this MCPM but varied thicknesses. Very few studies detail
the effect of pressurassisted largarea sintering of similar substrates; thusrkwdetailing
the impact of sintering and soldering of substrates to baseplates and the impact of thermal
cycling of substrates were added to the review to understand the general behavior of
substrate warpage.

Work of largearea soldering and sinteringostrates to baseplates was analyzed to

see the impact of bonding dissimilar materials under an intense heating profile on substrate
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warpage. Since the baseplate is typically thicker in the substrate, and in these cases copper,
it dominates the final substie warpage. Due to its high CTE, when the copper baseplate
cools from a peak temperature, it will shrink, pulling the bonded substrate into a convex
shapg79]i [81]. The magnitude of the warpagedependent on many parameters, such as
the thickness, CTE, and Youngdés Modul us.
thickness of the substrate and baseplate and the CTE mismatch betweer[&ié {82).
[79] concluded that the thinner baseplates were more susceptible to warping since they
were not as stiff as thicker subsast This induced more warping in the substrate during
the solder reflow profile. Additionally, reducing the CTE mismatch between the baseplate
material and substrate material decreased the magnitude of convex warpage at room
temperaturgd1], [83].

Prebending the substrates aided in reducing the final warpage magoitthese
substrates. Two works approach this with opposite metfi@]s[84]. By matching the
same shape (i.e., concave baseplate and concave substedbeydhs more reliable than
a planar substrate and a warped baseplate. However, no effort is made to analyze the overall
warpage of the substraf@4] pre-bends the baseplate convexly so the expected concave
behavior of warping becomes planar instead, reducing the warpage of the overall substrate.

From the baseplate sintering and soldering analysis, three concepts examine the
behavior of sintered substrates: The material with the dominating CTE will control the
direction of the warpage, the thinner materials tend to warp more drastically, and pre
bending of the materials can change the final warpage of the materials. What is missing

from these works and how it relates to sintering stacked substrates is the application of
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pressure, the difference between the thickness of the ceramic and the thckrfidhse
metal, and the idea of similar materials with similar CTEs but with different patterns.

The symmetry of the metal patterning can impact the final substrate w§8ihge
This work does not use pressure and is used solely to understand temperature impacts. If
the substrate had uneven patterning on both sides, the warpage was more intense due to
imbalanced metal. This patterning can also influence the concavity of the substrates
warping [82]. Additionally, symmetrical metal showed mudtdss thermomechanical
stresses during thermal cycling. WhiasN4 DBC has a much more significant CTE
mismatch than the MCPM substrates (AIN DBA), the overall behavior is still essential to
analyze to find trends for these patterned substrates.

In [75], the simulatbn utilized the MCPM substrates in this work and simulated
pressuresintering. In this simulation, the substrates warped only a few microns. However,
experimentally, the warping was a few orders of magnitude higher. The work noted that 10
kN (about 4 MPa)yesulted in the cracking of theas within the substrates and was not
carried forward with the different samples sintered. This cracking can alter the final
warpage results and may not represent actual warping behavior. Thus, it is vital to
understand thempact of the aluminum pad pattern in terms of the CTE mismatch with the
ceramic. This work is the closest available to this work but needs to explain the phenomena
behind the minimal warpage in the simulation and the extreme warpage seen in the
experimemn Additionally, the pressure applied was too high because it caused cracks in the
substrate and theias Nonetheless, results were used as a baseline to understand the

warping of MCPM substrates with complex patterns.
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Simulations were conducted with ANS Workbench transient thermal and static
structural to better understand the phenomena seen in literature with substrate warpage
when applied to these large MCPM substrates. After the transfer process is completed from
the last section, the hot plateteenpat ur es are raised to 200 eC f
eC for the bot-tipoanrrigyd 14 is the sanfelagethesubstratés sintered in
[62] and is constructed by cutting the rubber covered with a layer of Kapton to the same

size as the substrates being sintered.

3 MPa, 90 s

Hot Press: 200°C

25 mm Steel Plate
1.6 mm 40A Rubber

DBA

DBA with Ag Preform Transferred

3.2 mm 40A Rubber
25 mm Steel Plate

Hot Press: 250°C

Figure 14: Stack-up for the pressureassisted sintering of largearea substrates in a
pneumatic hot press.

Once placed between the hot plates, the pressure increases to 3 MPa within 30
seconds, holds for 90 seconds, and is immediately released. In the simulation, the two
temperature profiles are ramped to their maximum to emulate the substrate meeting the hot
ph ates until reaching bonding temperature (2°
to room temperature with natural convection. The overall profile for the pressure and

temperature is shown Figure15.
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°C/MPa A

3 MPa+4

250 °C
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Figure 15: Hot press pressure profile (green), bottom hot plate temperature profile

>

1
1320 Seconds

(red), and top hot plate temperature profile (yellow) for the ANSYS
thermomechanical simulation ofpressureassisted silver sintering of stacked
substrates.

The geometry was simplified only to include the bottom hot plate as a fixed support,
and the pressure was applied directly to the substrate. The substrate is a frictional contact
with the bottom hoplate to allow it to deform correctly. The simulation conditions are
detailed inTable3. The boundary conditiorfer the substrategre noted irFigure16 only
for DBA 1-DBA 2 butarethe same for DBA ®BA 4. The meshing for each is Figure
17 andFigure18, respectivelyThe meshing of the sintered silver layer was not refined to

save computational time since it will not contribtdeghe overall warpage as much as the

bulk metal materials.

Table 3: ANSYS Workbench Simulation Parameters.

Top Hot Plate 200 °C
Bottom Hot Plate 250 °C
Pressure 3 MPa
Total Profile Time 1320 seconds
Ramp to Temperature + Pressure 30 seconds
Hold Temperature + Pressure 90 seconds

Cooling

20 minutes to 25 °C

Substrate Contacts

Merged Bodies

Substrate to Hot Plate Contact

Frictional (0.2)

Weak Springs

On

Surface Effect

On
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Figure 16: (a) Pressure boundary conditions for DBA 1DBA 2. (b) Temperature
boundary conditions for DBA 1-DBA 2.

[ Substrate ] [ Hot Plate ]

Aluminum
Pads

[ Sintered Silver]
Figure 17: Meshing for DBA 1-DBA 2 thermomechanical simulation.
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Sintered Silver 7'“ S
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Figure 18 Meshing for DBA 3-DBA 4 thermomechanical simulation.

The simulatiorresultsshowthatboth substrate warp convexlyith amagnitude

of 122 uym for DBA 1-DBA 2 and12.4um DBA 3-DBA 4. Thisis influenced by the

patterning of the substrate geometry, wHmwhboth substrates, there is more metal on the

backside of each stacked substrasanoted iTable4. Thus,the amount ometalshrinking

dominateghe concavityduring the cooling proce$g4], [82].

Table 4: MCPM Substrate Metal Patterning Surface Areas as Referenceith Figure

9 andFigure 10.

DBA Pattern Location in Figure 9 and Metal Surface Area (mn?)
Figure 10
DBA 4 Frontside 2670. 18
DBA 4 Backside 3149. 14
DBA 3 Backside 3149. 14
DBA 3 Frontside 2987.19
DBA 2 Frontside 3319. 43
DBA 2 Backside 4238.19
DBA 1 Backside 4238.19
DBA 1 Frontside 4238.19
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12.2 pm
6 pm
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< >

50.2 mm
Figure 19: DBA 1-DBA 2 ANSYS thermomechanical deformation results.

< >

74.3 mm
Figure 20: DBA 3-DBA 4 ANSYS thermomechanical deformation results.

The slight rise in deformation magnitude at the corners of the substrate is believed
to be caused by the only sharp corners in the geometry at those locations having much
higher localized stresses than in reality. While these corners were slightly raionded
mitigate this effect, future simulations should sweep different radii of curvature to

understand the impact.
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While the simulation simulates two substrates starting perfectly planar, the
experiment shows that few substrates start planar. The expevifigmbvide insight into
whether different initial substrate warpages impact the final warpage. Five samples of each
MCPM substrate (DBA-DBA 2 and DBA 3DBA 4) were analyzed to understand where
the substrate warpage arose. First, each substrate wasedaasing a Bruker DekTak
contact profilometer at the locations detaile&igure21for DBA 1 and DBA 2 andFigure
22 for DBA 3 and DBA 4.The shapes of the substrates before sintering varied and were
paired in multiple manners: similar curvatures, opposite curvatures, and a mix of planar
and nonplanar to analyze the impact thre final warpagelable5 summarizes the amount
of warpage and shape for each type of substrate before sintering. Some substrates have a
slope across their metal gadvhich is believed to be from uneven polishing during the

substrate synthesis rather than due to a reduction in the ceramic thickness.
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DBA1 DBAI DBA2 DBA2
High-Side Low-Side High-Side Low-Side
(a) (b)

Figure 21: MCPM substrates with their approximate scan locations for (a) DBA 1
high-side (blue) and lowside (yellow) and (b) DBA 2 highside (orange) and lowside
(purple), as well as approximate locations of the die in green. The color of thadis
corresponds to the graphs ifTable 5.
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DBA3 DBA3 DBA 4 DBA 4
High-Side Low-Side High-Side Low-Side
(a) (b)
Figure 222 MCPM substrates with their approximate scan locations for (aDBA 3
high-side (blue) and lowside (yellow) and (b) DBA 4 highside (orange) and lowside
(purple), as well as approximate locations of the die in green. The color of the lines
corresponds to the graphs inTable 5.

Table 5: Pre-Sintered Pairings of Substrates for DBA 1 (HigkSide Blue, LowSide

Yellow) to DBA 2 (High-Side Red, LowSide Purple), and DBA 3 (HighSide Blue,

Low-Side Yellow)to DBA 4 (High-Side Red, LowSide Purple)with the Maximum
Warpages Noted.

DBA1-2 DBA3-4

DBA 1 Max A: 30.6 um, DBA 2 Max A: 22.3 um DBA 3 Max A: 13 um, DBA 4 Max A: 25.1 um
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In Figure 14, the rubber was cut to the size of the substrate todisipbute the
pressure uniformly. A squeegee applies a Kapton tape layer to minimize air bubbles and
avoid creating nomniform pressure areas. The substrates are placed on each other, with
the preformtransferred side on the bottom facing upward. Fotesimg, the profile
previously mentioned for the simulation was used (3 MPa, 90 seconds), with the pressure
applied by a Carver hydraulic hot press.

After sintering, the samples were scanned again using the scan locatogsrén
21 andFigure 22. The substrateshowedconsistentvarpage across a group of samples,
but they diffeed from the simulation For DBA 1-DBA 2, the substrates warped a
concaveupdirection, with the maximum warpage beh2$.8um. For DBA 3-DBA 4, the
substrates warped concaglewn, with a maximum warpage 48.5 um. In most cases,
regardless of the itial warpage shapes, the end warpage shape was the same.

After contacting thesubstratemanufacturer, DOWA METALTECH, it was
understood that the aluminum has a specific ssai curve that could only be obtained
under a nofdisclosure agreement. The manufacturing of the substrates most likely
impacted the stredsee state of the alumimn, which can affect the behavior of the
substrate during the simulation, and, therefore, the final warpage shape. This can explain
the discrepancy between the DBADBA 2 simulation and the experimental results.
Performing the simulations again with theoper stresstrain curve may give a more
accurate simulation result to model the effects of aluminum metal patterning on the

warpage, matching the experimental.

44



Table 6: PressureAssistedSintering Substrate Warpage Results Showig Pre-
Sintered Substrates (Light Blue and Light Red) to PosSintered Substrates (Dark
Blue and Dark Red).DBA 1 and DBA 3 are Shades of Blue, Whil®BA 2 and DBA

4 are Shades of Red.

DBA1-2 DBA3-4
DBA1 MaxA: -26.8 um, DBA 2 Max A: -54.5 um DBA 3 MaxA: 43.5 um, DBA 4 Max A: 34 um
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Figure 23: Behavior summary of the substrate warpage after the pressurassisted
large-area sintering process, showing DBA 1 to DBA 2 warping concavely amBA
3 to DBA 4 warping convexly.

Future work regarding the substrate warpage of farga sintered MCPM

substrates should work to understand the manufacturing processes that contribute to the

warpage before sintering. Additionally, the laiayea sintere@atterned substrates should

undergo thermal cycling to understand the reliability compared to plain substrates. Cooling

under pressure can be explored to reduce the warpage of the substrates. This was

undesirable for manufacturability purposes since € Hydraulic hot press takes over
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eight hours to cool between sintering samples; therefore, the samples were removed each
time from the press and left to cool to room temperature with a slight pressure applied from

two smaller steel plates.
24 Pressue-Less NaneSilver Sintering of MdybdenumPost

Interconnects

Once the substrates have been sintered, the interconnects and die can be attached.
The MCPM interconnects comprise of Mo posts with-200 nm of titanium (Ti) and 200
500 nm of silver metallation. Mo posts reduce the CTE mismatch with SiC and have
lower parasitic inductance than wirebonds. They allow for paleese, sandwich
structure modules that enable dousiged coolind50], [53]. There are 36 different posts,
and their sizes are listedTable7. The kelvin, gate, and source posts are shorter to account
for the thickness of the die and be the same height as the DBA and midplane posts when
sintered to the substrate.

Table 7;: Post Names and Sizes in the MCPM.

Post Name Post Size
Kelvin Source Post 1x1x2.13 mrh

Gate Post 1x1x2.13mm
Power Source Post 52x 3x2.13 mrA

DBA Post

6Xx2.5x2.5mrh

Midplane Post

25x%x25x25mm

While sintering offers many improvements over soldering, attaching these small
posts to the die small die pads with sinter paste is not trivial. Additionally, sinter paste does
not coalesce to its respective pads since sintering is asaiid diffusion process,
exhibiting no seHplanarizing like molten solder. While solder paste can typically be
dispensed or easily screen printed and melt to form a wetted contact with the whole metal

surface, the sinter paste must either be carefully dipped or vety §aeenprinted to
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ensure a complete, proper bond. Any defects or contaminates in the sinter bondline will
remain after sintering; thus, any post tilt cannot be corrected.

When these posts are then placed, the paste canWiheahe small pad sizes of
SiC, especially the mediuwpltage MOSFETsaving a gate pad of 0.36 mn¥, any
misalignment of the post and sinter paste oozing will result in asgatee short.
Alternatively, the paste can ooze onto the figtdding of the device. Especially sinbese
posts are placed by hand, this can create misalignment, planarity issues, and shear forces
on the post, resulting in disconnected devices or module failure.

To control the oozing of the sinter paste and ensure proper alignment to aveid gate
source shds, a die bonder can be repurposed as agasement tool. While the aspect
ratio of the posts is much higher than a typical device, adjusting theupibgilace tool
head can allow for the adapted use for the taller posts. THeodder utilizes beam
splitting to overlay two images: the dieds
are accurately aligned, and potential tilt from placement is mitigated. There is also a force
gauge on the die bonder, so when a post is placed, the oozingpastbean be controlled
by setting the force limit.

The Mo post interconnects are placed in two steps. First, a bare die and four posts
(two kelvin, one gate, and one source posts) are cleaned in a sonicator using acetone,
isopropyl, then deionized water in consecutive steps. The posts ardippad intoNBE
Tech silver sinter paste, as showirigure24. The dipping bond uniformity is essential to
mitigate any voids and defects. However, any-aoiformity at the edg will be corrected
as the post is placed, and the slight pressure helps the paste ooze and coalesce out from

under the bond, but not as much as to ooze onto the field grddiagoosts are placed
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onto the 6.94 x 6.94 x 0.35 mirdevice using a die bondeFhe posts placed by hai
Figure25(a) are compared tthoseplaced with the die bonder Figure25(b), exhibiting
controlled bondlines and no post.t@nce placed, the posts are sintered to the die using

the profile inFigure26.

(a) G

Figure 24: Nano-silver paste handdipped kelvin post(a) and source posi{b).

Uneven Paste

" Noticeable Tilt
(@
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. No Tilt

(b)
Figure 25: (a) Mo post interconnects (2 kelvin, 1 gate, and one source) on the SiC
deviceplaced by hand (b) Mo post interconnects placed with the d& bonder,
highlighting the hand-dipped silver sinter bondlines.

°C' A

250

5 °C/min

: | >
45 75 Mins

Figure 26: NBE Tech pressureless silver sinter paste heating profile.

Once the posts are placed on six die, the next set is ready to be sintered to the
substrate along with the die. Silver sintering is crucial for die attachment since the drain of
the device is the main heeattracting path, and silver sintering has bettezrmal
conductivity and lower voiding contact than solder. The backside of the devices is gold, so

important consideration is paid to the sintering time. Silver tends to diffuse faster than gold,

49



and limiting the Kirkendall voiding at the boundary betwées materials is crucial to

preserve the bond qualify3].
2.5 PressureLess NaneSilver Sinteringfor Die Attach

Ky o c eQT2Z700R7Ssilver sinter pastewas usedfor the die attachdueto the
formula'scompatibility with gold metallization.Sheartestshaverangedfrom 14-18 MPa
with thesesizeddie with gold metallization which is acceptableyiven the large contact
areaof thedie comparedo the posts[29]. A 50 nm stainlesssteelstencilwith thedie and
postpatternis usedto screerprint the sinterpasteto the DBA (Figure27). The cutoutsfor
the postsanddie havea 200 um extendedperimeterfrom their nominalsize

Whenlifting the stencilafter screerprinting, ridgescanform at the edgesof the
pastedueto its high viscosity,which cantilt the postsor dieif placedontop of them.This
is a significantadjustmentfor the sinteringscreerprinting processsince defectsin the
bondlineduring this screerprinting processwill remain. Additionally, sincethe ridges
aroundthe stencil cutoutarethicker oncelifting the stencil,they caneasilycrawl up the
sidesof the devicesandlowerthe PDIV of the module,potentiallyshortingthedrainand
source. Therefore, ensuring uniform bondlines with no ridges or bumps from
contaminatioror applicationis essentialOncethe pastas screerprinted,thesix die, eight
DBA posts,andfour midplanepostsareplacedeitherby handor with the die bonderand

sinteredaccordinglywith the profile in Figure 28.
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(a) (b)
Figure 27: (a) Screen printed sinter paste on DBA 2 with a clear image of a uniform,
defectless screen print, andb) all die and posts placed on the substrate in the paste,
highlighting the die placement with no paste on the sides of the die or the field

grading.
OC A
225+ \
125+ 5 °C/min
5 °C/min
: —t —
20 50 70 160 Mins

Figure 28: Kyocera pressureless silver sinter paste heating profile.
2.6 Summary

A new process was developed to ensure uniform, repeatable transfers of silver

preform to patterned MCPM substrates. Silver preform is more reliable for bonding large
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areas when compared to silver sinter paste as well as solder. Previous work had yet to
expore the transfer process for larger, patterned MCPM substrates, which proved to be
more challenging to have successful silver preform transfers. The new process uses a
thinner rubber with a higher durometer (from 1.6 mm and 40A to 0.8 mm, 60A), uses a
higher pressure (from 1 MPa to 1.5 MPa), and for a longer time (from 60 seconds to 90
seconds). The process was repeated for eight patterned MCPM substrates and smaller
patterned substrates for a td® module, each having a uniform, successful transfer.

Not only was the transfer process improved, but the warpage of the substrates from
this pressur@ssisted sintering process was analyzed. It is important to note that the
Substratesdé patterning wil/ i nfl uence their
at different locations as the substrates grow and shrink from the heating and cooling stages.
This warpage will be used to further investigate the planarity analysis of the sandwich
structure MCPM in Chapter 5.

Once the substrategeresintered, the posna die attach methods were evaluated.
Since these are smaller areas than the substrates, the advancementssilvargpaste
have allowed pressutess sintering. Instead of placing the posts by hand, a die bonder was
adapted to accurately place the pastlizing bearsplitting to prevent misalignment while

also controlling even oozing of the bondline for a single post.
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Chapter 3 Fabrication Challenges and Refinementsof
Soldering in Wirebond-lessMultichip Power Modules

3.1 Introduction

While Mo post interconnects allow for advanced packages with low parasitic
inductances, they can also introduce challenges for soldering. Their alignment is crucial
when soldering the top substrate, and it is difficult to align all 36 posts since the view is
restrided. Not only can their alignment across a substrate prove challenging, but their
vertical tolerance to the top substrate is also a concern. Machined posts have tolerances
that accumulate as they populate more across the module with paralleled devites. Whi
the tolerances are inherent to the posts, their attachment processes can introduce more
planarity challenges. The solder reflow profile involves the outgassing of flux, which can
be volatile and uncontrolled. This can introduce-naiform bondlines andisplace the
substrate, causing tilt across the posts and potentially disconnecting them altogether. The
nonuniformity compounds if the sinter bondline of the posts has any defects or tilt.

Even if the assembly processes are entirely controlled, therseftbw profile for
an MCPM does not match the profile from the manufacturer. The ramp rates and
temperatures must adjust to reflow all 36 bonds properly while ensuring enough soaking
time and time above liquidus to minimize voiding content. Howevergrttaan simply
scaling the temperature and time is required as there is a riskaattieg the solder if the
accurate reflow profile is not followed.

The spring pin terminals are also solderedt in a convectiorreflow oven, and

these small pins can be easily tilted and displaced from the flux outgassing. The terminals
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allow the devices to interface with external systems. If attached crookedly, the pins can
easily break off and leave no method of interfacingdiéhngce with the system

The alignment of the Mo posts to the top substrate is first investigated before
soldering the large thermal mass of the MCPM. A new profile is determined to reflow the
MCPM properly. A pressureassisted soldering method is explotedreduce tilt and
improve the connection reliability between the posts and the top subSinatethe module

is soldered together, the spring pin terminals are attached.

3.2 Alignmentof MolybdenumPostInterconnectsBefore Soldering

With four Mo poss per device and the additional DBA and midplane posts on the
substrate, soldering the top substrate of ad@xmodule requires perfect alignment of 36
posts of varying sizes. Misalignment can result in either a gate to kelvin source short or an
open gat or kelvin source connection. Not only will this lower the current rating of the
module, but one misaligned post can create planarity and alignment issues for other posts
in the module, potentially disconnecting more devices. The size of the post inegton

pads for each post arekigure29.

Gate post Kelvin post ]

Midplane post

DBA post
[ 2.5x 2.5 mm’?

=

Figure 29: DBA 3 substrate pattern with callouts to specific pads that posts align to
(post sizes are noted below post name)
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Checking the alignment of sandwich structure modules can be difficult since the
bottom view of the top substrate is restricted during fabrication. To ease the blind
alignment, a glass slide with a 50 um layer of Kapton tape engraved (using the VLS laser
ergraver) with the substrate pattern was placed atop the devices, as BigemaB0. The
patterned glass slide allows a clear view of the posts and their landiagopdtie top
substrate to verify their alignment before the soldering step. Not only does-tisk tiee
fabrication of the module moving forward, but it also helps validate the fabrication of the

previous steps.

Figure 30: Glass slide with etched DBA pattern overlaid onto post interconnects to
verify successful alignment for soldering.

3.3 Solderingof Multi-Chip Power Modules with Large Thermal Masses

Once the devices and posts have been aligned and sintered to the bostoatesub
the top substrate is attached by solder reflow. Soldering is chosen for this step to allow for
some thermomechanical relief compared to rigid sinter bonds and also to allow for a more
compliant bond than sinter pag29]. MCPMs with vertical sandwich structures have large

thermal masses, which are not typically accounted for in the soldering profile datasheets.
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An inappropriate heating profile can cause incomplete reflow and high voiding content
[72], [85], [86] Incompletereflow profiles will result in disconnected devices, and de
wetting can have the same outcome as the solder can no longer bridge the connection from
the post to the pad on the substrate. High voiding content can significantly affect the signal
and power pths since voiding increases the thermal resistance of the bond and the
reliability over time[86], [87]. Each substrate also has different metal patterning, resulting

in uneven heat flow paths during the soldering profile, and some bonds can reflow at
different times.

A tin-silver alloy WS-D440 Sn96.3/Ag3.7) promotes adhesion to the silver
metallization of the Mo post interconnects and the DBAs and was dispensed on top of the
posts(Figure 31(a)). Silver alloys are also known to have higher wettability and higher
reflow temperatures, aiding in the reduction of voids by lowering the surface tension of the
solder[88]i [91]. A thermocouple was then attached at the location of the solder joint of
the module irFigure31(b). The temperature and ramp rates of the hot plates were varied

(in grey) until the thermocouple temperature plotted in gredfigare 32 matched the

manufacturerecanmended profile for Sn96.3/Ag3.7 solder plotted in dashed light green.

Solder
Bonds

$n96.3/Ag3.7 Solder

(a) (b)
Figure 31: (a) Solder paste on thesintered Mo posts (b) The bottom DBA flipped
onto the top DBA with athermocouple at the solder joint.

Thermocouple
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——Solder Joint ——Hot Plate Datasheet
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Figure 32 Sn96.3/Ag3.7 soldereflow profile of stack-up where the temperature at
the solder joint location in the MCPM matches the recommended soldering profile.

3.4 PressureSoldering Technigies for Molybdenum Post Interconnects
in Multi -Chip Power Modules

Post interconnects compound the soldering challenges of MCPMs. The posts have

a 50 um heightolerance whicttan result in open connections (e.g., if one post is shorter
than the others, the may not be enough solder to make electrical contact with the
substrate). Additionally, when the solder reflows, thegassing of the fluxesults in
unevenbondlines, points of high thermomechanical stremsdhigh bond resistand@1],

[92], [93]. The tilt can be so drastic that it may disconrsotller area bonds altogether.
This is vital for MCPMs with many small post connections for every gate and kelvin
connectionEven a slight tilt can disconnect the 1 x 1 fibond areas of these posts,

making the MCPM not#functional.
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3.4.1 PressureAssided Soldering Methodology
Voids occur from the gaseous flux bubbles that remain in the bondline during

reflow. As these voids form, they can displace solder and tilt the po$énsive work has
been done to understand the chemistry and physics bebésgader voidsaand how they
impact die tilt, heat transfer, amdectrical bond qualitymostly surrounding the Young
Laplace equation and the ideal gas @], [72], [86], [94] Equation(1) relates the
pressure inside the bubb) to the sum of the atmospheric pressueg 4Rd the pressure
due tosurface tension {j, which also depends on the radius lrexplains the pressure
difference across two fluids due to surface tension (i.e., solder and gaseousgliatjon

(2) is famously known as the ideal gas law, which indirectly relates préB3aed volume

(V) to the amount of gas (n), the ideal gas constant (R), and the temperature (T).

0w &Y"Y q
Effectively reducing voids during reflow typically requires a pressure gradient.
This is traditionally accomplished under a vacuum, facilitating the void escape by lowering
the atmospheric pressure outside the gas bubble during reflow, expanding the radius
according to equation (1). Without vacuum, the voids expand with the ideal gas law and
increasing temperature in equation (2). However, they often do not expand and coalesce
enough to escape from beneath the die, remaining trapped in the bondlinsd@&eriing

processes with and without vacuum are showfiguare34.
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Figure 33 Typical vacuum reflow soldering profile.
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(a) (b)
Figure 34: Solder reflow process when (a) a vacuum is applied and (b) without a
vacuum, highlighting the behavior of the voids.

Melt + Reflow

coalesce,

and escape‘

Utilizing the theory behind the chemistry and physics of void expansion and escape,
void minimization can also be obtained by applying an external force while maintaining
atmospheric pressure. The gas bubble continues to expand according to the ideal gas |
However, by applying pressure to the top of the post, the buoyancy force of the bubble can
no longer displace the post (usually causing tilt). The bubble increases its volume while

heating; however, it can no longer expand its radius uniformly andelwngfate laterally.
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This increases the probability of coalescence with other voids and becomes large enough
to escape from the sides of the bond, reducing the concentration and size of the voids left

after reflow.

[ During Reflow ] [ After Reflow ]

Solder ~ NoPressure

Paste\ Mo Post [ E:;l
amos | ]

|  AINDBA
[ ] [ ]
Void Remains and Tilts Post
(@)
Pressure
joia _ 43
= R
| | |
[ ] [ ]
(b)

Figure 35: Impact of voids on post tilt during (a) pressurelesssolder reflow that
resultsin tilt versus (b) pressureassisted solder reflow.

To determinghe external pressure to apply, calculatiars done using Equation
1 to understand the pressure required to overcome the surface tension of the gaseous flux
void. Rearranging equah (1) results in equation (3), which describes the relationship

between the pressure differential to overcahesurface tension of a bubble.
0 U C— o
At equilibrium, the pressure applied from the atmospheric pressure and any
pressure from aaxternal force will equal the pressure inside the bubble; equation (4) can

be written, visually represented kigure36.

O U0 U T
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PA_PP + Pa

1111
P, ! G==p,

Figure 36: Visual representation of equation (4) during the external pressure
assisted soldering.

The substitution of equation (4) baichko equation (3) yields the required applied

pressure to overcome the surface tension of a cesitzéd void.

0 0 Gc:l’— v

C

T ®
By solving the equatiofor a certain pressure basedaminimum radiusk{ased

on the size of mcro and microvoidthat arisefrom flux during reflow, a radius 020 um

is chosenThe surface tension of typical t8ilver alloys is around 600 N/mesultingin a

pressure of 0.06 MPa applied to the module during s¢d@gr

3.4.2PressureAssisted Soldering Process
For these reasons, pressassisted soldering is investigated to reduce tilt and
improve bond strength and connection reliability. An experiment evaluates the benefits of
pressureassisted soldering across two differgnoups of posts. Using a 200 pum stencil,
the solder paste is screprinted onto a DBA, and the posts are placed using a die bonder.
The posts are reflowed in two groups: one without pressure and one with pressure applied.
In this experiment, three depaent variables determine the bond quality: post
height variation, shear strength, and void concentration. These variables demonstrate the

execution of the experiment and how we measured thehpagtt variation. After
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measuring the pogteight variationthe posts are sheared to record the bond strength and

observe the voiding content

[ Apply Pressure ] [ Reflow ] [ Calculate Post Tilt ]
Solder * O{M{’a v

Paste Mo Post

\[ AINDBA \%
[ ]
0.06 MPa ]
+433 =
]

[ ]

[ ]
Figure 37: Steps to evaluate the benefit of presswassisted soldering for post
planarity, specifically, measuring the postheight variation.

Figure38(a) presents thaverage tillmeasured across a pegthout presswand
Figure 38(b) with pressureThe pressurassisted soldered posts have 97.7% less height
variation and 10.5% higher shear strength than posts soldered without prEgpune.
39(a) presents the shear strengths of the bonds soldered without presdtiggise2B(b)

with pressue. The posts soldered with pressure have an 11% increase in bond strength.

24 24
16 16
g e}
8 8
0 0 0.4
0 MPa 0.06 MPa
Variance = 160.8 Variance = 0.3
Std Dev. = 12.68 Std Dev. = 0.55
(@) (b)

Figure 38. Averagemeasured tiltacrossa singular postusing the(a) pressureless
and (b) pressureassisted soldering methods shown irigure 37. Noted below each
are the variance andstandard deviation of the measurements
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Figure 39: Average shear strength of postasing the(a) pressureless and(b)
pressureassisted soldering methods shown iRigure 37. Noted below eaclare the
variance and standard deviation of the measurements.

From analyzing theheared bondlinds Figure40(a), pressurdess soldered posts
show large, concentrated voids in the bondline on both the substrate and the post and
smaller voids dipersed in the pressuassisted bondline. Studies have indicated that small,
dispersed voids can provide some thermomechanical benefits, and voiding along the edges
has minimal impact on bond reliabilif$7], [95]. Analyzing thevoiding of thepressure
assisted bondlingsrovedchallenging. Overall, the size of the voidirgduces butit is
important to notehatnot everyoid-like craterin Figure40Q(b) is avoid.

Figure40Q(b) shows how one recessaga of the post has a raised complement area
on the substrate, indicating it is not a void. Because the bondline was a cohesive failure, it
is harder to piece the two images together, especially since this is a destructive test. CSAM
images would be preferd as a nowlestructive imaging method to better analyze these

bonds in the future since fragments of the bond are lost during the destructive shear tests.
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Sheared Bond on Substrate Sheared Bond on Post

Recessed in both locations
Void

Raised Recessed

Cobhesive failure, not a void

(b)
Figure 40: (a) Pressureless soldered bond showing the cavernous voids on both the
substrate and post(b) Pressureassisted soldered bonavith raised and recessed
edges that piecg@ogetherdue toa cohesive failure not a void.

3.43 PressureAssisted Soldering Verificationon a Mechanical Multi -Chip Power
Module

Now that the post tilt is controlled with reduced voiding, a mechanical MCPM is
soldered using the new presssmderingmethod. With solder dispensed on top of the
posts, the entire bottom half of the module is placed in an alignment jig made of high
temperature resin. The top substrate is also placed in the jig, assuring alignment of all the
pads to all the posts. Once on a hot plate, a pressure of 0.06 MPa is applied during the
solder reflow using a weighfEigure 41(a) shows the probe locations to measure the
resistanceand Figure 41(b) shows hav this nondestructive test verifies the electrical
connection and integrity of the solder bond by noting the resistance measurement path from

kelvin to the power sourcf@.able 8 lists the mean and standard deviation of the kelvin
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source to power source resistances measured for each die in one module soldered with
pressure and one soldered without. It is noted that the mechanical module soldered under
pressure has one less DBA than uswdlich may contribute an estimated B\ito the total
resistance Overall, the pressurassisted soldered moduleas a 99% reduction in

resistance.

High-Side

Source for

All Three
Devices

High-Side
Kelvin Sources
for One Device

Low-Side
Source for
All Three
Devices

Low-Side
Kelvin Source
for One Device

(a)
DC+
High-Side
Kelvin Resistance
Source Measurement Path

High-Side
Power

:|-AIN DBA

Source Solder Bond
Low-Side —— Source Post
Kelvin
Source Kelvin Post
Low-Side Sinter Bond
Power SiC Die

Source

(b)
Figure 41: (a) Probe locations for resistance measuremesitrom kelvin source to
power source for two devices (one on the higéide and one on the lovside). (b)
Resistance measurement path for soldered modules with and without pressure to
verify the integrity of solder bonds.
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Table 8: Kelvin Source toPower Source Resistances oBondsUsing Pressureless
and PressureassistedSoldering for the Mechanical MCPM s.

Resistance Resistance
Pressureless Soldered Module | Pressureassisted Soldered Modulé
0 MPa 0.06 MPa
Mean 44.7Y 72.6mY
Std. Dev. 146.9Y 9.0mY

3.5 Soldering Techniques forthe Proper Alignment of Spring Pin

Terminalsfor Multi-Chip Power Modules

The spring pins make up the terminals of the module to interface the die with the
outside system. The pins completely compress to thedmlded busbar, sealing off the
module fran the air and reducing the-air peak electric field, allowing for 6 mm spacing
between padf9]. The spring pins are attached in thest step before encapsulation and
aresoldered in a forced convectional reflow ov€he solder imnSn63/Pb37 alloy, which
has a lower reflow temperaturg80 °Q than the Sn96.3/Ag3alloy (240 °Q used in the
previous step of attaching the Mo posts to the top subskattencil of the springpin
locations islaser etched into Kapton tape, then placed onto the subSthetesolderis
dispensed into every pindation andthe pins are placed by hand. Once attached, the pins
undergo the reflow profile in the convection oven.

Two issues arise with this method of soldering the pins. The pins have minimal
mass, and the outgassing of flux can easily tilt and emeokkthe pins over. Additionally,
since this process is done in a forced convection oven, the entire module is sealed off from
users, so if a pin starts to move, it cannot be adjusted during the process and will remain
crooked or misaligned. Misalignment the spring pins can either short connections or
bring conductors closer together and risk arcing and lowering the PDIV of the module.

With previous twedie modules built, crooked spring pins, when interfaced with the busbar,
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had a high likelihood of expencing a shear force when compressed and broke off of the

module.

(a)
Figure 42: (a) Spring pins placed before soldering in the convectional reflow oven
and (b) spring pins after soldering, ending moked.

Crooked Pins Stressed
Under Compression |

Broken Off Pin
After Compression

(©)
Figure 43: (a) Two-die module with crooked spring pins. (b)Two-die module
interfaced with the characterization board, showing crooked pins stressed under
compression. (c)f'wo-die modulepost characterization with the crooked pin broken
off.

In order to prevent misalignment tbfe pins, an experiment was run to understand
the potential benefit of tacky flux to help hold the pins in place. Tacky flux has a higher

viscosity than solder paste and is used to help keep components from moving during
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reflow. However, applying too muatan harm the bond integrity, as it can remain in the
solder bondline as void96]. Different pins were tested with different amounts of tacky
flux, and their tilt was inspected before and after. It is shown in Figure 44 that the most
effective way to keep thgns from becoming crooked during the reflow is by using a small
amount in a small area. Shear tests also verify that this is the most effective method for
creating a solid bond for the pins. Without using tacky flux, the fabrication of ordiéwo
moduleresulted in the loss of two crooked pins breaking from the module. Five of the two

die modules were fabricated using this method, and only one pin was lost out of 120 pins.

1 2 3 +

Kester TSF-
6522 Flux

Pin Alignment
Before Soldering

Pin Alignment
After Soldering |

Figure 44: Testing the effect of tackyflux on keeping pins straight after solder
reflow with (1) a small amount in a small area, (2) a large amount in a larger area,
(3) a large amount in a small areaand (4) a small amount spread to a larger area.

Table 9: Shear Tests From the Pins irFigure 44 Attached with Different Amounts
of Tacky Flux.

1) (2) (3) (4)
66.29 MPa 45.21 MPa 53.54 MPa 54.52 MPa
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3.6  Summary

In summarythe alignment of the Mo posts weasrified to ensure propeoldered
connections are made without risking any gaiarce shorts apenconnections. With 36
posts, this checis crucial to the operation of the MCPRnce aligned, the proper reflow
profile for a large thermal mass is verified using a thermocatdehed to aechanical
moduleat the location of the solder joitd ensure adequate soaking time and time above
liquids to minimize voiding andeflow all 36 bonds.

A pressureassisted soldering process was developed to emulate the results of
vacuum reflow without needing the equipment by applying an external force to the module.
Applying this pressure increased the bond strength by 10.5% and reducedtthi fwo
submicrometers. While visually, the reduction of voiding is noticeable, the quantification
is challenging since they are sheared bonds. During destructive testing, bond fragments can
disappear from the cohesive failure, making understandingpéheentage of voiding
content reduction challenging. Overall, there is still a reduction of voids and movement of
large voids away from the center of the post, which is beneficial for thermal reliability.

Finally, the spring pins alignment is one of tlast fabrication steps, which
interfaces the devices with the busbar and system. During reflow, flux outgassing can tilt
the spring pins, causing shear forces when the module is compressed to the busbar for
characterization. Using tacky flux, the springgremain aligned during the reflow and are
less susceptible to outgassing. Only one spring pin was broken across five modules
utilizing this technique, and the rest adequately interfaced with their busbar pads without

any failures.
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Chapter 4 Statistical Tolerance Analysis of the Sandwich
Structure Module with Post Interconnects

4.1 Introduction

The previous refinements to advanced packaging techniques have manifested in
improved mechanical and electrical functionality for MCPMs. Each layer of thiileo
contributes to the overall success and yield. The new substrate bonding process allows for
uniform bondlines with repeatable success in electrical connectivity between proper pads.
The alignment of all 36 posts is verified, and pressure solderingedubstrate to these
posts reduces post tilt and voiding and improves bond strength. All the refinements
manifested in a successfully fabricated mechanical module. However, along the fabrication
process, many steps still introduce variations that careqaasarity issues in the module,
no matter how refined the packaging techniques are. Variation and tolerances are inherent
to manufacturing, specifically manufacturing of vertical structures where the tolerance of
each layer builds upon the previous.

The warpage analysis shed light on the fact that planarity issues within these
sandwich structure modules are introduced during the first step of fabrication. Additionally,
the machining tolerances on the Mo posts were addressed. While the tilt irssiteeng
of the posts to the die and the die to the substrate is reduced by utilizing a die bonder to
pick and place the posts accurately, it is still not an ideal method of placing these posts
since some need to be hadigped into the paste which can resalvarying bondlines,
while others have a screg@ninted bondline. Nonidealities in the silv@ntered bondlines

compound on each other while constructing the sandstictitcture module.
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While the bondline for the solder reflow can be controlled usingptiessure
assisted soldering methods detailed in the previous chapter to ensure no disconnections of
the post, it begs the question of how this solder bondline thickness was chosen. It allows
for compliance and can mask some of the planarity issues @& saeslwickstructure
modules. However, outside of the mechanical module built in this work, this solder
bondline has not been enough to fill the gap for all posts to the top substrate, completing
the modul ebs electrical connection to its te
After fabricating an entire module, the last bonding step seemed to be treated like
a scapegoat, taking on the worst of the planarity issues to result in a functional module
(Figure4d5). These MCPMs 6 yield had yet to i mprove
motivated this work to understand the fabrication refinements required to improve
electrical and mechanical functionality (Chaptet3)2and to study thenachining of the
components themselves and how they contribute to variance throughout the assembly

process.

Top DBA

Solder Bond — Scapegoat
Post (+/- XxX%) / /

Sinter Bond/ (+/- Xx%)
Die +-Xx%)

Sinter Bond (+/- Xx%)
Bottom DBA
| |

Figure 45: Side-view of a single diestack-up in the MCPM showing each layer and
how their tolerances all accrue on top oéach other to be filled by the final solder
bond.

To improve the yield of sandwiestructure MCPMs with post interconnects, this

section conducts a statistical tolerance analysis to predict better the maximum height
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mismatch before soldering the posts lte top substrate and what sources of variation
contribute the most to this mismatch. Different statistical analyses will be explained, along

with the chosen analysis and result with their conclusions.
4.2 Motivation for a Statistical Tolerance Analysislsing a Monte Carlo

Simulation

Tolerance analysis methods allow a visual depiction of understanding the variation
in a part or assembly. These analyses can be done 4diroeesion, twedimension, or
threedimension and can also be consideredoasecase or statistical analysis. Not only
can they be done across a population of a particular part, but they are also applied to
assemblies, specifically stacked assemip@@l These analysis typepply to this MCPM
because the sandwidructure module exemplifies a stack. Work has been done to
understand the vertical direction tolerancing on QFN packages andoehupstrate
bonding with interposerf8]i [100]. However, no literature could be found on the size
scale or topic of mediumoltage sandwictstructure power modules.

The method decribed in the introduction about sizing the solder bond for the
worst possible gap in the MCPM uses an ideology called-@liomensional tolerance. This
method is commonly used in industry for stagds, where the tolerancing is done in one
direction, staing at the lowest level of the stack. Two charts are generated, one assuming
the minimum tolerance for each component of a part or each part of an assembly and the
other considering the maximum tolerance. This process uses an appropriately named
analysis worstcase analysis. Orsimensional tolerancing is restricted to wecase
analysis, and since there is no algebraic representation of the tolerancing, no statistical

analysis can be performg#7]. It is elementary and straightforward, so it is a popular
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tolerancing method. It also covers a vast range of tolerances, resulting in robust, reliable
component performance needing few design iterations for their applications since, with
worstcase analysjvery part is designed to be fully interchangdabi]i [103].

The caveat with applying worsase analysis is that it formulates the design
constraints on only two specific @ssthat are statistically very rd@s], [101], [104] The
worstcase analysis proposes one solution to the tolerance problem: design for the absolute
minimum to maximum range, acquire highecision machining instruments, and tighten
thetolerances of every layer in the stagk to reduce the mismatch and error. However,
tighter tolerances result in an overdesigned part, complicated assembly requirements, an
exponential increase in cost, and increased manufacturingltidg [106]

If applied to the MCPMas shown previously iRigure45, the worstcase analysis
would suggest designing the solder bond to fit all possible scenariveight mismatch
across all 36 posts. The result is either unattainable tolerancing standards resulting in high
cost on pad thickness, post height, and bondline control, or an incredibly thick solder
bondline that contributes to higher parasitic resisé in the signal and power loop paths
and potentially the paste bridges gaps between pads that are spaced only 1 mm apart. Also,
thicker solder bonds can increase device junction temperdtifdt can be analyzed
quickly that worstcase analysis takes a conservative approach, often unrealistic or feasible
in assembly manufacturing.

Awors-case analysis is often viewed as a mo
Lawo manufacturing part tolerance analysis
representative of a part tolerance distribuf@n], [101], [103] A more attractive method

of analysis for tolerancing staelps to incorporate statistical analysis is parametric
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tolerance analysis. Parametric tolerance analysis develops analytical and algebraic
expressions to represent the dimensg and tolerancing as functions and can be
employed in twedimensional or thredimensional tolerance analysis. It is a more
reasonable assessment of the probability of manufactured parts within an acceptable
tolerancg101]. Parametric tolerance analysis can be done linearly or nonlirj®d@ily

Linear methods include the root sum squares (RSS) method. RSS does not focus
on the extremes like a worsase analysis but represents the distribution of the variation
for each dimension in the toleranstackup. This method generates a probability density
function (PDF) from a distribution of measured parts. A probability density function
represents the likelihood of a particular dimension occurring within a range and is usually
fit to a histogram disthution of part measuremenis07]. It results in less restrictive
tolerances that better represent the distribution of the part. This way, every ldlger of
stackup assembly can be modeled as a distribution instead of a specific minimum and
maximum tolerance, and their distributions make up a more comprehensive distribution
much looser than the worsaise analysis, helping reduce tooling ¢bé4], [108]

One drawback to linear parametric tolerance analgsthat it assumes normal
distributions. Many manufacturing processes part tolerances are often skewed
distributions, meaning linear statistical analysis methods do not §@plyNonlinear
parametric watistical tolerance analysis is achieved by using the Monte Carlo simulation.

A Monte Carlo simulation models the probability of various outcomes from a
process or experiment that typically does not follow a normal distribution by random
sampling of disibutions of existing data repeatedy], [105] Monte Carlo simulations

in statistical tolerance analyses are known better to represent the distribution of
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manufacturing assemblies of pai@8], [109]. More informed tolerance design decisions

can ke made that better reflect the percentages of actual minimum and maximum tolerance
parts, cutting down costs along the entire manufacturing, assembly, and inspection process
[98], [101], [110] TheMonte Carlo simulation procesan be broken down into four steps

[97], [109]

(1) Define the dimension undanalysis

(2) Generate a statistical distributid®DF for eachcomponentn the dimension
under analysisThe PDF demonstrates the likelihood of an outcome based on
the generated distribution.

(3) Randomly sample each distribution until enough samples have been generated
to plot a histogranftheessence of the Monte Carlo simulation)

(4) Fit a distributionand PDFof the randomly sampledata setOncecreated, a
cumulative density function (CDFjan be generated. The CDF demonstrates
how likely an outcome will be less than or equal to that value.

This analysis has been repeatedly done for manufacturing assembly tadoance

variousapplicationsincluding gap predictiond 11], [112] A Monte Carlo shed light on

what in the assembly process contributed to the gap created by lead pullback of QFN
packageq98]. Another appltation predicted the distribution of different gdpeights
betweenflanges on wind turbine$l11]. The probability that two gear teeth, after
manufacturing and assembly, will adequately function is modeled by a Monte Carlo
tolerance studyl113]. This makes it very attractive to apply this type of as@lyto the

similar issue of the gap for the solder bond to fisamdwichstructureMCPMs.
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4.3 Monte Carlo Simulationfor a SandwichStructure Multi -Chip Power
Module

A Monte Carlo simulation will predict the maximum height mismatch between the
postsbefore soldering the top substrate. The critical dimension to analyze is in the y
direction, as labeled iRigure46. Thisresults inthe following layers toneasurdor the
Monte Carlo simulationsubstratessinter bonds, die, and posEachcomponent labeled
in Figure47 has a distribution from the respective measurementyeTdre two types of
sinter bonds: screeprinted and handipped. These bonds each have separate
distributions. Every post type in the module (kelvin, source, DBA, and midplane) also has
its own distributions. The die distribution comprises 10 kV and IMOSFETs from
AIST. The substrates could not be randomly sampled since there were only five samples
of each top and bottom substrate. They do not have distributions created for them, but their
warpages are known. They can be considered when construbgngnddules and

understanding their impact on the maximum height mismatch

Critical
Dimension to
Analyze
Tolerances

.
L o

Substrates -E :' N 1
/ N\

[ Die ] [ Sinter Bonds]

Figure 46: Side-view of MCPM consisting of four layerscontributing to the
tolerance stackup: substrates, sinter bonds, die, and posts.
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Figure 47: Each component in the statistical tolerance analysis that has a
distribution generated for the Monte Carlo simulation.

4.3.1 Building the Monte Carlo Simulation
The entire process for the Monte Carlo simulation is shown bel&igure48. To
build distributions for each layer of the MCR&Manycomponerg needto be measured.
Basedon the central limit theorem, a rule of thumb for creatidgs@ibutionis a minimum
of 30 data point§107, p249. In total, 308kelvin posts,134source posts,05DBA posts,
63 midplane post%6 handdipped sinter bond85 screerprinted sinter bondand27 die
were measured using eithditutoyo Digimatic Micrometer or the DrukddekTak The
die are limited inmeasurement data compared to the other groups. However, since
semiconductor fabrication is a very control/l

than the other groupébés variation from the re
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Figure 48: Monte Carlo statistical tolerance analysis simulation process

Every post was measured with a Mitutoyo Digimatic Micrometer with a resolution
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of 1 mm to determine their distributions. To measure the fthpped sinter bonds and
screenprinted sinter bonds, posts wkhown measurements were placed in the sinter paste
on diced glass slides with known measurements. Glass was chosen ttheimests to

due to its low CTE; thus, the measurement before and after sintering would have minimal
deformation from the glass dluded[114]. The die were measured using the Bruker
DekTak stylus profilometer previously used to measure the warpage abtteages. After
measuring all the layers for the stagk, each measurement was subtracted from the
nominal to quantify the error. It is important to note that every distribution consists of

height errors. The reasoning for this is best explainédguare47. The goal is to achieve



the minimum mismatch across a module, and that does not only require that every
component is in the specification since ap&gitive error of a postvhen stacked onto a

net negative of a sinter bond, can still result in a net mismatch of zero.

No height
mismatch

Smaller
post height

Thicker
bond height

Perfect post
"  |height

Perfect bond
thickness

Figure 49: Visual representation of the motivation to perform the Monte Carlo
simulation using component mismatch from nominal heights since the goal is not
perfectly machined components but no mismatch when the tolerance of each
component is stacked.

Once the height errors were determined for every point, different distribution types
were fitted to the histograsnto judge the best distribution for the data. Since data from
manufacturing is often skewed, a Kernel distribution was chosen as the best fit for every
layer. Kernel distributions are very smooth, meaning continuous, and do not experience
sharp changes ie function, which indicates a good representation of the data. They are
often used to represent the nonlinearity of many manufacturing and engineering part
distributiong112], [115] Thedistributionand PDFor the postarein Figure50, the sinter

bonds inFigure51, and the die ifrigure52.
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Figure 50: Post height error from nominal probability density function and each
post's kernel distribution.
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Figure 52 Die height error from nominal probability density function and each
d i e&érel distribution.

These distributions feed intbé Monte Carlo simulatiorFirst each distribution is
randomly sampled the number of times the component occurs in the MPCM. Thus, 18
kelvin posts,six source postsgight DBA posts,four midplane postssix die, 24 hand
dipped sinter bonds, and 18 scrgeimted sinter bonds are randgnselected from their
respective distributions. These values are stored in a 1x36 vaatbeaclhocationin the

vectorcorresponds to a post designatod post locatiorshown inFigure53.

Post Designators

» AR AEN 000 :
o s o] 7 i )
——
& = e Sl =
OO

Figure 53: Post designators for the 1x36 matrix in the Monte Carlo simulation. Each
post number corresponds to that column in the height mismatch matrix.
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Each vector for every component is momplete however When looking at the
tolerance stackip inFigure46, only some posts have the same bond type or a die beneath
it. For example, the DBA posts consist of a mismatch from a spréstied and their post,
but they do not have a die or a hatigped bond. Thus, based on their designators, there
is a zero populated in the die and haliygped bond mismatch array at tloeation of the
DBA posts. This will be further explained in the following example

Table 10 representa matrix created from randomly sampling sweenrprinted
bord distribution foran MCPM shown inFigure 54. Based orfFigure 53, the first four
columns correspond to the location of 3 kelvin posts and one source post on top of a die.
While the post bonds are hadgpped, the die is placed in a scrggimted bond. Ths, the
screenprinted sinter bond height mismatch matrix is populated with the same mismatch in
columns 14 to represent the screerinted bond for that die. Later in the matrix, locations
27, 28, 29, and 30 correspond to two midplane posts and two D8A. dose posts all

have their screeprinted bonds; thus, they all have their own sampled bond
Monte Carlo: Randomly Sampled Screen-Printed Sinter Bonds

Figure 54: Monte Carlo simulation: Random sampling of 18 screesprinted sinter
bonds for an MCPM. Their height mismatches correspond td@able 10.

Table 10: ScreenPrinted Sinter Bond Height Mismatch Matrix Based on Locations

in Figure 53,
1 2 3 4 é 27 28 29 30 e
12mm | 12mm | 12mm | 12mm | € 9mm | 27mm | 14mm | -6mm | é
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Tablellrepresents a matrix created by randomly sampling the die distribution for
an MCPM, shown ifrigure55. As mentioned, the first four columns are all posts on a die
(Figure53). Since it is the same die der those four posts, columnsgliare populated with
only one die sampled, thus one mismatch measurement. Once reaching the columns
corresponding to the two midplane posts and two DBA posts, it is shokigure55 do

not have a die beneath thefhus,the die matrix has thm of mismatch at that location.

Monte Carlo: Randomly Sampled Die

Figure 55: Monte Carlo simulation: Random sampling of 6 die for @ MCPM . Their
height mismatches correspond t@able 11

Table 11. Die Height Mismatch Matrix Based on Locations inFigure 53.

1 2 3 4 é 27 28 29 30 é
Im | 1mm | 1mm | 1 nm e Omm | Omm | OmMm | OmMm é

The concept continues feable 12, representing the matrix of hawipped sinter
bondson top of the die shown iRigure 56. Every locatiorwith a kelvin post and a source
post will have a mismatch populated from sampling the {uimoed sinter bond
distribution, but since the midplane and DBA posts only have a spregad bond, those

locations hav® nm of mismatch.
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Monte Carlo: Randomly Sampled Hand-Dipped Sinter Bonds

Figure 56: Monte Carlo simulation: Random sampling of24 handdipped sinter
bondsfor an MCPM. Their height mismatches correspond td@able 12.

Table 122 Hand-Dipped Sinter Bond Height Mismatch Matrix Based on Locations

in Figure 53.
1 2 3 4 é 27 28 29 30 é
24mm | 16mm | -3mm | 21mm | é Omm | Onmm | Omm | Omm e

Finally, all the posts are sampléb total)in Figure57to populate the post height
mismatch matrix. One row of each matrix represents the components fiGHd. This
randomsampling, matrixpopulating process repeats 10,000 times, resultinga in

10,000x36 matrix whereach row is a different potentisiCPM.

Monte Carlo: Randomly Sampled Posts (Kelvin, Source, DBA, Midplane)

Figure 57: Monte Carlo simulation: Random sampling of36 postsfor an MCPM.
Their height mismatches correspond tdrable 13.

Table 13: Post Height Mismatch Matrix Based on Locations irFigure 53.

1 2 3 4 é 27 28 29 30 é
22mm | 5mm | 17mm | 31 mm e 6mm | 12mm | 14mm | -22mm | €

Once the 10,000x36 matrix for each layer in the tolerance-sg@ai& populated,

every matrix is summed into one matrix to create the entire MCPM mismatch. That is why
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the respective component matrices must have zeros populated in their appropriate
locations, so they do not sum to create more mismatch at a post location that does not have
that specific component. This summed matrix is shown as an example for one module (one
row) in Table14, which shows the sum dfable10to Tablel3.

Table 14: Total Height Mismatch Matrix Across One MCPM Based on Locations in

Figure 53 (Summationfrom Table 10to Table 13).
1 2 3 4 é 27 28 29 30 é

59™Mm | 34mm | 30 mMm | 65mM é 15mm | 39mm | 28mMm | -28m | €

The range is taken from the total mismatch table of the module to obtain the
maximum mismatch across onedule, and that number is stored. For this example, the
maximum height mismatch for an MCPM from the Monte Carlo simulation is 93 mm. This
process generates 10,000 MCPMs maximum height mismatch, resulting in a 10,000x1
vector of maximum height mismatchathcan occur across an MCPM. With 10,000
samples, a robust distribution can be fit, and the expected probability of the maximum
height mismatch for an MCPM can be attained from integrating that PDF. This was done
for a single die (3 kelvin posts, one saipost, and four hardipped sinter bonds), a two
die module (6 kelvin posts, two source posts, 4 DBA posts, two midplane posts, eight hand
dipped sinter bonds), and the full MCPM.

4.3.2 Results from the Monte Carlo Simulation

The distributions from th&lonte Carlo simulation for a single die (one die, four
Mo posts), twedie module (two die, 14 Mo posts), and MCPM (six die, 36 Mo posts) are
shown inFigure 58, Figure59, andFigure 60, respectively.The CDF created from the
distributions of the Monte Carlo simulation is showrFigure61. It is evident that as the
number of die in parallel increases, so doesrtagimum height mismatch possible. With

an MCPM, it is impossible to achieve no mismatch and only about a 55% chance of
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achieving a mismatch of less than 100 um. This is very insightful to understanding why
the yield of the MCPMs is much lower than the I®dules that typically do not
experience issues with yield noting the drastic difference in the minimum height mismatch
that can be achieved. While 200 um of solder paste is spragrd to fill this gap, it is
known that solder loses about half itswole during reflow when the flux burns ¢86],

[116].

However, it is essential to note that this CDF does not indicate yield; it only
indicates maximum height mismatch. Using engineering knowledge, inferences and
hypotheses can be madéout why this CDF can identify the yield issues, such as
correlating maximum height mismatch and yield. A better understanding of these relations
wi || be explored in the next section. To the
statistical blerance analysis of these sandwstiucture MCPMs and can pave the path to
understanding what processes need control to reduce the maximum mismatch and target

the improvement in yield of these modules.
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Figure 58 Single die Monte Carlo simulation: kernel distribution of the maximum
height mismatch for 10,000 modules.

86



2000 .

st
1500 |- 1

1000

pd

500 1

O I |
0 50 100 150 200

Figure 59: Two-die moduleMonte Carlo: kernel distribution of the maximum
height mismatch for 10,0 modules
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Figure 60: MCPM Monte Carlo simulation: kernel distribution of the maximum
height mismatch for 10,00 modules
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Figure 61: CDF for the maximum relative height mismatch comprised of a
distribution of 10,000 randomly sampled modules from a Monte Carlo simulation.

4.4  ANOVA AnalysisUsing theMonte Carlo Simulation

Usingthe Monte Carlo simulation resulisis desirableio understanavhich layer
in the Monte Carlo igonsidered a controllable variablgontrollable variables have the
most impact ora procedureand by identifyinghemandquantifying their impagctthese
statistical experiments can improve yialtd reduc&ariability in the procesgLO7, p. 54Q.
That way, a targeted approach can be taken to improve the yield of these sandwich
structure MCPMs.

This is typically done with an analysis of variance (ANOVAAn ANOVA
determinedsf data from several grouggave a common meaiihe different groups are
calledtreatmentsThe ANOVA tests the followindor a group of treatments, it /8 1 :

odgr t E T 9w X
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This null hypothesis (7) returns true if all treatment means are equal with little
random error contribution, meaning no specific treatment affects the controlled group. If
the null hypothesis igjected, the alternative hypothesis (8) is accepted, meaning at least
one mean is statistically different from the control. However, it does not indicate which
mean i s statistically different. To find wh
honestly significant difference (HSD) can identify which treatments are statistically
di fferent from the control group. Tukeyds H
identifies which specific treatments are statistically different from the control and other
treatment$107, p.54-545,549.

In the case of the MCPM, each treatment is a different layer of the tolerance stack
up (screenprinted sinter bonds, die, hawxgpped bonds, and posts), and the response to
these treatments is the maximum height mismatch across an MCPM. The following
di stributions are created to test i f each t
control variable (a randomly sampled module). The previously detailed Monte Carlo
simulation is completed as expected. Next, the sepeeted sinter bonds are fixed to have
no mismatch and 10,000 modules are sampled, and the distribution is built. mses,
where another distribution fixes the post heights to have no mismatch, thelippad
bonds, and the die. Once these distributions are each separately generated, the ANOVA is
performed to determine which groups statistically impact the mean,imgethiat one of
these treatment levels is a controllable variable.

Each distribution igeneratedand their CDE are showrn Figure62. While the

CDF indicates tat there are variables that exhibit control authority based on the shifted
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curves, the visual inspection of the CDF is not a statistically mathematical method to
evaluate the impact of the fixed components means. Thus, the ANOVA can statistically
analyze fitreatments impact the response by comparing the means. The ANOVA is robust

to nonnormal data, but for accuracy, the log of each dataset is imported into the ANOVA

to transform the data to normal. This method is standard for ANOVA analysis on skewed

or non-normal datg107, p.463465. As shownfrom the ANOVA results inTable 15,

using a 95% confidence interval, thevglue returned is 0, less than the associated
significance level at 95% (0.05), meaning there is a statistical difference between different
treatmentsThe large Fstatistic also indicates a rejection of the null hypothesis. Thus,
Tukeyds analysis can be performed to deter mi

from the control group.
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Figure 622 MCPM cumulative densityfunction (CDF) for relative height mismatch
with different layers fixed at zero height mismatch (i.e., perfectly planar).
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Table 15: Full-Module ANOVA Results from Different Fixed Components.

Degre¢ Sum o0 Me an
Sourg Frgeed Squar Squar F Rat| Prob
Treat n 5 284 4 . | 568.995 11888.5 0
Errori 59994 287137 0.048
C. To 5999¢ 571935

Fro m T u lamalystsis Table 16 and represented iRigure 63, every group
except for the die impacts the maximum mismatch based on the comparison of the means
of each treatment. An ordered letters report in this table groups the rows based on which
arestatistically significant to each other. From this lettering, only the fixed die has the same
letter as the control, the true Monte Carlo random sampling of an MCPM. This means the
mean of the fixed die distribution is not statistically different enougtm the mean of the
randomly sampled module (98.08 and 98.27, respectively), and the fixed die distribution
is the only pvalue greater than 0.05 (set by the 95% confidence interval). Thus, the die has
little impact on the maximum height mismatch compdeethe other groups with distinct
letters.

Table 16: Tukey's HSD Ordered Letters Report for the MCPM Fixed Layer
Treatments Compared to the Control Group (No Fixed Layers, True Monte Carlo).

Treatment Mean | P-Value
CONTROLI:\/E(;'[ZD((:ZdrIIc;?yerS (True A 45675 NA
Fixed Die A 44207 | 055
Fixed Posts B 4583 | 2.07A 1
Fixed Hand-Dipped Sinter Bonds C 4.2393 | 2.07A 1
Fixed ScreenPrinted Sinter Bonds D 44597 | 2.07A iSC
Fixed All Sinter Bonds E| 3.9447 | 2074 1°¢
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Figure 63: Visual interpretation of Tukey's HSD demonstrating that every layer of
the module is statisticallydifferent from the randomly sampled module, meaning
there iscontrol authority over which each of those layers except the die.

4.5 Scalability of theMonte Carlo Analysis

Using the results from the singiige, twodie, and sixdie MCPM, it isevidentthat
the maximum height mismatch will increase as more devices are added in pahalel
Monte Carlo Analysis wasun from a single die to twelve die in pdehl As shown by
Figure 64, the maximum mismatch increasas the number of die in paralléut it
increase$n smaller incrementshis is most likelybecausé¢he dstribution is limited to a
specificmaximum mismatch range, additionaldie after a certain point will start to have
lesseffecton themaximum height mismatch.

By analyzing the maximum height mismatch at different probabilities, it is clear
that theras a logarithmic increase with the increased number of die in a module. At some
point, no matter how many die are added in parallel, the maximum mismatch will start to

plateau at around 150 pwith a 90% probability of occurring. This provides insigitb
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