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Heterogeneous integration (HI) technologies present an important development in
the pursuit of higher performance and reduced size, weight, power and cost of electronic
systems (SWAFK). HI systems, however, pose additional challenges for thermal
mana@ment due to the disparate operating conditions of the devices. If the thermal
coupling between devices can be reduced through a strategy of thermal isolation, then the
SWAP-C of the accompanying thermal solution can also be reduced. This is in cantrast t
the alternative scenario of cooling the entire package to the maximum reliable
temperature of the most sensitive devices. This isolation strategy must be implemented
without a significant increase in device interconnect distances.

A counterintuitive aproach is to seek packaging materials of low thermal
conductivityi e.g. glas§ and enhance them with arrays of metallic throlayler vias.

This dissertation describes the first ever demonstration of integrating suehhaaced
interposers with micrddiidic cooling, a thermal solution key to the high power
applications for which HI was developed. Among the interposers tested, the best
performing were shown to exhibit lower thermal coupling than bulk silicon in selective
regions, validating their abili to provide thermal isolation.

In the course of the study, the \@ahanced interposer is modeled as a thermal

metamaterial with desirable, high@nisotropic properties. Missing from the supporting



literature is an accurate treatment of these interpas®ler such novel environments as
microfluidic cooling. This dissertation identifies a new phenomenon, thermal
microspreading, which governs how heat couples into a conductive via array from its
surroundings. Both finite element analysis (FEA) andvaa@alytic solution of the
associated boundary value problem (BVP) are used to develop a model for describing
microspreading. This improves the ability to correctly predict the thermal behavior of

via-enhanced interposers under diverse conditions.
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1.0 SUMMARY

The challenges of thermally isolating heterogeneously integrated components
from one another is investigated. Due to the disparate thermal properties of the
components, where some dissipate large amounts of power but withstand high operating
temperatures while others are sensitive -fmwer devices, thermal isolation of the
devices can provide a means of managing the individual temperatures of each device type
with a targeted, differential cooling approach. This differential cooler can be designed so
that it requires less fluid pumping power than a cooler that must cool the entire electronic
system to the safe operating temperature of the most sensitive deiteghe ability to
specify the degree of isolation, important tradeoffs between device temperature rise and
minimum device separation (and interconnect length) can then be made.

After examining several heterogeneous integration approaches, it wasideter
that a segregated chiplet approach offered the most promising avenue for thermal
isolation efforts. Incorporating thermal v@hanced glass interposers as the carrier for
the heterogeneous chiplets provides necessary lateral thermal resistaratefltosah
while providing a conductive path from the higbwer components to underside cooling
solutions. Substantial modeling efforts and an experimental survey of seehhaaced
glass interposers demonstrated the principles of isolation in theysteiins. Also
explored is the integration of these interposers with siplgésse embedded microfluidic
cooling, an effort not yet represented in the literature.

This experimental portion of this thesislemonstrating the microfluidic
integrationi concludesthat high power, heterogeneoushyegrated 2.5D interposer
based systems are particularly amenable to thermal isolation efftwtsmal isolation

can bring the most benefithenthere is a wide disparity in allowable device temperature
1



rise, not justn absolute device operating temperature. This means it is a particularly
attractive option when inlet coolant temperatures are high. In such cases, thermal
isolation can reduce the size of therifiedep oub zones created by high power devices
(areasm the package or die that have temperatures too high to reliable place sensitive
devices) while allowing the optional implementation of a povgawing differential
embedded coolefThe microgap experiments successfully demonstrate a reduction in
thermalkeep out distance for devices that can only tolerate a thermal coupling constant of
0.24 K/W or less.

To address shortcomings in current effective conductivity literatuisethiesis
introduces the concept of microspreading resistance as a componenthafrthal
behavior of arrays of conductive vias. It provides recommendations for mitigating
microspreading when it is undesirable, and a formalism for incorporating it into existing
equivalent thermal conductivity models of via arralicrospreading rastance is
anal yzed using both finite element model in
equation within a vinhanced interposer unit cell. Vgabstrate systems that are
covered range from high conductivity contrast cogpeaglass, to througisilicon vias

(TSVs) possessing an interfacial oxide between via and substrate.



2.0 INTRODUCTION

Fundamentaphysicalconsiderations limit the useful feature size of transistors
and other microelectronic devices that constitute modern electronic productthe¥he
these limitations stem from the underlying nanophysics (e.g. electron tunneling) or from
more familiar obstacles (e.g. diffraction limit of lithographic processes), size reduction
and accompanying performance gains from the further miniaturizatiansistors
cannot continue indefinitely. Fortunately, there is considerable room for improvement in
the interconnection and packaging of these products. By migrating components
traditionally placed in separate packaggsocessors and memory, or amigli§ and
their controllers into the same package or even on the same die, significant gains can be
realized.

A promising paradigms for this migration is heterogeneous integration (HI). This
technology seeks to disrupt the traditional approach of a lodalidcrete, twe
dimensional packages which must necessarily communicate with each other through
long, high resistance, limiteondwidth interconnects. HI seeks to fabricate each
component or device within a package in its optimal semiconductor métergl
silicon, InP, or gallium nitrid¢ c ol | oqui ally referred to as
f unct i o n.olnthigpway ecomamical, highly mature (and hence low feature size)
silicon CMOS circuitry can be used to control high performane® Bémiconductor
transistors, amplifiers, and radio frequency devices in a hybrid, gyagleage circuit.
Such systemsan be expected to lsenaller, lower in total power dissipation, and have
better performance than those relying on components housednateepackages.

The thermal management of such HI electronic packages is poorly understood and

presents additional challenges in the development of HI technology. Devices fabricated
3



in different semiconductors haygreatesti f f er ent

strength is in integrating components that have very different purposes and performance
requirements, resulting in componewtsich differdramati@lly in power output and
maximum operating temperature. A uniform cooling approach must thetoseed the

entire package at the heat flux of the highest dissipation device and to the operating
temperature of the most sensitive device, often resulting in an oversized thermal solution
that may well negate any size, weight, and required power adesngained from

employing heterogeneous integration.

In analyzing the thermal characteristics of these high density packages,
considerable attention is paid to the role of threlagler vias (TXVs) in conducting heat
between layers of material and/or aetchips. Just as TXVs provide a conductive
pathway for electrical signaling, they can also be relied upon for heat transfer. This work
seeks to contribute to the development of these technologies by enhancing the
understanding of the impacts and possduivantages offered by arrays of TXVs to the
thermal management of these systems

TXV arrays and their host substrates can be treated as a composite material, an
approach taken by equivalent thermal conductivity methods. During the course of
modeling themal isolation in HI systems, this work investigates current limitations of
equivalent thermal conductivity approaches for TXV arrays, identifies a new property of
the array$ microspreading resistan¢ghat remedies the primary limitation, and
conducts &eries of experimental procedures capable of measuring the microspreading

resistance of different arrays. This microspreagingmented equivalent thermal



conductivity theory is used to analyze the thermal isolation of heterogeneously integrated
high power amplifier chips and their control logic on agahanced glass interposers.

To accompany this analysis, an HI system is experimentally characterized. This
system simulates the spatially variable power dissipations of an HI systenthesimgl
test chipets hosted on a microgap cooled interposbke resulting interposer surface
temperatureare measuredsing infrared thermography. With this measurement, the
demonstration also validates the microspreadivgre thermal models, as well as
highlighting te reduction in size of therm@eep oub zones of sensitive devices
compared to a bulk silicon interposé@rhese keep out zones are areas within the package
where temperatures exceed the safe operating limits of sensitive control logic device.
Loweringtemperatures in areas throughout the package below this threshold will shrink

these zones.



3.0 LITERATURE REVIEW

There are four main points of focus for this literature review. First, an overview
of heterogeneous integration will outline the various apgpres used to create electronic
systems that incorporate devices of different semiconductor materials or of widely
disparate thermal characteristics. As will be seen, many approaches pursue the
Ai nti mated i nt e g-4Vddvices, and wHile #8dvhChizvedhe shortiest |
interconnect lengths, they also result in the spatial intermixing of the disparate devices
leading to very poor prospedts thermal isolatn. A dhd pd reiter 0 approac
segregate the disparate devices into individual etsplsing either an active CMOS
carrier chip or a passive interposer to host the chiplets. This approach has the best
prospects for successful thermal isolation, with some promising results being shown
using viaenhanced glass interposers.

The next poinbf focus (covered over two sections) will be on fabrication and
reliability of throughlayer vias and via arrays. Much of the literature in this area is
generated from the 30C community, but as the majority of HI approaches use through
layer vias for mterconnection and thermal via arrays have been identified as useful tool
for providing low resistance thermal paths while assuring a high degree of thermal
isolation, these publications will provide valuable background material. Reliability and
manufactuing concerns will place constraints on feasible implementations of via arrays
within thethermallyisolating glass interposer.

The third portion of this chapter (three sections) will present publications that
model and/or measure the thermal propertiegaoarrays. Most models seek to treat the
array of vias as a composite material, essentially smearing the vias and substrate into a

homogeneous, anisotropic medium. The manner in which the anisotropic conductivity is

6



obtained is categorized into two casn One, the tedown approach, extracts these
properties from detailed finite element models of via array unit cells. Because these cells
are highly tailored to the arrays they represent, this approach tends to be very empirical in
its conclusions, witlmesults that are often applicable only to particular array being
modeled. The other approach, bottam adopts a physiadriven viewpoint and restricts
itself to analytic models on simplified cells. The conclusions of this approach are more
general, dempting to predict the effective conductivities of a variety of array geometries
and materials. Following the discussion of array thermal modeling will be a presentation
of publications dealing with experimental approaches.

The last section of the literate review will introduce the topic of thermal
constriction resistance. Also known as thermal spreading resistance, this phenomenon
and its body of literature will factor into both of the thrusts of this work. In defining the
concept of microspreading,amy parallels will be drawn to the more canonical spreading
resistance problem, and it will be argued that under particular conditions they collapse to
the same model. Additionally, thermal constriction will appear in the thermal isolation
application, wiere microspreading must be confronted in the approximation of the
interposer as an equivalent medium, and which once homogenized becomes the
anisotropic domain of a thermal spreadamglysisdriven by the heated amplifier

footprint.

3.1 Heterogeneous Systems
While the motivations and approach to any HI implementation vary from
application to application, an excell ent

Heterogeneous Integration (DAHI) progr@ib) . DAHI seds to integrate mature, high



density CMOS control circuitry with wide bandgap-VMlidevices (InP and GaN) to

achieve smaller and lighter higierformance radio frequency systems. Performers in the
program that embody particular approaches include NorBramman Aerospace
Systems (NGAS)2, 3], Raytheorj4, 5], MIT Lincoln Labs[6], and HRL Laboratories

[7]. The three primary approach styles are showkigarel.

NGAS HRL Raytheon

———— na"™wagm™nan
Tl')p metal : 2 } =

Fi gre DAHI i ntegration approaches. | mage
HR, and Raytheon

Raytheon uses an approach where individual transistors of either InP or GaN are
interleaved as needed between CMOS devices fabricated on customailicsulator
(SOI') wafers. This is done by feitconrandng a i
oxide to access an underlying layer of germanium (for InP) or <111> silicon (for GaN).
These layers provide the necessary lattice parameters for tlefeat epitaxial growth
of the desired IHV semiconductor. After wide bandgap deviabrication, the
heterogeneous devices are on the same planar active surface and are assembled into
circuits using typical multilayer interconnects. MIT uses a similar approach, creating

what they call a Ahybrid waf tioe matohddéayess s el e

for epitaxial growth.



HRL uses a wafeto-wafer approach where N devices are fabricated on
dedicated wafers, resulting in wafer for each heterogeneous device type in addition to the
base CMOS wafer. Each of the two or more wadeespatterned with an array of metal
Ahet erogeneous interconnectso (HICs) that
wafers. Thevafers are then bonded together, wita HICscompleting the electrical
interconnection between the heterogeneous devlodabis way there is an increased
degree of verticality compared to the selective epitaxy approach embodied by Raytheon
and MIT.

Northrop Grumman has selected a micrometer scale integration approach where
GaN and InP devices are fabricated on individudevgawhich are then diced into
chiplets. These are then placed on a CMOS carrier chiplet, interconnected with several
HICs on each chiplet in a manner similar to the wédeel approach. While this
approach creates the largest degree of segregatioadethe 1V and CMOS devices,
the authors point out that it allows a decoupled line yield, as devices from each
semiconductor process can be tested before heterogeneous integration. From a thermal
point of view, this approach is also the most amenabileermal isolation efforts since
the disparate devices are contained within their own chiplets rather than more widely
dispersed. Some thermal modeling of the NGAS design is performed by Harrig8kt al.
Modeling chiplets that contain single GaN high electron mobility transistors (HEMT) or
InP heterojunction bipolar transistor (HBT), they find that the transistor temperature rise
is about 145C for GaN and less than a degree for InP. They do not report CMOS

temperature rise in the vicinity of the GaN chiplets.



To observe an existing treatment of thermal isolation on an HI system one must
look outside the DAHI program. Cho, et @] considered the thermal isolation of a
microprocessor from temperature sensitive memory modules in a mobile electronics
application. Normally mounted on a silicon interposer, these two chips have a high
degree of thermal HAcross talk.o Through f
using a glass interposer would provide a higher degree of thermal isolation between the
two chips, with thermal vias helping to provide a conductive path through the thickness
of the interposer for dissipated heat. The authors have since published expdriment
results for thermal behavior of thermal via arrays in glass interpd€er$l} but have
not yet experimentally demonstrated the isolation effect between two thermally disparate

components. Such demonstration is one chief aim of this project.

3.2  Fabrication of Via Arrays
Given the choice of relying on thermal via arrays for managing the temperature
rise of the high power components in ti$ s s e r Hl @plicaton, @ s important to
survey he methods used to fabricate these arrays. Since the literature for fabrication of
vias in silicon is much more maturE0], this review will restrict itself to fabrication in
glass substrates. Tummala, ef82], provides a brief overview of hole formation
met hods; they include el ectwii@aodif ¢ marn g ®,n
photosensitive glass. Limits on the minimum hole diameter for each method are driven
by the thickness of the glass subgiratu s e d . I n the authorsoé oVe
20 um diameter in 100 um thick glass wafers were achieved using electric discharge, 10
pm diameter in 30 um thick glass by excimer laser ablation, and 14 um holes in UV

sensitive glass (thickness nottetd). Sukumaran, et Hl3], provides additional detail on
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laser ablation methods and possible applications for 15 um diameter vias in 30 um glass.
They were also able to demonstrate copper redistribution layBts @& 4 um line
width at a pitch of 10 pm

Corning Glas$14, 15]uses proprietary methods to fabricate holes down to 20 pm
in 100 um thick glass. One advantage the company claims is the tbitignufacture
300 mm diameter glass wafers with a falling film technique that results in a very low
averageoughness without the need for polishing. This helps to limit the possible size of
surface flaws in the glass substrate, one of the failure mschsi for stress or fatigue
induced brittle fracture. Discussions with Cornelgited arecommendtion fora
minimum via pitchto-diameter ratio of 2:1.

The filling of the via holes with conductive material generally follows a process
of electroless cqper seed layer deposition, followed by electroplating copper. The target
copper thickness on the insides of the via holes is typicaBlyé [12, 13] It can be
difficult to completely fillvia holes with copper without build up at the hole entrance

leading to choking at the entrance and a resulting void in the body of the via.

3.3 Reliability of Via Arrays

Also important for the eventual application of via arrays for thermal isolation is
their reliability under thermomechanical stress. Due to the CTE mismatch between
substrate and hole metallization, vias can-fdile to a variety of factors intrinsic to the
array and substraieprior to failures of the larger system. Because publicationgass
via array reliability are sparse, several works on reliability in thresiligton vias are

included in this section.
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Tong, et al[16], derive analytical relations for the hoop stress in a silicon
substrate basedhdwo-dimensional plane stress and plane strain approximations. While
the stress from a single TSV does not depend on TSV diameter (since the larger CTE
induced strain from larger vias is exactly offset by the larger circumference available to
absorb thastrain), the pitch of adjacent TSVs does play a significant role. This is
because the stress fields of nearby T&Msadoverlap, creating high stress regions along
the lattice vectors of the array. SuHi7] pursues a similar treatment, while also
suggesting the use a compliant strain buffer layer at the interface of the via and silicon to
reduce the stresses at the interface.

Kumar, et al[18], provides an example of an irstgation into the effects of the
thermal strain generated in the direction along the via axis. When a copper via is heated,
since it expands relative to silicon (or glass), the via will tend to extrude up and out of its
hole. Under particular conditiotise via can creep at the via/substrate interface, resulting
in the extrusion becoming permanent even upon return to the original temperatures.

Concluding this sectiormention is made dDemir, et al[19], who perfomed
accelerated lifetime testing of througtass vias. Formed by excimer laser in 180 pm
thick glass, the 60 um diameter conformal (plated) vias were subjectes’© to 125
°C temperature cycling, as well as an electrical bias test for electromigrdine only

failures the authors found they attribute to plating process defects.

3.4  Modeling of Thermal Via Arrays i Top-down Approaches
Top-down thermal modeling approacHes via arrays are characterized by the
sectioning of the array into representatiwnit cells, and applying a finite element

approach to these unit cells to extract effective behavior. Since FEM is being used, these
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unit cells often contain as much detail as possible with regards to the via construction,
presence of interfacial layerand sometimes materials or interconnections above or
below the via array substrate. This level of detail increases the fidelity of the fimodel
the array being considered, but as a result requires a fresh effort to design and mesh the
unit cell for eab new application.

One of the earlier examples of this modeling approach is exhibited by Chein, et al.
[20]. The authors calculate an equivalent thermal conductivity for their TSV arrays by
applying equal input ahoutput heat fluxes at opposite cell faces to create first a cross
plane (alongvia-axis) heat flow then aniplane flow (perpendicular to the via axis). For
their crossplane models, the authors apply 500 MKm fibuf f er bl ockso to
bottom suface, on the outside of which the heat flux boundary conditions are applied;
seeFigure2. This is done to Asmooth the heat f
the authors compute their effective condtt in this case using a 2 um slice of the
model at the cell midplane, far from the buffer blocks, they argue that the exact nature of
the blocks desnot impact the result, while allowing them to handle the-planar
surface presented by the via pagsrtying the wafer surface. Relatively unique among
top-down approaches, the authors then proceed to model a survey of 500 different cells
composed of different via diameters, lengths, pitch, and oxide thicknesses, presenting

empirical equations determicidy curve fitting the data.
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Cho, et al[9], adopt this approadhcomplete with buffer blocks to determine
effectiveconductivity for via arrays in glass interposers and compare them against via
arrays in silicon. Recognizing that vias formed in glass frequently have a larger entrance
diameter than exit diameter, they model their glass vias using a conical copper cross
section. As the authors are interested in a specific application, they constrain their
interest to a single array arrangement for glass and for silicon.

A final example of a tojglown approach is the treatmdytSantos, et a[21], of
lateral thermal blockage due to TSV arrays. These authors are interested in the
deleterious effect of the oxide layer present between copper vias and their silicon matrix
on lateral effective conductivity. They find that despite tigh lsonductivity of copper,
the oxide layer prevents easy conduction through the via, resulting in a lower lateral
effective conductivity than bulk silicon, creating a lateral thermal bottleneck that leads to

higher device temperatures.
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A frequent relatioship between via parameters and array effective
conductivity in the througisubstrated) direction found in the literature is the redé

mixtures:
N5 %Q % Q p % % Q 1)
wherev, ¢ qandi subscripts correspond to the via, interfacial oxide (when
present), and substraféqis the (areal) fill fraction, an@the material thermal

conductivity. As will be discussed in ChaptérandO, this relation does not always

represent the appropriadéective conductivity of the array.

3.5 Modeling of Thermal Via Arrays i Bottom-up Approaches

Contrasted with togglown models, bottomp approaches rely on simplified array
unit cells and attempt to construct phydiesed relations for vertical and/or effeet
thermal conductivity. They are often more concerned with determining the general
behavior of cells as a function of array parameters than focusing on one specific array in
a particular application. Since they rely on simplified cells and other aisasy@long
with the greater generality there can be a loss in accuracy compared to a more detailed,
applicationspecific model.

An early example of a bottommp approach is in Lee, et §2], a treatment of
conformal vas in printed circuit boards. The authors use a thermal constriction treatment
to derive the effective vertical conductivity, treating the organic board material as a
volume with zero thermal conductivity. The thermal constriction then exists from the
pads of the individual vias to the hollow cylinder of the via barrel[2B] performs an
analysis on solder filled plated througbles in PCB, using an analysis that relies on

series and parallel thermal resistances &hamnaterial in the througfole unit cell.
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Liu, et al.[24], analytically treats the lateral effective conductivity of a threugh
silicon via array. ldentifying the interfacial oxide as an important factor, they segment
the unit cell into five regions, four comprised of solely silicon away from the via, and one
a squaresectioned region just containing the cylindrical via. They neglect the
contribution of the silicon in the corners of this sections and derive an expréssthe
resistance across the oxide and copper via. This is assembled back into the larger cell
using series and parallel resistances. They then calibrate their model using FEM.

A last example is provided by Zhang, et[2b], in their modeling of TSV arrays.
While they use a crossectionbased ruleof-mixtures to compute vertical conductivity (a
typical assumption), the work is notable in their use of the Maxt@etken Equation
(described if26]) for estimating lateral conductivity. They point out that this is
equivalent to assuming the vias can be treated as spherical inclusions suspended in a

silicon matrix.

3.6  Experimental Characterization of Via Arrays

In a similar \ein to reliability publications, thermal experiments on via arrays in
glass are limited, while there is much more literature available for arrays in silicon and
other systems that behave in a similar manner (PTH in PCB, ball grid arrays, etc.). The
primary focus is on the possible methods that can be used to evaluate the thermal
characteristics of arrays.

A first notable work is that done by Yamaji, et[a@l7], using a laser flash
technique to measure the thermalstsice between stacked silicon die. The authors
claim an accurate measurement of the resistance of an underfilled bond between two

silicon samples, but are unable to detect a significant (relative to uncertainty) change
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when the silicon is equipped withcapper via array that does not penetrate into the
underfill. They do detect a change when gold microbumps are inserted between the die
in the underfill region, but had particular difficulty in applying laser flash to the
Ahet erogeneous edlhythedgoldiudedilbmegiume s e n t

Matsumoto and Tairf28] measured the thermal resistance of a C4 solder bump
array joining two silicon surfaces using a steady state ASHié thermal interface test.
While their m@asurements are on a C4 array of 100 um ball at a 200 pm pitch, they
include in their modeling a variety of ball sizes, with and without underfill. They note in
their modeling that assuming a homogenized interfacial layer using-affoietures for
the ®lder and air or underfill results in an underprediction of the layer resistance.

A final publication, by Cho, et al11], evaluates the effective vertical
conductivity of conformal via arrays in glass substraldse measurements are
performed using IR thermography on samples heated from below, and corrected with an
estimated loss through the exposed upper surface through convection and radiation. The
authors note significant discrepancies between experimestdis@and FEM calculations
done along the lines of Chien, et[@0] for the samples that have the largest vias and
pitch dimensions. The authors attribute this to poor copper plating alignment in those
samplesal t hough the absence of a microspreadi:Hr

may provide an alternative explanation.

3.7  Thermal Constriction Resistance
Thermal constriction resistantealso called spreading resistaricis a
phenomenon that arises when heahiroduced into a material through a localized zone

or Ahotspoto. Very ear | y29tand&avanoveliBdls on t h
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were motivated by investigationganthe underpinnings of the thermal contact resistance
between material surfaces with defined surface roughness. While the underlying
geometric problem exists in other fields, these authors laid the foundation for the
concepts and terminology ustddetemine the rate dfieat transfethrough such
configurations.

The essential treatment of the subject is well described by a comprehensive
review by Yovanovici31]. The temperature rise of a localized hotspathensurface of
an infinite halfspace can be related to the flux introduatithat spotwith a thermal
resistanceY . When reducing the hadfpace to a finite volume, e.g. the base of a finned
heatsink or a thin thermal spreader, it is convenient to decompose this total resistance into
a onedimensional resistance defined by the dimensions of the volMmgeand a
spreading resistance,, that accounts for the constriction effect produced by the spot. If
the spot area is allowed to fill the entire area of the material suifagees tort. Thus,
Y Y Y where

: 0 p
Y @ ol (2

Muzychkaet. al.[32] investigated thermal constriction resistance in orthotropic
heat spreaders. One method they use to simplify the system to beisatved
mathematically transform one or more spatial coordinates in order to recover an isotropic
heat spreader from an inherently anisotropic medium. In the interposers considered in
this project, wher& "Q , the appropriate coordinate tramsh would result in a
system that is either stretched laterally or compressed vertically. Fdishéstatiod s

purposes, the lateral transformation better facilitates comparisons between interposers
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with comparable vertical conductivity but with corsiag lateral conductivities. Thus,

the lateral coordinatey is transformed:

w

Q70 )

of

In systems with complex geomeiryike the HI case study systeirthis
transformation can lead to an issue. Isotropic components like the bulk of the amplifier
chiplet andts die attach layers become anisotropic. To rectify this, the heat introduced
through these components is modeled as an idealized hotspot with a specified flux

profile. Neguset. al.[33] note that using equivalenircular hotspots with radi

0 j“ (with 0 the area of the hotspot) introduces acceptably low error. Leveraging the
work of Yovanovich30], a flux profile of the form

5

Q0 o
¢

p o (4

can be used, whete ofwis the relative position from center (at the ehip
interposer interface)) the total heat rate in W, andis the flux shape parameter. For an
isoflux profile*  1tis used, while for a profile that producesismthermal interfacé

pX¢. The FEM derived profiles for both example interposers lie between these

theoretical profiles. Yovanoviokt.al.[31] note that the isothermal interface condition
provides a lower hand for computing the thermal constriction resistance (and thus
average chip temperature), while the isoflux interface provides a upper bound, citing an
8% maximum discrepancy between the two for systems with circular hotspots.

Songet. al.[34] provide very simple, approximate, closedm expressions for
constriction resistances based on both average and maximum hotspot temperatures for

circular hotspots with constant flux. Their expression for dimensionless caaostrict
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resistance,

[ QW s
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[ CpT (5)
and
P
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They assert that these correlations agr

10% for the range of parameters commonly f
though changed dimensi@and material sets in the past few decades necessitate a re
evaluation of that statement. Since for this discussion the hot chip is assumed to be far

from the edges of the interposer, multiplyngbyf Z andtaking the limit ago® H
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3.8  Summary of Literature

HI manufacturing andesign techniques have been recognized as an important
development in advancing the performance of 1gexteration systems. Also understood
is a need to address the thermal management issues that arise due to the disparate thermal

operatingconditions of he heterogeneous devices. Thermalarrays and in particular
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arrays in lowconductivity substratéshave be identified as one possible component of a
thermal isolation strategy that attends to these heterogeneous thermal conditions.

Modeling of the hermal interactions both within these arrays and with their
surroundings is done both numerically, through FEM, and analytically using first
principles. FEM approaches tend to be-tlmpvn, in that they capture significant detail
aboutgivenarrayfeaturesand provide effective properties, but often do not provide
direct insight into how variation of those features affects resulting properties. Aalalytic
approaches are more difficult to construct and require simplification of the array unit cell,
but as bbttomup approaches they can identify important trends anebtlimansional
groupings that enhance understanding of the array behavior.

The conductiorthat occurs as heat enters the via array and substrate from a device
footprint has close connection withettheory of thermal constriction resistance. This
area of study has a substantial body of analytical models that describe the geometric
penalty associated with conduction across an abrupt change in cross section, such as the
one created by a small fooiptrdevice bonded to a larger area interposer. This can
provide a method of modeling the impact of tuning various effective properties of the via
enhanced interposer. Additionally, at the scale of each via a similar geometric
constriction occurs. In facin the limit of zero substrate conductivity the local
conduction reduces to these classic constriction resistance solutions. Missing from the
literature is the generalization to the case of-pemn substrate conductivity, which is
provided in thighesis

Finally, absent from the literature is a definitive demonstration of-arvieanced

low-conductivity interposer outperforming widely available bulk silicon. Demonstrating
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a practical interposer leveraging thermal isolation to reduce sensitive tEwigerature

is the primary experimental aim of this dissertation.
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4.0 THERMAL ISOLATION MODELING

This chapterdescribes the modeling wonk support of thiglissertatation.The
first subchaptemmtroduces the case study that forms the basis dfiktleermad isolation
application. The system considered is modeled using FEA, including the detail of
individual thermal vias.The secondubchapteconcerns finite element modeling of
individual via unit cells, initially undertaken as a tdpwn, equivalent thenal
conductivity approach. Itis here that microspreading resistance is identified, defined,
and analyzed. The thislibchaptedescribes an analytical model of microspreading
resistance, where the unit cell vertical resistance boundary value proldattined and
solved. The finasubchaptemodels the anisotropic thermal constriction problem
associated with the original thermal isolation applicatibmlistills the multitude of
parameters that describe the system into the minimal set necessatinguish
substantially different incarnations of the isolation problem, providing a compact

parameterization of the available design space.

4.1 Case Study: Thermal Isolation of Heterogeneously Integrated Systems

Theanchor point of thiprojectis a numerichcase study on the feasibility of a
via-enhanced lowconductivity interposer for a high power heterogeneous system. As
described in the literature review, a major advantage of heterogeneous electronic systems
is the ability to design a composite devideene the individual constituent components
are fabricated in the semiconductor best suited to them. The prototypical example for our
case study is a power amplifi@bricated in gallium nitridavith silicon CMOS control
logic. The fast switching HEMAin the GaN dissipate substantially more heat than the

lower power CMOS components, leading to considerable spatial variation in dissipated
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power throughout the package. The GaN components can also tolerate higher operating
temperaturegas high as 250 °Compared with 70 °C for commercial CMO®ithout
suffering performance or reliability degradation. Without a strategy of thermally

isolating the different components, heat generated in the GaN will diffuse into the silicon,
necessitating a cooling solutithat essentially cools the entire package to temperatures
near the maximum safe temperature of the CMOS logic.

The ability to isolate components with different thermal requirements with a via
enhanced lovk interposer was demonstrated for a consumetrel@cs applicatior9].

The case studyn this projectexamined whether such an approach could work for the

much higher heat loads associated with HI amplifier systantsmore importantly its

amenability to integtgon with microfluidic cooling. It proposedaneww di f f er ent i al
cooling strategy, where a baseline fluid cooling approach would be applied to the

underside of the interposer, except in high power regions where a more intensive cooling
solution would bemplemented The study considers a fluid microgap cooler as this

baseline, and a manifel@d microchannel cooler as the aggressive;spexific solution.

As discussed in the last chapter, there are many approaches to heterogeneous
integration. An apmach where the amplifier and control logic are fabricated on one
contiguous silicon substrate was discarded after initial finite elements models
demonstrated the difficulty of thermally isolating the devices with such a strafEgy
additional thermapathway traveling laterally through the silicon substrate meant that
regardless of the interposer or underside cooling strategy, maintaining substantially

different temperatures in the amplifier and logic was unfeasible. Thus, a chiplet based

!See Appendi mafefs of suppl ement al case study model s.
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system becamthe focus of the study. The final system configuration chissgrown in
Figure3. Two amplifier chiplets of GaN on silicon flank a central silicon CMOS chip.

All three are mounted on a glass interpp#ieethickness of which is 200 wumA copper

via array is inserted in the volume underneath the amplifiers, and convection boundaries
applied to simulate the fluid cooling; a high convection coefficient of 30,000°\K/i®
applied under the arrays to represhetheat removal capability of thmicrochannel
coolerwhile the remaining microgap region is set to 3,000 ¥AHm

These value were chosen based on published effective base heater transfer
coefficient for singlgphase microcoolers in literature.

Tablel summarizes representative performance of sipgkese water
microchannel and microgap cooléesmd provides references for eaclit)demonstrates
that microchannel coolers offer substantially higher {egevaknt heat transfer, owing
to the much higher wetted surface area. This s@hthe cost of higher pumping power

as well as more complex architecture and fabrication.

Tabl e BEgei val ent Cool i ng anRh&uWgpt errg
Mi crocool ers

Microchannel Coolers Microgap Coolers

"QW/m2-K] Areal Pump Power [W/cth | "QQW/m?-K] Areal Pump Power [W/cth
115,000 [35] | 0.04 15,400 [36] 0.0011

182,000 [37] | 0.1 24,000 [36] 0.133

417,000 [37] | 10
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Figure4 provides the dimensions of the via aremd

Amplifier 10.4 W CMOS 100 mW Amplifier
. 10.4 W

Microchannel Microgap
30,000 W/nt-K 3,000 W/nt-K

Microchannel

Figure5 presents a rotated view of the system, providing the chiplet power
dissipation and convection coefficients us@imensions and power dissipation for the
amplifier chiplets are representative of GaN on SiC monolithic microwave integrated

circuits (MMICg) [38-40].
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Device — ] » —

T .
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; Thickness
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FigBreLayout for F Fi gédire r Bayr amet ¥iras

To analyze this system, a gtea-symmetry finite element model was constructed
using the commercially available FE software package ANBYE with heat flux
applied to the free surface of the chiplets such that the total heat enteringipach ch

matched the target dissipation, and convection boundaries communicating with a fluid of
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reference temperature zero applied to the underside. In meshing the model, very fine
element sizes were required in and around the copper vias. After performegha
convergence study, the resulting mesh contained just 006 highorder hexahedral
elements Within the individual vias, zone refinement resulted in elements of nominal
dimensions of 1um x 10um in cross section, with 3m height along the tbkness of

the substrate. Far from the via array, elements possessed cross sectional dimension of
125um square, with a 1@m height. For material properties a temperature independent
conductivity was assumed expedite initial modeling; the values used presented in

Table2.

Amplifier 10.4

Microchannel Microgap

Microchannel

30,000 W/nt-K 3,000 W/nt-K
Figbre Rotated view of HI case study sys-
underside cooling. Vertical scale

Several variations on this model were investigated revtiee thickness of the
interposer was varied, the site specific cooling was set to microgap values, or the via
array removed. All these changes had the expected effect: thinner interposers provided
better isolation due to a lower lateral cross sectiahramoving the high cooling
coefficient and/or vias dramatically increased the temperature of the anfpiigure3

andFigure4 show simulation results for the baseline 200 um glass interposeriagth v

Demonstration of thinner case study interposers is presented
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and differential cooling compared against the results for the same systems where the
glass has been replaced with silicdn the model using glass, the amplifier peak
temperature rise (relative to the fluid) reached 113 K, while the CMOS tempersere

on average only 5 K. With silicon, however, the amplifier temperatareasdell to 56

K, while the CMOS average rise increased to as high as 40 K. Given the assumed safe
operating temperatures of 250 °C for the amplifier and 70 °C for the CHM@Silicon
interposer would limit the coolant temperature to 30 °C while the glass interposer would
allow a coolant temperature of 60.°Since the ultimate sink for the dissipated heat is

the local ambient, tolerating high coolant temperatures at thgoser enables

reductions in the size and power consumption of the systems responsible for rejecting the
coolant heat to the environmertg.radiatorson automobiles and spacecraft can be
reduced in size. Alternatively the coolant loop responsibléheoHI system may also be
responsible for cooling other systems, such as the engine on an automobile or aircratft,
that causes an elevated coolant temperature.

Tabd e Mat eri al Properties for HI Ca

Material Thermal Conductiity
Silicon 150 W/mK

Glass 1 Wim-K

Copper 400 W/mK

Sintered silver die attach 200 W/mK

Silver metallization 401 W/mK
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3.4351 : C T 113.09 3
FigéreSystem in package with glass inter
di fferenti al cooling

47.3 © 51.8024 56.2924

Fiug® System in package,tvwiietrhmaa sanld caornr aiyn
di fferenti al cooling

The case study identified what is simultaneously the challenge and advantage of
this low-k interposer approach: The interposer coivsdrthe heat dissipated by the high
power components to a small footprint within the package. This creates a local hotspot
on the underside of the interposer, where the large temperature difference from the fluid
drives the convective heat removal. Tpemach relies on this difference to compensate
for the effective loss of heat removal area since the footprint over which the significant
heat removal occurs is reduced. The challenge then is to balance the constraining of
dissipated heat with the avalile convection coefficierior a particular cooling solution.
Complicating this classic heat transfer problem is that constraining this heat to a small

area is the main objective of the thermal isolation. Thus, constrain the heat to too small
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an area ahthe availabl&® will lead the amplifier temperaturt® rise above allowable
levels. Fortunately, since the other regions of the interposer need very modest heat
removal rates, a more economical cooling solution can be employed for regions far from
the hotspot.

In order to better explore ways to optimize the design of the interposer and site
specific cooling system, modeling efforts turned to equivalent conductivity methods to
simplify the finite element models of the system. In this way, rather #alimg to
adjust and refine a very fine mesh for each geometry or array parameter change, the
equivalent conductivity could simply be alterel is this type of analysis that is
presented in Chaptdr2 However, in order taetermine the appropriate equivalent
conductivity to use, modeling at the array unit cell lewaktto be performed. As will
be shown irChaptelO, the interaction of the convection boundary on the underside of the
interpose leads to cell responses not well handled by existing equivalent conductivity

methods.

4.2 Creating a Compact Thermal Model

As may be inferred frorfirigure5, there are a multitude of parameters necessary
to describe een a simple HI system. The dimensions, locations, power outputs, and safe
operating temperata of the individual componentdie dimensions and material
properties of the interposer as well as the paldrs of the TXV arraythe comuctance
of the emledded coolerand even details concerning the method of die attach all play a
role in the reliable operation of the system.

Of value is a simplified model of the system, where the large parameter space is

reduced to a minimal set of important factordedlly, this model will be able to clearly
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illustrate the design tradeoffs available within an application. It will also highlight that

the interplay between increasing isolation leading to decreasing effective cooler footprint
is a esult of the underlyig heat transfer mechanism: thaedhermal constriction

problem. By analyzing the simplified model in the context of thermal constriction, the
parametric space described by the input design parameters can be linked to the response
of the interposer anits hosted devices.

This chapter will first introduce the simplified system representing a high power
central chip giving rise to a temperature field across the interp®bes.central source is
referred to as the ampldatdthe€&caN HEMTidewsceini pt fia
the case study of Chaptrd, but it could represent the highest power device in any
heterogeneous system (e.g. the processor in an integrated microprocessor/memory
systemin-packagg@ The temperature sensitive devices are referred to as CMOS in
reference to the silicon control logic devices of the case study, but again this is a generic
term of convenience for the components that represent the strictest operating temperature
limitation (e.g. the volatile memory in the alternate example).

Thesecondsection describes the analytic treatment of the simplified musiled)
solutions developed in the literature for thermal constriction resist&@@mefronting the
anisotropy of the interger requires a transformation of coordinates. A discussion of the
required number of terms in a finite series approximation of the solugoviled,
noting that fothe geometry of the particular model studied, high interposer anisotropy
requires mor@and more terms for the temperature field to converge.

The third section analyzes the same system using FEM, and presents results of a

model survey across varying interposer anisotropy for four cases: low underside
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convection with an isoflux hotspot, higimderside convection with isoflux hotspot, low
underside convection with isothermal hotspot, and high underside convection with
isothermal hotspot.

The fourth section discusses how the interposer temperature field (computed by
either thermal constrictiorokitions or FEM) can be used to analyze design tradeoffs
inherent in choosing interposer effective properties. It demonstratethabmiting
thermal operating characteristics of the two classes of hetamgedevices can be used
to defineasinglenmecg thatdescr i bes how t her nighbtisy At i gh
the degree to which the heterogeneous devices need to be isdlaigccoupled with
thepower dissipation of the central chip and the thermal coupling function belonging to
the irterposer describe the available parameters that are balanced in the thermal isolation
of the two chips.

4.2.1 Reduction of Parameters

Firstly, the viaenhanced interposer will be homogenized accordipgdoedures
typical of theliterature[9, 11, 20, 21, 42} This is assumed to result in an orthotropic
material, witheffectiveconductivitiesQ and’Q in the inplane (lateral) and through
plane (vertical) directions, respectively. These properties will be assumed to persist
across the entire extent of the interposer; whether to omit vias in particular regions of an
actual applicatiorteither for engineering or cestlated reasons) can be asséss
retroactively analogously to sectioi€l To create consistency across different
manifestations of the constriction problem, these conductivities will be assumed to be

independent of tempature.

SMore detailiionfcltihdisn g rtolcee srsov el i ncliusi om ecsfe nmi@adn@ snp rCehadit reg sr
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The effective properties of the via array can also be adjusted to take into account
via microspreading resistance. This skffect can be modeled as a planar thermal
resistance within the compact model, and its development is described inr€0 i
0. These resistances (which are associated with the individual via unit cell and carry
units of K/W) can be converted to areal surface resistance (thenpadlance) by
multiplying by the cell cross sectional area, €.g.whered is the pitch of an aligned via
array. Independent microspreading resistances can be associated with the interposer
undersidelY, and with the upper interface with a heated clip,

Because the power dissipation of teatral tiip (e.g.amplifier) is orders of
magnitude larger than tlsensitive devices (e.§&MOYS), the waste heat from the CMOS
will be neglected. Geometric effects due to the presence of the CMOS chiplet will be
ignored by removing the CMOS and its die attanktdad assuming that temperatures in
the CMOSwill be tightly correlated tdocal surface temperatures on the bare interposer.

The underside cooling will be assumed uniform as outlined in See@on |
Furthermoreanylower microspreading resistance carcbenbined withunderside

cooling coefficient to form an effective conductance by

o) %G'Y 8 (9)

BecauseY depends offand other details of the cooler, as well as the particular
via array chosen, is this"Q which will be held fixed, with the understanding that the
actual coolefOmay need to be increased to compensate for microspreading.

The next step is to circularize the system. For systems where the heat source
(amplifier) dimensions areds than half the substrate lateral dimensions, the discrepancy

between thermal constriction resistances calculated for rectangular vs circular systems is
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negligible[43]. This is an assumption that the amplifieipdls in the center of its area of
influence. Referring to Fig. 1, by symmetry each amplifier sees an adiabatic boundary at
the midplane separating them. Within each half interposer, the amplifier chiplets are
indeed eccentrically located. While thisane that edge effects will come into play at
differing points, treating them as centrally located reduces the complexity of the model.
(There do exist extensive treatments on eccentric and/or rectangutaaltbenstriction
systems; sepl4] for examplé The circularization is done by treating the amplifier and

interposer as disks with effective radii

o 9 . (10)

anc ) 0 « R (1D

respectively, located about a common axis of symmetry.

For the purposes of evaluating required device separation this change is more
problematic, since for highly isolated systems these distances are very close to the edge
of the amplifier. This reduction in geometry will lose some positional information, e.g.
separation will need to be greater at an edge midpoint vs. a corner of gukntheat
source. However, since the assumption that the homogenized via array is circularly
orthotropic creates similar issues, in reality not much more is lost when considering
distances that are already on the scale of the via array. As withla#l sintplifications
being made in this section, the resulting model will point to promising design choices that
must be validated with a detailed;fldelity analysis.

The final simplification is the replacement of the amplifier chiplet itself with a
hotspt of equal radius and total output power. In order to relate the peak amplifier

temperature with the temperature of the hotspot centroid, details concerning the amplifier
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thickness, material, die attach, and upper spreading resistanaea)l be subsumed into
a single resistanc& . This resistance relates the temperature difference between the
amplifier peak and the hotspot centroid to the amplifier output power. An example

calculation for a toqlissipating, rigid die #&ach chiplet is

. o .,
0 Y o LY (12)

where the summation is across the chiplet substrate and various die attach layers,
ando and'Q are the thicknesses and conductivitiethe layers. A more general
procedure to calculat¥ will be omitted; it & often in the range of 0121 K/W for
typical applications, and can be obtaimsddetailed in Chapte@sandO.

The exact flux distribution to use across the hotspot also depends on the same
features used to definé . If a thick chiplet with a conductive substrate is attached with
a highresistance attach, the chip will beceuraged to thermalize laterally prior to
conducting into the interposer. This will lead to an isothermal spot, where the heat flux
entering the interposer near the edge of the amplifier is greater than at the center.
Conversely, a very thin, flighip mounted amplifier with low attach resistance will
immediately dissipate the majority of its heat into the interposer; if the power map of the
amplifier is uniform, the hotspot will be isoflux. Rather than focus on the details of
determining the exact flugrofile, this analysis will consider first an isoflux and then an
isothermal spot and present them as limiting cases that bound the majority of profiles
seen in practice.

After all these simplifications, the geometry of the simplified system to be
analyzel is given inFigure8. This is the system as it will be modeled ugimgyrmal

constriction solutions andEM, with convection to a zero fluid temperature and either an
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isoflux spot of 500 W/ch(25 W total) or ansothermal spot of 1 °C relative to the fluid
and total heat rate measured. Two effective cooler conduct&case chosen: 30,000
W/m?-K and 100,000 W/mK.

Within these four scenario& ¢y and interposer thicknessre fixed at the values
in Figure8, and'Q held constant at 150 WAK. 'Q is allowed to vary from 0.1 W/rK
to 1000 W/mK. In this way the model provides results that can be ascribed to such
diverse interposers as silicosdtropic 150 W/iK), a viaenhanced glas<Y in the
vicinity of 17 2.5 W/mK, 'Q = 150 W/mK: quite high, bueventuallyobtainable with a
closepacked copper via array with diametetpitch ratio of 0.65), and finally as a

point of comparisni ahypothetical spreader with very high lateral conductivity.

2.82 mm |
/— 1.26 mm—
(TTTEITTINaL,
200 um 57
h
Fi gB8reAxi symmetric constriction model f ¢

4.2.2 Analytic Treatment of Thermal Constriction

A substantial body of literature has been pulgicsbn the analytical solution to
the thermal constriction problem. Originally motivated by investigations into thermal
contact resistance between surfaces with a known rougf8ets] it has exanded to
include applications such as finned heat exchanger baseplates, thermal spreaders for
small area heat dissipation, and electronics components on[PZ}BsSolutions have

been obtained for both twadimensional re@angular and axisymmetric systems, as well as
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three dimensional rectangular systddav, 46] An excellent review of much of the work
concerning axisymmetric systems is provided by Yovasigwet al.[31].

For dealing with the homogenized interposer in this application, an extension to
systems containing an orthotropic layer is provided by Muzychka, [824l. It takes
advantage of a coordinate transform that results in an equivalent problem within an
isotropic medium.(The following is a synthesis of the notation usefBit] and[32].)

The transform is on the vertical coordinaded is

a .
oaf ——==nh
o6 (13)
5 °
0 (14
anc ko) Q08 (15)

whereq is the transformed vertical coordinate, is the effective interposer
thickness, and) s the effective (isotropic) interposer conductivity.

Since for this application the peak amplifier temperaturadwhas been defined
with respect to the hotspot centroid temperature) is of interest, the interposer resistance to
be defined is with respect to teéYbetween the hotspot centroid and the fluid. Since the

interposer edges are adiabatic, this is given b

GUT T o

0
3Y = , 16
6 0 (16)
for isoflux spots and
0 ogly »
3Y % ; 1
6 0 17
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for isothermal spots. Key quantities are the relative spot radiuéia total

spot powe, and the end cooling function

| o}
0 QI

Ol O

A
A

= —»

':3 h (18)
B

whered "Q 'GAIQ andt o 7T

0 andvu are Bessel functions of the first kind with order zero and one,
respectively, and the eigenvaldes,are the roots ab | T. The first root i$ TT,
in computing the first term in the summati®(16,(17), employing the limitas © Tt

will yield the correct result. This term is related to the-dimensional restanceof the

interposer, andan be obtained using

o)
Yy U ——= — 8 (19

Thus the eigenvalues fér phci8 are thepositive roots of |
The results of this summation @& way to the constriction resistance, given by
Y 3°YI0 8 (20)
This resistance calculation was performed for the systeameders described in
Figure8, the results of whit compared favorably to the FEbased calculation,
described and presentedSectiond4.2.3 Including 6 terms resulted in agreement with

FEM to within 1% formanyvalues of Q. However, for the lowest W@es of Q (as’Q

andt tend to zero)more and more summation terms are needed to reach a satisfactory
convergenceFor example, witfiQ  p, a value representative of the~@ahanced glass
interposers, 33 terms are necessary to rééelagreement.

This issue is highlighted in Fig. The first two data sets are the magnitudes

(absolute value) of each of thecentroid temperature components of an isoflux spot for
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0 = 0.1 and 10 W/RK, respectively. The terms in sequences fbitaoscillate around

zero, but after an initial number of terms, Flghows that a hundrefdld reduction in

lateral conductivity leads to a tdéold increase in the magnitude of this oscillation. The
second two sets plotted are each @€t mwing average of the respective temperature
summations The reduction in oscillation corroborates the observed fact that a moving
average at end of a running total of temperature components can speed convergence to

the anticipated centroid temperature.

Convergence in Centroid Temperature

—~ 100
)
[=]
=
=
TE 0.1
< * kr=0.1 Wm-K
=]
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= MovAvg of kr=0.1
&
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Number of Summation Terms
Fig@reOscillations in temgsrnateurpeo sceamnp on

Finally, the temperature profile across the top surface of the interposer can be

obtained byintroducingthe radial eigenfunctiomy | - into the centroid temperature

summations, resulting in

0 O T o
) F1 0

(21)

gl ~

3"Yi

for isoflux spots and
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(22)

, |
07 =
W

%v! c

3Yi

for isothermal spotsThat these reduce to the centroid temperatuire att
follows from the factthab @ p.
These allow a definition of a thermal coupling coefficient for each point
on the interposesurface. By dividing Equation@1) or (22 byd, one obt ai ns a
couplingo function that provides the | ocal
centrd chip power This function;Y i , encapsulates the response driven by the intrinsic

parameters of the interposer/cooler systémr isoflux spots the thermal coupling

function is
~ P GO T [
Y > ; = h
 rm e g (23
and for isothermal,
0 OBIT] » |, i
Vi J , !
| 75 0 0 = 8 (29

Plotted inFigurel10 are two example thermal coupling functions for two
interposers of different radial effective conductivity. The first (solid) represents a via
enhanced glass interposer, with 1.5W/m-K, and the second (dashed) represents
silicon with®@ 150 W/mK. Both haveQ 150 W/mK (meaning the glass via fill
factor would need to be very high, ~42% with 400 \AKnaias). The curve for glass is a
45 term approximation, and for silicorQ g&rms.

The centroid resistanCé is much higher for the anisotropic glass, &KI/W,

while for silicon it is much lower at 3.6 K/W. This is due to the silicon allowing

40



significant lateral conduction, such that the coupling function (and thysetatare rise)
carries to the edge of the interposer. The glass, however, sees a rapid extinction in the
influence of the central chip, and drops below that of the silicon by 1.38 mm from the

centroid, or at a separation distance of OriB.

R(r)
8

®=1.26 mm

0.0000 0.0005 0.0010 0.0015 0.0020 0.0025

FigabDe Ther mal coupling function for two in
Figerewgth W ak affd30, 008KW mHot spot is is
(Equa2p on The solid curve corhespd9nWsmto a

K, whil e h&5da¥hmd

4.2.3 Results of Finite Element Analysis

Both as a method of checking the thermal constriction solutions and recognizing
that for highly anisotropic, and very thin interposers many series terms are requited, fi
element analysis was also performed on the system shown i8. Fidne 2D,
axisymmeric FE model uses 141,100 higirder (8node) quadrilateral elements hayin

a nominal edge dimension ofun. This number was verified as acceptable by
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performing a mesh convergence study using 1.5 and 1 um element sizes and observing no
significant chage in calculated temperatures.

As mentioned irBection4.2.14.2.2 for isoflux spots a uniform flux of 500 W/ém
was introduced at the hotspot on the upper intempssrface, and the surface temperature
profile recorded. The calculatéd is then the ratio of centroid temperature and total
spot flux (25 W) as described lguation(20). For isothermal spots, a constant
temperature of 1 °C was specified along the spot boundary, the resultiage
temperatures recorded, and the normal component of heat flux at locations on the lower
interposer surface recorded. (Measuring flux on the underside of the interposer as
opposed to at the spot avoids any singular behavior near the spot edgpgraieras
and heat fluxes were measured along a path containing 600 points (i.e. every 4.7 um).
Heat flux for the isothermal spot cases was integrated (with welightto obtain the
total hotspot poweb, resulting inY — pJ #0.

FiguresFigurel1 throughFigure1l4 show plots of surface temperature across the
radius of the irgrposer as a function of radial conductiviigurell andFigurel2
showisoflux-spot cases, usiri) = 30,000 and 100,000 WHH, respectively. As radial
conductivily is increased, the fixed input heat spreads further laterally, reducing the
centroid temperature while increasing temperatures outside the hdtgpate 13 and
Figure14 show the isothermalpot cases, with the sarieas inFigurel1 andFigure
12, respectively. The edge of the hotspot is much more apparent. Additionally, with
increasing lateral conductivity, the temperatfixed hotspot is able to accommodate
progressively more input heat due to spreading, leading to rising interposer temperatures

outside the hotspot.
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Plotted inFigurel5is the interposecentroidthermal resistancéy , for all four
cases as function of radial conductivity. Note that the functional dependences for the
isoflux spots mimic the centroid temperature presefkignorell andFigurel2i a
simple result of the definition 0Y . This highlights thatr is the intrinsic property of
the interposer system; it does not depend on the magnitude of the hotspot power used
(since conductivities have been held independétemperature). The relations plotted
in Figurel5 can be usetb alternate between cases where the total spot power are fixed,
as inFigurell andFigurel2, and where the centroid temperature is fixed, &guare
13andFigurel4. The former transformation essentially normalizes by the centroid
temperatur e, whoirlma l ti lz &hisliaptrtdrearof. thiewentroid
resistancéY t Y is further discussed in the next section, Secti@.

A final comment orfFigure15is the fact that the resistances for the two types of
spot converge a® © T, since in such a situation heat is being constrained entirely under
the footprint of the hotspot. This results in a one dimensional flux tubeswbsistance

must equal

o0 "Ha (25)
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Centroid Temperature Rise
Isothermal Spot, h=30,000 W/m2-K
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Interposer Thermal Resistance, w.r.t. Centroid

8.0 r
Alsoflux, h = 30,000 Isothermal, h = 30,000
7.0 L Olsoflux, h = 100,000 Isothermal, h = 100,000
6.0 F
A
(0]
c40 I 2
o A
g A
§30 ¢ A A
A A A A A
20 A AAAAAANNANA
1.0
00 < 1 1 1 1 ]
200 400 600 800 1000
Radial Conductivity (W/nK)
Figabelnterposer thermal resistance with

four cases S&hown in Figs.

4.2.4 Analysisi Visualizing the Design Space

Theoverarchinggoal of this compact cotrgtion model is to reduce the number
of parameters needed to distinguish effectively inequivalent HI subsystems (consisting of
a single highpower component)In Sectiord.2.1, the geometric and material parameters
were conénsed into a compact constriction modehe discussion in Sectiods2.2and
4.2.3show that the desired object of interest is a thermal coupling function that describes
the temperature rise atyalocation on the interposer in response to unit power dissipation
at the central chip. What remains to be incorporated are the operating parameters of the
devices the interposer will host.

The possible parameters of interest are the central and sedsitice
dissipationsp and0 , their maximum operating temperatures, p and”yY j ,

and the coolant temperaturé The first simplification comes from assuming the CMOS
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dissipation is zero, justifiable in cases where both ¢ifeheating of the CMOS and its
effect on the amplifier are negligible. Next, rather than work with the absolute maximum

operating temperatures, the delta with respect to the coolant will be considered:
Y Y 5 Y (26)
anc Y j Yo5 Y (27)
Two constraints that must be satisfied can be constructed from these parameters

by introducing the thermal coupling function. The amplifier must remain bétow i

allowable temperature rise, meaning

o Ym Y 3Y Y jh (28)
where'Y is the resistance of the amplifier and its attach, from Equét®n The

corresponding limit must be observed for the CMOS:

~

3’Y 0 Yi Y § 8 (29
Since the central chip pow@r is driving both responses, it would be
convenient to combine these constrairikis can be done by dividing the inequality in
(186) by the equality ir{185) to obtain

Yi Y g
Y Y 3Y

8 (30)

Equation(30) ensures the CMOS temperature constraint is met. Recognizing that
for a particular thermal coupling function, the maximum power that can be dissgpated

Y 5 .
Y Y

C

(3D)

and follows the ratio
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Y .
h

Y r (32

C-2| [«

the amplifier temperature constraint can be made explicit at the cost of
reintroducingd :

Yi Y

Hh 0
-— =——=—Nh
Y Y Y 5 U OJou (33)
YoETY .
where g m (39

Although the develapent of Equatiori33) is somewhat roundabout, it
guantifies a very basic intuition of how the HI system must tradeaoibus design
considerationsg operates aseonstraint metric hat capt udr etsh enh otwh €efirt magl
isolation need is. Low values gf represent highly constrained systems, where safe
operating temperatures of the lgpewer and higipower components are widely
disparate and/or the coolant must be run hot, close to the sensitiverdaxiogum.

High values, approaching 0.5 or even 1, represent very forgiving systems.

O O provides a mechanism for-dating the central chipldtelow the
maximum disspatiopermissible with a given interposer and cooler. It is important to
keep in mind that unlikg , which is dictated by the externally obtained specifications of
the devices and ambient temperatire,depends oY 11, and thus the particulars of the

interposer and cooler.

Finally -, a converently normalized form of the thermal coupling function,

providesa methodfor determining the minimum separation distance between the
amplifier and CMOS. Sinc¥ i is decreasingif for a giveng and0 j 0 Equation
(33) can be satisfiedomewhere on the interpostrere will be a minimum value of
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Y thatyields the equality A diagram of this process is shown Figurel6. A cutoff is
determined P the ratio ofg to0 j O 1T in the figure it is about 021 This would be a
very thermally tight system: §f j 0 is set to 1 (no deating), an example system with
this metric could be a wide bandgap amplifier with 200 °C, at commercial of the

shelf (COTS) chip witfY ~ 85°C, both being cooled by a fluida 70°C*

R(r)
R(0) + R}

FigabeFinding minimum deviglks $wepamation |
thermal counpfl®.ng functio

Summarizing the rules embodied by Equati(@1s, (33), and(34) in plain
language, if the sensitive device is overheating, design options available are:
1. Substitute anore robust device and/or lower the coolant temperature, increasing
gand Al ooseningo the system.
Move it further from the central chip by increasingvhich decrease¥ i

De-rate the central chip, decreasing

Engineer an interposer/cookgystem with a more favorabMé i

‘“For some ther mal coupling functions, the edge of the circula
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Clearly strategy four is the primary focus of this thesis. As demonstrated in
Sectionst.2.2and4.2.3 some possible improvements will rediiée across th entire
interposer, such as increasing the underside cooler conductance, or the interposer vertical
conductivity. Others, such as modifyifg or interposer thickness may alter the
distribution of Y i , for example increasing its value n&am while decreasing it where
sensitive devices are to be placed.

Concluding thichapter is a process magigurel7i that diagrams the
development of the compact model from the wide array of HI system parameters to be
analyzedParameters describing the (possibly-er@hanced) interposer are first used to
create a simplified, homogenized thermal constriction model. Whilgpieaches in
the effective conductivity literature can be used to deterfirendQ, it will be shown
in Chapter® andO that a naive application of the rudé-mixtures (Equatiorfl)) without
regard to the boundaries of the interposararray will neglect to account for
microspreading resistances. Once known, proper accounting of these resistances can be
done by developing an effective cooler conductd@ogquation(9)) and a central ci
effective junctionto-interposer resistanc¥ (Equation(12)). Solving the thermal
constriction problem yields the thermal coupling function for the system.

Meanwhil e, the fext ertharmabregpi@mentmaldngr s o f
with the ambient (coolant) temperature, create the thermal constraints placed on the
system. Knowledge oY 1t is necessary to define a maximum central chip dissipation,

0 . The interplay between the constraints amdrtbrmalized thermal coupling function

determine the minimum device separation.
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5.0 MICROGAP COOLING OF THERMAL VIA ARRAYS

This introductorysection of this chapter describes a set of experiments that aim to
validate the modeling of éhthermal isolation case studyd demonstrate the principles
described by the compact constriction system model. This section also introduces the
desgn of the via array samples and the industry partners contracted to fabricate them.
The second sectiob, 1, describes the design, fabrication, and characterization of a
singlephase water microgap cooler. i¥imicrogap is used to supply coolant to the
underside of the viarray interposer samples as well to reference interposers of bulk
silicon.

The mounted interposers are equipped with resistive thermal test chips and the
surface temperature rise is mea&shusing IR thermography. The details and results of
these measurements are presented in seg@orMeasurements are performed in the
downstream regions of the interposer surfaces, as these representstieaser
temperature distribution, with higher expected temperatures compared to upstream or
crossstream interposer regions.

A conjugate finitevolume model of the chipeated, microgapooled interposers
was created and is described in seclidh It suggests that there are differences in the
fluid thermal boundary layers created in-@iahanced glass versus silicon interposer
microgap experiments. These differences suggest that the relative upstream pedorma
of glass interposers with respect to the silicon may differ from the relative performance
obtained in the downstream direction. In sectah an upstreanfiocused experiment is
performed and a crossovestiince is determined where the-gighanced glass

interposer temperature falls below that of the silicon reference. This demonstrates that
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under appropriate circumstances these interposers can be used for thermal isolation

applications.

Via-Enhanced Glas Sample Design

A design of experiments of via array samples is contain@dlhe3 and
diagrammed irFigurel8. Two 15 cm diameter glass wafers, 400 um thick, are each
patterned into 16 test coupons. In each coupon, foum3y 5mm via arraysare
created with the array characteristics contained in the table. In addition to the table
defined parameters, half of the array
uniform 12 um copper pads connecting all vias within the 25%foutprint. The other
arrays have viamdividually terminatedat the surface of the wafdased on the design
of experiments, there are 16 test coupons for various experimental objectivesjonith
coupons of each type for redundancy.

The throughkholes for the vias were created with an excimer laser drilling
technique by Corning Glass as a subcontractor under the via fill perf@aratec.
S a mts &loriGation technique entirely fills vias ngia copper frit paste, with an

advertised fill conductivity of at least 30W/m-K. This approach was recommended by

samp

the fabrication contractors based on coefficient of thermal expansion (CTE) compatibility

between the via fill and the glass substratd. téehniques using higher conductivity

plated copper (as solicited from alternate manufacturers) were suitable only for producing

conformal vias, with a metal film lining the interior surface of the via hole. This would

fail to produce the fluidight system required for microgap cooling.
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Based on design rules required by Corning Glass, via diatoegpéich ratio
could not exceed 0J&7]. This current limitation restricts the quantity of conductive fill
thatcan be placed as vias within the glass. Corning acknowledged that this spacing
restriction is not absolute, and that further advances in manufacturing can lead to closer
via spacing, especially within localized, small footprint areas.

Given the resultingnaximumavailable via fill factor of 22.6%he maximum
vertical effective conductivity of the samples as predicted byafihaixtures, Equation
(1), is 68.5W/m-K when usingQ= 300 W/mK. For inplaned effective conductivity,

use of Rayl ei ghos f oalmadukians (Aspresestedt8d)y s of cyl

'r C%O
Q i = -
AP O % O T MULUMT TP O Gotp O (39
where 0 0 0° and s 2 0
o NQ ';'Q 0] ?’Q ?’Q '

predicts a value of 178 W/m-K for a via of 300 W/rrK with a fill of 22.6%
This value is not particularly sensitive tothugr increases ii2: when increased to 400

W/m-K the effective conductivity rises to 1.580 WHn

Tab3 eVia Array Design of Experi me

Wafer Segment | Array Type | HoleSize | Spacing Size Fill Factor
Cu filled 1 Regular 50 um 100 um 19.6%

Cu filled | 2 Regular 50 um 200 um 4.9%

Cu filled | 3 Staggered | 50 um 100 um 22.6%

Cu filled | 4 Staggered | 50 um 200 um 5.6%
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5.1 Microgap Cooler and Flow Loop Design
To investigate the feasibility of intesfing embedded cooling approaches with a
via-enhanced interpose,single phase microgap cooleas designed arfdbricated
Because the cooler is intended to be reusable, it was determined that the most economical
fabrication approach is to mill the @er out of a small block of copper. The challenge is
the small size of the cooler module: since the target gap footprimais % 10mm, the
cooler module itselivasdesigned at 16hm x 20mm. In actually, due to the need for
space for the inlet andutiet plenums, the gap footpriwas reduced t&6 mm x 8mm.
The cooler design drawing overlaid with a diagram of the fluid flow path is given in

Figurel9.
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Copperwaschosen for the cooler after consideration of its corrosion resistance
and machinability. The primary feature of the cooler is the microgap surface, where
surface finish and depth tolerance are much more important than ifegthees of the
cooler. While metal edgeuild up on the cutting tool could be an issue with the softer
materials, the deep, narrow cut for the plenums would be more challenging in a hard
material like stainless steel.

The nominal gap height of 200 um wasosen basedn the experience of Kim []
with waterbased microgaps: smaller gaps lead to increased heat transfer, but below 200
pm entrained gas bubbles can become trapped within the micragyapactice, the
standoff created by thering seal resultg a gap height larger than 200 um. Measured
by shim gauges and by photographic inspection, this additional standwasurect 50

pm. This standoff is visible iRigure20. Given that changing samples régs
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disassembly and recompression of thieng seal, the final gap height is estimated at
250 25um.

Inlet/outlet temperaturesre monitored with type T inline thermocouples
(standard limits of error 1°C), and pressures are monitoredeb$etra €60 psi
differential pressure transdug@25%full-scale ES) accuracy, or 0.86 kPa Flowrate
is determined from Brooks Instruments variable argkass tube flowmetewith a stated

accuracyof 3% FS, which for the size of the tube used correspond8 tilcm®/s. The

flowmeter also has a stated 0.25% FS repeatability.

FigadbDeSide view of mouted sample. a) CI
Sample, ¢c) Copper Mani f olrdi,ngd)StTahnedr onfafl. \
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Sampled whethersilicon or glassvia interposer$ are installed on the cooler
using two clamping brackets that hold the sample againstiing seat. The brackets
are machined out of thin aluminum plate and fixed using small ID screws.

As the oering seal in the coel must encompass the gap as well as both plenums,
the outer dimensions of the sample must match that of the microgap manifoid) £0
20mm. This sample footprint siz®uld becleanly diced from the parent glass wafer
such that it contains two via ays as shown ifrigure21. However, due to limitations
in providing electrical contacts to more than one thermal chiplet, samplesakene
from the edge of a coupon such that it contains only one via array, allowing theoarray t

be positioned at any location along the gap.

Smmx 5 mm x
Smm pad Smm pad

over vins over vias

Smmx 5 mmx
Smm pad Smm pad
over vias over vias

Figade Sample dicing | ayout compatible w

Once the samples are mounted on the cooler manif@dingle phase water
flow loop circulates the coolatitrough the microgap manifold as showrFigure22.
Comprised of a single loop, it consists of-ktér chiller/heater with integrated
centrifugal pumptheglass tube flowmeter with needle valve, two Typthermocouples
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placed at the manifold inlet and outlet, a differential pressure gauge, the microgap
manifold itself, and a return line to the chiller reservoir. For the final tests performed in
at the end of this research program, a separate vaitagelled gear pum was used to
provide a higheflow rate through the loop. The chiller temperature setpoint is set to
25°C. This temperature is chosen to closely match the ambient laboratory temperature.
Because lower fluid flowrates allow the fluid in timdeit line to more closely approach
ambient from the chiller setpoint, the inlet thermocouple reading is used to define the
microgap inlet fluid temperatureather than the chiller setpoint.

Because of the infeasibility of completely removing possiblearoimtants from
the wetted surfaces of the chiller reservoir and submerged exchanger coil, the working
fluid used is laboratory tap watés opposed to distilled or denized water)

Fortunately, trace mineral impurities are not expected to have a cagmiimpact on the
thermal conductivity and specific heat of the water coolant, in contrast tphHase
cooling where impurities are of a significant concern due the effect on saturation
temperature and contribution to fouling processes.

With the microgaglimensions previously described and the flowrate available
from the chiller pump, Reynoldds numbers
adjusted to values betwe8rd67and3.67cm®/s. With the voltagecontrolled gear pump,
flowrates of up t®®0 cm®/s are obtaiable(Re approaching 8,000The pressure drop
measured across the microgap manifold as a function of measured flow rate is presented

in Figure23.
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With the initial flow tests complete, a set of preliminary cooling experiments were
conducted. Shown iRigure24 are IR images of 1 mm diameter 0.8 W laser spots

focused on both uniform glass and silicon interposer samples (no vias prégdeiR).
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images are taken with a FLIR Silver MWIR camera, having a resolution of 512 x 640
pixels, and the operation of whichfurther detailed in sectidq2.2 While the images
in Figure24 areinteresting in that they show thiaks expected temperature rise in the
bulk glass interpogds higher than in silicon (and for low flow the influence of fluid
carrying heat downstream can be observed), @lmhekof the laser heating is
immediately apparent. First, the focusing optics of the diode laser and available IR
magnification lenses prent the IR camera from being placed sufficiently near the spot
to capture the temperature profile with a large number of pixels. This is particularly
problematic when attempting to define the peak spot temperature, because when the
pixel(s) encompassirtis peak also measure lower,-p#fak temperatures, the resulting
average measurement is lower than the maximum value. The second problem is that the
heated region is much harder to define as a result of the Gaussian beam profile. In actual
application these interposers will be subjected to discrete heat maps cornegptanithe
heterogeneous devices

In order todeal withthis issue, thermal test chiplets were fabricated with
patterned platinum serpentine heaters. One of these chiplets is sHéigura®5.
These heaters have the advantage of serving as both a heat source and temperature
sensor: by monitoring the serpentineds res
can be deducedhese chipletenable a high magnification lens with a short focal length
to be used with the IR camera, since there are no associated laser optics. The camera can
focus on a region of the interposer surface directly adjacent to the chip edge, and allow

the Pt serpemie to monitor the chip surface temperature.
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5.2 Microgap Cooling Results

With the shift from laser heating to thermal test chips, a detailed examination of

interposer surface temperature was now possible. Describing the majority of the
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microgapcooling tests, this section is divided into three parts. The first discusses the
downstreamemperature response of the test chip itself to changing interposers and water
flow rates, as obtained by electrical measurements. The second introduces egamples
the raw spatial data obtained using IR thermography and discusses how that data is
evaluated and fit to an exponentially decaying curve. Finally, the third section compares
the curve fitting parameters between experiments involving different intespaser
flowrates.

The same experimental procedur@asmaintained throughout measurement of the
various samples. First, the chiller and pump are turned on and set topeiuiflow rate
and allowed to run for 30 minutes to ensure the chiller reach&s &tpoint.
Meanwhile, a thermal test chip is placed on the sample surface, held in place by a layer of
Artic Silver thermal greasghe effects of which are addressed in the next sectian)
electrical probe jig is lowered to make contact with the pad¥e test chip, with
continuitydeterminedy passing a 1mA currettirough the chi@nd mortoring the
measured sample electrical resistantlee IR camera is fitted with a barrel
magnification attachment amalstalled in an aluminum frame fixture thatpports the
microgap test section and probe jig. This fixture is supported by a small tabletop optical
breadboard with vibration dampening feet. Thus, the microgap with sample, probe jig,
and IR camera are rigidly held in relation to one another, negltice impact of vibration
from the chiller, pump, and external sources on the repeatability of captured IR images.
The frame also allows for coarse focus adjustment of the camera, and provides a degree

of protection to the sample and thermal testhip

SDue to the relatively hard tunagfsttemstpiromdpesewdr dlhet @stobehij plget
due to damage at the contact pad sustained during testing and i
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With the camera focused on the region of interest, the desired water
flowrate is set using the needle valve on
reading and IR image are recorded using a low pvoliageof 1V (corresponding to
<1mW of power)followed by powering the chip to 36V to reach a nominal chip power
of 1 W. Conservative estimates of the system time constant can be arrived at by
considering the heat capacity of the silicon chiplet, the capacity of glass in a 7.25mm x
7.25mm area (aryafootprint with a 2.25 mm additional buffer) and the resistance of a
convection coefficient of strength 3,000 WHK. This results in a lumped thermal
capacitance of ~0.1 J/K, a convection resistance of 6.3 K/W, which takea with
resistance of 3.4 K/Wof the thermal grease (see next section) results in an RC time
constant on the order of 1s. Thus, by recording electrical readings and IR irfages 3
seconds after powering the chip, steady state operation ersbed

Chip electrical and interposer Reasurements are taken at seven water
flowrates on a reference silicon interposer as well as four via array samples (out of the
eight types available from the wafer). The samples chosen for study form a set with
sample Al as a baseline (gt vias, 10Qum pitch aligned array, no pads). The other
three samples B1, A2, A3 vary presence of pads, via pitch, and array alignment,
respectively
5.2.1 Chip Temperature Rise

As discussed isectionO, half of the glass samples used in thiglg were
fabricated with two uniform 12 pm thick Cu frit pads extending across the footprint of
the array (one each on the upper and lower interposer surface, respectively), connecting

the ends of the thermal vias to each other. This pad is intendgactamh as a thermal
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spreader, distributing the heat carried by each via over the glass portions of the array
surface Glass interposers without these pads are referred tetgsefand those with

pads as Bype. Numbers within the sample name refertayatype described imable

3. Animage of GL Al sample with mounted chip heater is show#igire 26.

When testing with glasgia samples, the interposer is scribedstnat the via
array is located at one end of the microgap and spans the 5mm width of the gap surface.
The test chip is placed in the center of the via array when there are no pads, and when a
pad is present (B samples) the chip is placed on the edge p&d to facilitate
investigation of directed heat spreading and isolation. If the chip was instead placed in
the center, the copper pad would subvert the intended isolation effect.

During testing, a thermal test chip is adhered to the upper surfdue iofeérposer
using a silver impregnated thermal greasetic Silver 5 The manufacturer provided
conductivity is 8.7 W/rK, but acording to tests prmed by Narumanchi, et. §#9]
the measured conductivity 0.94 9 W/mK. The thickness of the grease layer during
and after compression against the sample using the electrical contact probes is estimated
at less than 2fm; a portion of this layer can be seerrigure26 at the lower edge of
the via array, where the test chip has been moved upward into position. According to
{{157 Narumanchi,S. 2008}}this layer of grease would present a thermal resistance of
about 31 3 mn?-K/W i the majority of the resistance be®vethe Pt heater and the
interposer. Fortunately, uncertainty in the magnitude of this resistance should have a
negligible impact on the temperature rise of the interposer surface, since its influence is

limited only to the additional temperature risdlwd chip heater above that of the
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interposer.This temperature rise ranges from 4 K per watt of heater power on the silicon

interposer to 10 K/W for the via sample interposers.

ermal test chi [isan‘rq)d,retdaﬁeiscomi binmngrtpy

With the sample and test chip installed in the Cu manifold, water from the chiller
unit is circulated through the microgap (of which the interposer underside forms the
heated surface being cooled). Electraxantact is made to the heater contact pads with
tungsten probes and the resistance recorded. A DC power supply is then used to drive the
heater, and the resulting current is used to monitor the changes in the resistance of the
heater as well as calcutatlissipated powerThe uncertainty associated with the constant
voltage power supply i8.03%, while the accuracy of the curremisiag digital

multimeter is 0.085% in DC mode. Fluctuation observed in the multimeter reading at
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the fourth significant igit suggests an experimental uncertainty of 0.1%. An RSS

analysis for the unetainty in measured resistanggyen by

1Y 1w 10 10 (36)

results in a calculated uncertainty®i1%. Measurements of dissipated heater
power are also of the same uncertainty.

The change of the Pt heater resistawith temperaturéQ "YQ " used to
monitor the average heater temperature. This val@e¥f2 "Y1.93q /K, was obtained
through separate measurements in a temperature controlle¢homeitored by Type T
thermocouple)the results of which are @wn in Figure27. Thiswould correspontb a
temperature coefficient of resistance (TCR) of 0.00°098 only 51% of the bulk TCR
of Pt(0.00392°C}). Althoughit is known that thin metal films can exhibit high
resistancend lower TCR than bulk metdBs0], this discrepancy is larger than the ~15%
that is attributable to surface and film morphology effe@ise additional discrepay is
attributed to the lead and contact resistance resulting from theit@aneasurement
technique used in the experiment. However, sineeneasured leadontactheater
resistance does exhibihigh degree of linearity (R= 0.9998) over the tempéeume
interval of interestmonitoring this resistancsill providesa reliable temperature sensor.
Given the uncertainty of measuring this resistance, the uncertainty of heater resistance
based temperature data is taken at 1.9301 %), or 0.2% for the heater as measured in
the temperature controlled ove@hanges in contact resistance as samples are
interchanged underneath the probe jib contributes to an observed uncertainty 2%ge of

in the unpowered heater resistance. Whether these charugedart resistance also
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affect’Q "YQ “¥% unclearput taking the conservative view that they contribute a 2%

uncertainty inQ "YQ “suggests an overall uncertainty of 2.01%

A comparison of the electricatiyjeasured heater temperatuneth IR-measured

interposer temperatued thechiplet edges made inFigure28. The fact that the

electrically measured heater temperature trackswittllthe IR measurements (when

including afixed temperature drop through the thickness of the chiplefraade layer,

which varied betweedA-10 K/W) gives confidence in the IR measurement procedure.
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Chip Heater and Edge Temperature Rise
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The nominal chiplet dissipated power used was ~1W. Higher powered
experiments were avoided in order to mitigate losses due to natural convection, which
have been neglected in this study. This is justifiable as the Rayleigh number for the
chiplet heater at a temperature 35 °C above ambient is on the order of 1, thus the
dissipated electrical power of the Pt heater is assumed to be delivered in its entirety to the
interposer.

The average temperature rise of the Pt heater was determined fof teech o
silicon and glass interposers, as was the interposer surface temperature at the downstream
edge of the chip using IR measurements. For each interposer, seven flow rates were set
and the temperature rise due to the powered heater recorded. Bedhesshdf in
resistance (and thus heater power with constant voltage) as heater temperature changes,
these temperature measurements were normalized to 1W of heater power. Since the IR
based chip edge measurements (described in the next sestRand5.2.3 are less
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sensitive to the effects of the thermal grease, they are considered the primary data of
interest. Plotted ifrigure29is the test chip edge temperature rise for each interposer and
flow rate. Unsurprisingly, the higher conductivity silicon interposer exhibited the lowest
temperature rise at each flowrate. This was followed by the GL B1 interposer, with the
GL Al interposer exhibiting the highest temperature rise. As flowrate increases the
temperature rise decreases as the stronger convection boundary on the interposer

underside lowers the total chip-fluid thermal resistance.
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at chiplet edge.
Infrared Thermography. Although the chip active surface temperature rise (at
the heater) above that of the fluid is an important componemaracterizing the
performance of the interposers, the primary goal is to investigate the temperature profile

of the interposer upper surface in regions proximal to the chip. It iDtasonthat
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would be hosting additional chiplets and/or devicesgdmte the highdissipation
component(s).

To capture this temperature profitee FLIR Silver MWIR cameravasoultfitted
with a 6.6mm focal length barrel magnification lens attachment and used to observe the
interposer in the vicinity of the test chifpo capture the worstase temperature rise, a
region downstream of the chip was selected. The detector array of the camera is 640 x
512 pixels, although the barrel attachment aperture is such that the corners of the array
are unreliable. When focused dretsample, the field of view is approximately 3.6 mm
in diameter. Calibrating against an image of the via array (with the known 100 pum via
pitch) resulted in a ratio of 5.6 Yum/pixel. Emissivity calibration of both the
semiconductor grade glass agrdphitecoated silicon are performed, resulting in a
measuredlof 0.92 T8t dor glass and 0.74r@t dor silicon. For silicon the graphite is
deposited using an alcohol suspension spralycBats are applied until the silicon no
longer transmits IR radii@n from a distant heat source, ensuring the coating is epaqu
The emissivity calibration is performed by heating each sample in a temperature
controlled oven, recording an IR image of the surfacejrdodming the camera driver
software of the known temperature of the sample. The measured radiosity of thee sampl
is used with the known temperature of the sample and the ambient room temperature to
compute the surface emissivity. This calibration was performed at 40, 50, &Gd 60

Each image of the interposer surface with test chip powered was accompanied by
anmage with the chip powered at a | ower 1V
from the higher temperature image, providing an accurate-pyxpixel temperature rise.

An example of these final images is showrrigure30. Because of the much lower
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emissivity of the vias, Pt heater, and test chip surface, data from those pixels is
considered unreliable. The Pt heater and test chip strfagieg 400 um above the
interposer surface are also out of focus whemaging the interposer.

For the initial experiments, subtracted images are collected at each flow rate,
along with inlet and outlet fluid temperature and electvodthige and current readings.
The temperature increase from fluid inlet to outlet wasiiad 0.1°C or less, as expected
from an energy balance for 1W of chip power, and at the limit of the resolution of the
thermocouple readelror analysis, a set of five pathlines were drawn perpendicular to
the test chip edge, starting from the interibthe chip and extending approximately 2.2
mm across the interposer. These parallel pathlines are about 75 um apart, and clustered
near the midpoint of the Pt heater. Data from these pathlines form the basis of the

guantitative spatial results presengeal analyzed in this study.

5.2.2 Raw Profile Analysis

Surface temperature data is exported along five IR image pathlines extending
along the interposer surface from the chiplet edge. An example of these pathlines applied
over a subtracted IR image of an mpesed with powered chiplet is shownFigure30.
These data are analyzed according to three steps. First, the pixel coordinate location
information is remapped to describe the perpendicular distance from the test chip edge.
By starting the pathlines within the test chip image, the data from each pathline can be
aligned using the coltlot-cold appearance created by the low emissivity Pt serpentine.
Although the chip edge is somewhat indistinct due to it being out of focusmgriak
unadvisable to assign individual pixels to the border of the test chip, the effective location

of the edge can be inferred by measuring from an optical microscopy image with a larger
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depth of focus.The uncertainty in the location of the chip edgestimated at 2 pixels,
or 1lpm.

The chip edge is thus defined as the zero coordinate, with negative values lying
inside the chip and positive values denoting distance along the interposer surface
perpendicular to the chip edgEigure31 shows the data from one profile set after such a
remapping. The two cold troughs aroubd and-82 pixels correspond to the first two
switchbacks of the Pt heater. Of note is that the beginning of the temperature decay
ocaurs some distance beyond the effective chip edge location. This could be ascribed to
two reasons. The first is smearing of the chip edge due to lack of focus, although this
could only account for a few pixels worth of discrepancy. The second is beddivey
silver thermal grease at the joint of the chip and interposer. This beadliffesesmt
emissivity than the glass or coated silicon, and also has the tendency to scatter radiation
originating from the side of the chip. At times this bead cameéxas much as 300 um
from the edge of the chifn subsequent experimental runs efforts were made to reduce
the excess thermal grease, leading to smaller befdds.visible inFigure31 are discrete
troughs associated with thei@it thermal vias, superposed from the multiple data

pathlines.
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In curve fitting these temperature profiles, data from pixels within the chip,
thermal grease bead, and thermal vias are excluded (marked as outliers). The five aligned
profiles from each image were then aggregated and curvegfigasip. In choosing the
appropriate function to fit to the experimental data, consideration of the modes of heat
transfer within the system was undertaken. If transfer to the ambient from the interposer
surface (through natural convection) is negledieel interposer resembledlaid cooled
rectangulafin split down a midplane of symmetry. In long fins with Biot number

"BI'(<0.1, the temperature distribution approaches the form

Yo Y Q Y (37)

where 0 @
U 7@ )

where0 is the fin crosssectional wetted perimeter afid the crosssectional

area. For the interposasfin analogy where the interposer is much wider than its

thicknessp7o is roughly 1. However, dispting the analogy is both the fact that for

the glass interposers the Biot number is on the orde26f@epending on assumed fluid

@ and that heat is not entering the fAbasedc

Heat is instead introduced atthdiabatic midplane of the fin where the chiplet is hosted.

Further complicating the analogy is that the fluid heat transfer coefficient is not

necessarily constant as the thermal boundary layer develops in the downstream direction.
Notwithstanding thesissues, the fin analogy reasoning, a single term exponential

was examined for goodness of fit. TypiB&lvalues obtained were ~0.95, and residual
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plots contained well behaved bowA.two-term exponential decay fit was chosesxt,
producing Rvaluesin excess of 0.99 The equation for the curve fit is thus
bQ) b0Q (39)

where_ and_ are the characteristic length constants, expressible in units of
pixels or um, and andd are the magnitudes of each term, the sum of which represent
the interposer temperature rise (w.r.t. the unpowered temperature) at the base of the
heater chip edge. The four fitting parameters vary depending on the interposer and water
flowrate used, as well as the heater power.

That two exponential terms are necessary makes sense in the context of two
length scales established by the presence of the central chip: near the chip the fin analogy
does not hold and heat conducts both througimtieeposer thickness and laterally

downstream. Far from the chip the analogy may be a more accurate depiction, although

_ may not directly correspond pfi0 due to boundary layer and higtiot number

effects. If one was only interested in the interposer surface temperature rise at distances
farther tharo_ (where the contribution of the first term has dropfmekbss than 5% of

its value at the chip edge), a single term fit would be sufficient to fit IR temperature data
subject to this distance restriction. However, while temperature sensitive devices are
likely to be located at these distances from the cettiip, such a fit would be unable to

describe the temperature rise of the central chip itself.

5.2.3 Spatial Temperature Profiles

Table4 through

fR2 values for silicon interposers were | oewetro tbhoatrh cadhrer essmpaolnl
irregularity of the graphite spray coating (compatethpepoathbheepol
rise signal resulting from the higher silicon conductivity.
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Table8 list the fitting pararaters for the five interposers tested, under varying
water flow rates.Uncertainty in the flow and heater power ai@.11 cni/sand 0.21%,
respectively.Not including fitting uncertainty, uncertainty @ ando originates from
both uncetaintyin any temperature rise bias introduced (across the entire image) by the
IR camera emissivity calibration, as well as uncertainty in the location of the chiplet
edge.The contribution due to the camera calibration is difficult to estimate, but for the
chiplet edge uncertainty the derivative of Equat{d8) leads to uncertainty estimates of

e o8 X 2 33

where it can be seen from typical vZIue§=a'1bIe4 through
Table8 that the majocontribution to chip edge temperature uncertainty stems from the
0 short scale decay term. The relative uncertainty in chip edge temperature due to this
effect ranges from-8%. Combined using RSS analysis with an assumed 5% uncertainty
due to carara calibration and the 0.21% uncertainty in heater power, the scaled IR chip
edge temperature is estimated to be at 1d$b.

Not including fitting uncertainty, uncertainty in values forand_ are estimated
at 3%, stemming from the proceduwfeconverting image pixel distance inim.
Although the large quantity of pixels captured for each test mitigates the error introduced
by individual pixel uncertainty, it should be mentioned that the individual uncertainty of
each camera pixel #0.1K, not including calibration bias uncertainty.

Because as the chip temperature increases as flow is restrietating to
increased heater resistance and lower dissipated paved ando parameters have
been normalized to 1W of heater power after this point in the analygsigad of

interposer temperature rise, these normalized functions can be thought of as representing
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experimentally obtained local thermal couplingnstants, relating local temperature rise

icon | nt e

i g6k dB1

to central chip power.
Tab4 e Fitting Parameters for Sil
61 50Q
Flow [cr/g] A1 [K] _ [ e m] Az [K] [ € m] Power[W] R?
317 2.85 90.3 1.56 2787 1.32 0.9606
2.83 2.66 86.6 1.47 2413 1.31 0.9721
2.00 2.18 101.1 1.69 3016 1.30 0.9385
1.13 2.28 103.2 2.17 3946 1.30 0.9606
0.74 2.39 109.2 2.46 4649 1.30 0.9494
0.27 2.43 107.8 3.28 5083 1.30 0.9542
0.08 2.45 109.3 4.74 6594 1.29 0.9467
Tab3eFitting ParametersPadt &b BRiethdPhd,s eAl iGyln Ad
61 50Q
Flow [cn/s] A1 [K] _[ € m] Az [K] _ [ e m] PowerW] R?
3.68 11.24 169.6 3.09 942 0.883 0.9965
2.83 12.09 180.2 3.14 1115 0.882 0.9966
2.00 12.41 169.8 4.32 1066 0.882 0.9959
1.38 11.67 183.3 4.65 1345 0.881 0.9963
0.91 10.88 189.4 5.63 1747 0.880 0.9952
0.38 9.998 210.6 7.31 2346 0.878 0.9927
0.08 9.137 247.1 11.78 2584 0.872 0.9922
TabBe Fitting ParametersPadin PdDehpode
61 50Q
Flow [cnm/s] A1[K] _ [ e€m] A2 [K] [ e m] Power[W] R2
3.33 11.75 117.2 5.05 1078 1.23 0.9983
2.83 11.72 114.1 5.11 1018 1.23 0.9979
2.00 11.54 119.3 5.39 1166 1.22 0.9977
1.21 11.61 123.7 5.91 1390 1.2 0.9966
0.74 11.25 128.6 6.53 1623 1.22 0.9968
0.27 10.95 135.3 7.91 1895 1.22 0.9992
0.08 10.00 154.0 11.22 2616 1.21 0.9952
Tabm e Fitting ParametersP&® @B sRietrph,s eAl iGlLn AR
Qi bsQ
Flow [cn/s] A1 [K] _ [ e m] Az [K] [ € m] Power[W] R?
3.17 23.5 187.6 7.68 841 235 0.9969
2.65 235 187.6 7.68 841 235 0.9969
1.93 23.1 187.2 8.18 898 23.1 0.997
1.13 23.1 195.0 8.58 1137 23.1 0.9973
0.69 225 201.8 8.95 1452 225 0.997
0.27 21.7 206.6 10.8 1617 21.7 0.9968
0.08 19.9 223.0 14.1 1912 19.9 0.9966
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Tab8&Rkitting Parameter 3 fPoard||éstse i @loosleaec kGeld A

501  p5Ql
Flow [cn/s] A1 [K] _ [ e m] A2 [K] _ [ e m] PowerW] R?
3.00 14.9 241.7 2.75 2043 14.9 0.9957
2.83 14.7 244.1 2.80 2046 14.7 0.9958
1.93 14.6 243.8 3.64 2153 14.6 0.9953
1.13 14.3 246.8 4.78 2437 14.3 0.9952
0.69 14.1 250.4 5.98 2861 14.1 0.995
0.27 13.0 253.6 7.95 2853 13.0 0.9954
0.08 11.7 265.6 12.6 2989 11.7 0.994

As described in Sectidn 2.2 the two terms of the exponential fit represent two
length scales, a short range one that dies out@iterder 80-750um, and a long range
one on the order of millimeter®8ased on the long fin analogy, a reasonéidery is
that the short range is dominated by higtiienensionalboth througkinterposer and
lateral)conduction with large vertical tgmarature gradientsvhile at long range (far
from the chip) the temperature variation through the thickness of the interposer is less
severe. At a first approximation, this long range behavior would resemble a fin exposed
to a fluid stream, although astmequent modeling will show the interaction of the
microgap coolant with the interposer becomes particularly important.

Focusing on the second term, which is sufficient for all but the shortest
interconnect lengths, reveals that the glass interposerd thsteave a rapid temperature
extinction, as captured by lower profile length decay constants shdviguire32.

However, thisalone is not enough to ensuresgion of lowertarget temperaturen the
interposessurfaceat a given distangesince surface temperature is dictatedbys well.
In the downstream regions measured, the increaseriesulting from the lower
conductivityof the glass sampledfsets the gains resulting from low. The normalized

measured temperature profiles for all five interposers,deg@83cm®/s flow’ are

7 The2.65cn?/s results for samip GL A2 are used due to lack 283cm/min data for that sample.
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plotted inFigure33, along with the fitted curves obtained with parameters ffaivie4

through
Table8 (with 6 ,0 normalized by chip power). The figure shows that within
the field of view of the IR camera, none of the glass interposers exhibit lower surface

temperature rise than the silicon interposer.
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5.3 Conjugate Heat Transfer Modeling

To better understand the interrelation between the water flow in the microgap and
the temperature field in the interposer, a conjugate heat transfer model was built and
investigated using the ANSYSudnt CFD packagpl1]. A simplified geometry is used,
consisting of a halividth fluid channel (2.5 mm) and interposer (5 mm), both 14 mm
long. A silicon halfchip is placed with its centroid 5 mm from the inletl &f the
system. The resistance due to thermal grease is ignored, idealizing the fact that it has

little impact on the temperature field in the interposer after heat has left the chiplet. For
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the glass interposer, an anisotropic conductivity th 80 W/mK andQ 1 W/m-
K, approximating the effective conductivities of the 22% fill factor sample GL A3.

A uniform velocity of 2.83n/s is imposed on the 2.5mm x 20 inlet,
representing the 2.88n%s flowrate througrthe fulkwidth experimental system. The
outlet is specified as a constant pressure, and 0.5W of heat is distributed evenly across the
upper surface of the hathip. Velocity symmetry is specified at the fluid agthne, and
an adiabatic condition for the solid volumes.

Thecoupled momentum and energy solutions converge to a three order of
magnitude residual reduction after 80 iterations. Grid independence is established at a 20
pum grid spacing within the fluid, and a ffn spacing within solidhe volumes. Since
flowislam n ar ( Rae thid sinultipnthe SIMPLE finite volumeolver is used.

Shown inFigure34is the temperature field solution in the chip, interposer, and
fluid. Of note is that even though the volume averagater temperature rises less than
0.1 K from inlet to outlet, there is definite heated plume downstream of the chiplet that is
reflected as an increase in interposer surface temperature in those regions. This is due to
the laminar boundary layer redeposy heat picked up from the interposer beneath the
chip and transferring it back to the interposer downstream. This is highligfegline
35, showing the wall heat flux at the underside of the interposerhvehianges sign only
~500um downstream of the chip. The wall heat transfer coefficient ranges from 26,900
to 21,000 within the chiplet footprint, at the upstream and downstream edges,

respectively.
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This highly flowrdirection dependent behavior is contrasted against the silicon
interposer temperature field shownFHigure36. Because of higher heat spreading in
directions perpendicular to the flow directidhe impact of the downstream boundary
layer is reduced. This suggests that in the downstream direction with laminar boundary
layers, the flow mechanics create an additional disadvantage fenkénced lovk

interposers when compared to silicon.
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When deciding in which interposer regions to focus the IR measurements, the fact
that areas downstream represent a worst case was given strong consideration. This means
that the surface temperature r{per unit chip power) at a given distance from the heated
chip is maximum in the downstream case, and that the thermal coupling between a hosted
device and the central chip separated by that distance is bounded by that maximum. But
the experimental redsirevealed that the interposers tested could not outperform silicon
in that surface location.

The modeling suggests however, that simply focusing in other areas may reveal
different behavior. Furthermore, by increasing flow to the point that a turbulent
transition occurs, the thermal boundary layer can be disrupted, mitigating its heat

trapping effect.

5.4 Upstream Microgap Experiment
Guided by the modeling results, a final set of tests is performed and reported here.

Since the best performing via array typl the integrated spreading pads, the sample
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selected was the previously untested B3. This sample has a slightly higher copper fill
factor compared to B1 (22.6% vs 19.6%).

Unfortunately, during the course of the prior testing many of the chip heaters
became damaged, scratched, or chipped by the tungsten point probe tips. The few
remaining chiplets were partial heaters resulting from dicing misalignment. The heater

sele¢ ed for this test (nominal resistance

orientation necessary to mat clhiguedve pr obe

Additionally, a higher flowrate gear pump is usegbtovide a water flow rate of

16.6cm®/sin order to achieve turbulent flow within the gap. This means that this revised

experiment is not directly comparable to the previous,an&sis instead designed to

promote and observe a crossover distance wherglass interposer outperforms silicon
The same heater, chip location and flowrate are thus replicated on a new silicon

interposer sample as well. A final modification to the experiment is made, in that the

chiplet is driven at a higher power (3.32 When on the silicon interposer, to improve

the magnitude of the temperature rise relative to the accuracy of the IR camera. At this

power level the heater temperature rise is roughly comparable to that seen with 1W of

power on the glass interposer, Be hegligible natural convection assumption made

earlier equally applies.
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water flow from |l eft to right.

The normalized upstream surface temperatseefor the two interposers is
plotted inFigure38. Here, the vertical axis is presented on a log scale to highlight the
fact that the spatial temperature profiles do cross, at a distance of al@mwini fBom the
chip edge.The scaled temperature rise at that crossing point is ab@0002 3K/W.
Note that because the Si data is scaled down by a factor of 3.32, the noise in the talil
region (where the log scale magnifies small differences in temperature) has also been
scala down. In the raw data, the pixetpixel standard deviation is about 0.06K for
both the silicon and the glass sample. Thet®vm exponential fitting coefficients are
presented iTable9. As before, the magnitudes of tleerhs 6 ando ) as reported
here are umormalized with respect to the heater powedncertainties in. and_ are

3%, and uncertainties far ando follow from Equation(39).
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Tab%e UpstrdammTwotting Coefficient s

-

Sample A1 [K] _ [ g m] Az [K] _ [ em] PowerW] R?
GL B3 16.1 113.2 7.70 401.6 1.04 0.9973
Silicon 9.8 42.4 2.90 1064.5 3.32 0.9947

This is the first experimental evidence of a-gr@hanced lovk interposer
outperforming silicon at distance scales appropf@t@.5D heterogeneous integration
applications. A temperature sensitive device locatedrr®@ upstream on either
interposer will see a maximum thermal couplin@@ K per watt of power dissipated at
the central chip, and beyond that distance it @ifperience a reduced coupling when
hosted on the enhanced glass than when hosted on silicon. This present breakeven value
is quite low, which means it is relevant only for extremely disparate device thermal

operating characteristics.
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A crucial step tdurther improvement is increasing the throtgytbstrate
conductivity,’Q, of the enhanced glass interposers. With the current fill material and
diameterto-pitch ratio, the interposéR is about 68 W/nK based on a rulef-mixtures
estimate (nbeven taking into account microspreadiegistance as described in Chapter
0). This is a far cry from the 1806/m-K available to silicon for throughubstrate
conduction. Increasin@ willnotonlyreice both the power chipés
devicebds self heating ther mal resistance,
the power chip and increase the breakeven thermal coupling resistance. This will
increase the available range of applicatmmore types of HI systems, while allowing

shorter interconnection lengths in all those-emnanced lovk interposers are suited to.
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6.0 MODELING THERMAL MIC ROSPREADING RESISTANCE IN VIA
ARRAYS

As noted inChaptelrO, fully detaled finite element models incorporating
individual thermal vias into the analy3igprovide the best fidelityof the via array at the
cost of cumbersome setup and extended meshing and simulation time. Replacing
interposer regions equipped with viaays with an equivalent homogeneous medium
allows a more rapid assessmehthe design and available tradeoffs inherent in akow
interposer isolation approach. This homogenization is accomplished by extracting
effective thermal conductivity properti&®m an array unit cell, as described in the
literature review. Notable for the arrays investigated in this project, however, is the
introduction of an additional thermal resistance to heat flow through the thickness of the
interposer. This microspreadjmesistance is not treated in existing effective
conductivity literature, and must be accounted for in order for a homogenized array to
faithfully represent a fully detailed model

Though differing in various details of implementation for different camgons,
the essential procedure for determining the vertical effe@via TXV unit cellremains
the same. The lateral sides of the cell are insulated and heat is induced to flow through
the cell in a vertical direction, aligned with the axis ofilee Because the ultimate
thermal pathway through a thermal stack, including a TXV array, is usually down and out
through a heat sink or PCB, a convenient ¢
of heat flow through the cell. Because t@isapte is focused on the considerations and
outcomes of this vertical anal ysis, the te

mean the property in this direction (k& ), unless otherwise specified.
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This effective conductivitykest - is evaluagd by determining the drop in average
temperature between two horizontal reference surfaces in relation to the total heat flow
between them. Then, considering the area of the surfaces and the distance separating

them, thekes . of the material betweente m i s gi ven by Fourieros

00
K R <. (40)
o 8YY
whered is the distance separating the reference surfadesheir crosssectional
area (i.e. that of the unit cell), addandY"Yare the total heat and average temperature

drop, respectively.

These last two quantities are determined using
0 N Qo n Qo (47)

. “YQO “YQ O
Y'Y = 6” 42

wherern] is the hat flux normal to the surface in WniYis the temperature in K
or °C, and the subscriptsandarefer to values at the upper and lower surfaces
respectively. This framework can be applied to conical or tapered vias, as well as the
cylindrical viasconsidered here. It is also applicable to vias with interfacial oxide,
buffer, or isolation layers between the via material and the substrate. Sheigarg39
are examples of a via unit cells, with definitiarfssertical (in the zdirection) andateral
(along x or y) directionsAlso shown are the surfaces where convection or temperature
boundary conditions are applied (red and blue). The upper and lower reference surfaces

used in this Chapt€Equationg41)(42)), are always at the ends of the copper via; they
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coincide with the red and blue figure39(a), but inFigure39(b) the upper surface is at

the interface of the via and the grey volume representing a contacting film.

(@) (b)

FigB8BeVia unit cell s) (@leals s nurCihtapd elr | us
i nvestigate convectiongbasesdanytcortbtl tus
investigate cont awadalignge fi |l ms (dar k

By placing the reference surfaces at the planar interface between the TXV
enhanced substrate and ammynd pads and surface oxide layers, the behavior of the entire
length of the via portion of the unit cell can be capturddsip The boundary conditions
applied to the top and bottom faces of the unit cell, as well as the types and amount of
material b include between the boundaries and the reference surfaces, should be driven
by application. These choices affect how the heat flux is distributed as it enters the TXV
array and, ultimately, the value ks

Common choices in the surveyed literattesult in reference surfaces that are at,
or near, uniform temperature. For such boundary conditions, heat flow in a cylindrical via
unit cell is onedimensional. Under this situation, since flux lines do not cross laterally

from one material to anothex,ruleof-mixtures can be used to modet 5 [23, 52}
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TQ R %0 Q %o TQ P %0 %o TQ (43)

whereu, € qandi subscmpts correspond to the via, interfacial oxide, and
substrate%ois the (areal) fill fraction, an@the material thermal conductivity.

It will be shown, however, that thigs zis the maximum value obtainable from a
cylindrical TXV array, and that mating choices that lead to nésothermal reference
surfaces may produce substantially lower effective conductivities. This is due to lateral
heat spreading within the low conductivity substrate, even though the net heat flow is
vertical and no heat leas¢he sides of the cell. This lateral spreadértgrmedmicro-
spreading to distinguish it from common system level resistances that arise due to
thermal constrictiofi29, 33, 46] An example of this lateral heat spreading (leading to a
micro-spreading resistance)shown inFigure40. As will be shown, this micro
spreading resistance behaves as a skin effect that acts inngrithge inherent one
dimensional resistance of the cell.

Because the intent of this article is to illustrate the effect that the choice of
geometry, boundary conditions, and contacting materials can have ken fbiethe TXV
array, all material pragrties will be assumed to be independent of temperature. While
this assumption can be relaxed at the cost of computational expense, this is a reasonable
assumption for applications where the temperature difference across the array is small.
Thus, the coductivity of the via and substrate at the expected average array temperature

should be used when applying the results of this analysis to a particular system.

6.1 Effect of Boundary Conditionson Array Vertical Thermal Resistance
As power dissipation in el@onic systemgontinues to increase, lower thermal

resistance solutions including thinner chipgher conductivity substratess well as
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Al nwamidlryat i ngo acti ve t h[&3] melprolitrateda The me n t
close proximity of these active components to microfluidic coolers establishes a need for
considering a broader range of thermal boundary conditions on the faces of the via unit
cell, including constant heat flux and convective conductansesekas isothermal

conditions. Equatiod4) provides an example of a convection condition

- o Yoo
QY "Yaw Qahw Tr—d(lhb (44)

where'Qis the constant heat transfmefficient in W/nd-K and”Yis the ambient fluid
temperature.

In this section, these boundary conditions will be applied directly to the TXV
surface, meaning that no pads, surface oxides, or other materials are considered. The top
and bottom facesf the unit cell are then the reference surfaces used to detd@mine
Once boundary conditions are specified, changing the temperature of an isoflux boundary
or the fluid temperature of a convection boundary calisasdY" Yto change in constan
proportion, since material properties are assumed temperature independent. In this way
kefr,zis independent of choice of reference temperature. Thus, convection boundary
conditions can be seen as a continuum linking isothermal boundaries and isefux o
As(Q® Hthe boundary becomes isothermalMat AsQC Tttthe flux crossing the

boundary beames uniform from point to poirand
Qy o« "Q'G 0 AdW'Yo (49)
" Yv 35

When the boundary conditions dretupper and lower faces have the s&p@r
are both isothermal or both equal uniform flux, the resulting flow of heat is symmetrical

about the mieplane between the faces, and hence theptaide is an isotherm. An
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example of this is shown ihigure40. An equivalent haitell model can be constructed

using an isothermal boundary at one face and a copy of the original condition at the other;
this cell will possess the sarkg . Cells with asymmetrical boundgaconditions will

contain a planar isotherm offset from the fpldne. It is possible to decompose such a
scenario into two subells, each with an isothermal and Asathermal boundary, but the
necessary length of each cell is not known in advancélediag this insight, th&EM

study will present results &, for cells with one isothermal boundary and one general
boundary, serving as a solution "building
boundaries to be constructed by symmetry, wipiteviding a starting point for cells with
asymmetrical boundaries\s a contrast to the isoflux boundary conditions shown in
Figure40, Figure4lillustrates the heat fluprofile found under the ordimensional

conduction stemming from isothermal boundary surfaces. The flux in the via is
proportionately higher than that in the substrate by the @#®. This condition

prevails throughout the whole lengthtbé unit cell; a single horizontal path is shown to
allow the otherwise overlapping vector labels to emphasize the flux disparity. (Note that
the vector length plot parameterfigure40was reduced to scale down such overlap;

relative vector lengths are not comparable betwegure40 andFigure4l.)

94



.710E+08 SRR L HHH TG00 e
NG e
.114E+09 N \ i / <
R /f i
.157E+09 R NN
F A A T T A S A A R R A
IR i RSN EREEN
I NN HL 4 cAregpiriln]
-200E+09 8 |1} 11 1y ! ' . Prrriiiiibii
F T L A
P T I T T T T T 3 L I N S S B
2438409 L1 iIE i ISR RRES
L T o L N T B O A A
DLl i L AR RN
286E+0O M | i1t ! ! SERRRRRREREE
PLbdb b ¥ v [ I R A AN A
I RN ¢ i\ R EE RN
300E400] | | i1l ! Pt
i 1 i
HIHs 15 R
-371E+03 i ; %E i
o [ RSN
.414E+09 7 i 3
ool {10772 20 ISR
b T VTN TR
FigdbDeHeat flux vectwoestiabnaoweatuciat cebl
bott onoff atcltees icdedl U Xx hmovendary conditions of
The -midne contains an isotherm, as eviden

there. Units are in W m

PHVHELLLEL L L

PLLLLLEEL RV H‘HH
VRN

L B —
.833E+08 .213E+409 .343E+409 .473E+09 .603E+09
.148E+09 .278E+09 .408E+09 .538E+09 .668E+09
Fi gddkeat f | urxe svuelcttionrgs f cem!|li botumemmyl condt
Results obtained along a path through the
and | ower surfaces (e.g. a hsoercitzilbong widre subs
4N Uni?ts W/ m

6.2 Outcome of FEAT Convection Boundaries

A base TXV array geometry was chosen, consisting effé@iameter cylindrical
copper vias arranged in a 1Qath pitch, aligned array embedded in a 200 um thick glass
substrate. Motivated by interest in enhanceddowductivity interpsers, these
dimensions are within the realm of current manufacturing pra&#jeand provide a

high copper fill factor of 28%. The thermal conductivities for the glass and copper are 1
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and 400 W/rnK, respedtrely. While the phenomenon of miespreading occurs to

some degree in any via unit cell, the fitting parameters presented in this section are
specific to this cellds materials and | ate
correlation form are loadly applicable.

Modeling the cell in ANSYS finite element softwddd], and applying an
isothermal boundary to the bottom face of the cell and a convection boundary with
varying ‘o the top, the thermal response and taxsof the cell was calculated using
Egs. (23). Cells subjected to very high(10*° W/m?-K) were modeled to illustrate that
kefr, . for these cells agrees with those subjected to two isothermal boundaeits.
subjected to very loi(1 W/m?-K) were modeled to illustrate thias . for these cells
agrees with those subjected to one isoflux and one isothermal boundary. Plotted in
Figure42 are thekesr, . values fo the 200 um thick substrate as a function of applieals
well as for fifteen other substrate thicknesses ranging from 25 to 500 pm.

What is immediately apparent is that in the isothermal limit, all substrate
thicknesses exhibit the sark,;, at 114.3V/m-K. This agrees well with the rule of
mixtures predictiorof Equation(43), setting%o mand%. ¢ & P As the appliedQ
decreases, however, the effective conductivity exhibits an orderly redubigoimal
magnitude of which depends on the thickness of the substrate. Substrates with large
thicknesses, and hence high aspect ratio vias, display the least reduksignvimle low

aspect ratio systems are affected the most.
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The behavior of the unit cell can be explained by recasting the effective
conductivity into a thermal resistance. The total (vertical) resistd&ncé the cell is

given by

(46)

Wheres-"Yis the difference of the cros®ctional average temperature from the
top of the cell to its bottom surface, amdts crosssectiondarea.

Plotted inFigure43is 'Y as a function of substrate thickness for five heat transfer
coefficients. The curve with the lowest values has the hifRestrresponding to an
isothermal boundary on thep face as well as the original isothermal condition on the
bottom face. The fact that the resistance for these conditions increasey itackll
thickness and haspmsitive resistancmterceptat zero thicknessonfirms the idea that
heat flowsonedimensionally under these conditions. For thick enough substrates,
convection boundary curves evolve along a line above and parallel to the isothermal
boundary curve.
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This suggests that the total resistance of the unit cell can be ascribed to the sum of
two effects. One is the ortBmensional resistance that linearly increases as the length of
the cell increaseSy . The other)Y s a resistance that grows quickly for thin
substrates, and then converges to a constant value that depends on th&appliedor

each case can be obtained by subtractingrthédrom the total resistance. In this way,

keff zCcan be moeled as

Q 5 = ; (47)

where Y (48

0% Q p % Q

and’Y s identified as an ultimatelyn the limit of sufficient cdlthickness)
constanmmicrospreading resistance that depends on the general boundary condition, the
material properties and the lateral dimensions of the unit cell. This spreading resistance

is due to the lateral flow of heat within the unit cell as fmtering the low conductivity
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substrate seeks the lower resistance path through the central via. This lateral flux
component is visible ifigure40.

Figure44 shows thisY  plotted versus the convection boundary heat transfer
coefficient. 'Y  reaches itsmaximumvaluewhenQs so low as to creater@arisoflux
boundary. AsQincreases tareate neaisothermal conditionsy  drops to zero. A
correlation forY  versushis plotted as the curve connecting the points:

Y

(49)

S

§©)

where’Y | isthe maximum spreading resistance seen witis@flux

boundary (here, 1240 K/WY, is the array pitch (i.e. unit cell width), af@ andf are
dimensionless fitting parameters. The best fit for the dafegure44 is obtained with

'O 155and T®OOQ

Thick Substrate Microspreading Resistance vah
1400

X, 1200
1000
800
600

400

Microspreading Resistance

200

0
1E+00 1E+02 1E+04 1E+06 1E+08 1E+10

Applied h [W/m?-K]

FigddMi cpoeading resistance of thick TXV s

intercept of the | inear askFingpdtRodttee f @ rwarad ¢

three not ing)ludeOhd¢ olri té aconmnnecting the
given by Eq. (6) .

99



6.3 Surface Films and Material Interfaces

Because no component of a thermal stack exists in isolation from the entire
package, it is important to consider how various layers interaffiei ¢he overall
performance of the viad layer or substrate. In this section, the effect of contacting
materials bonded to the surface of a TXV is investigated. These materials may be die
attach materials, metallization films, bulk substrates or baekendof-line (BEOL)
layers. The effect of surface oxide layers and/or bond pads could also be modeled as that
of a contacting material

Finite element modeling was performed in a fashion similar to the last section.
An isothermal boundary was placatthe bottom face of 60 um diameter, 100 pm pitch
copperglass via cell of varying thickness. Next, a film layer of varying thickness and
conductivity was placed on the top face of theglass region. A boundary condition
was then placed on the exposeq surface of the film layer, and all other surfaces
insulated The interface between the film and via unit cell was treated as a perfect thermal
contact. Isothermal and isoflux film boundary conditions were investigated.

Theketr,z0f the Cuglass ighen evaluated using Eqs-8) by placing the upper
reference surface at the gldes interface and the lower at the bottom of the.céidl
this way the resultin@esr,measures the heat flow in jube TXV array itself, and not the
film. Equivalen thermal resistance results can be obtained by including in the
calculationthe temperature drop across the film, which would then be subtracted out as
an additional, static thermal resistance.

Plotted inFigure45 arefour solution sets foket,,0f a 200 um thick cell in

contact with a film Half of the curves are solutions for fillmsconductivity’Q p Tt
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W/m-K, the other half with film conductivit) 1t WV/m-K. The setwith diamond
markersareevaluated from a system with anfisa film boundary; thesets with

diamond markerfom anisothermalfilm boundary. For very thin films, thes; values
approach the values the cell possessed with an isothermal or isoflux boundary applied
directly to the top of the substrgtmarked with horizontal dashed lines)s the film
thickness increases, howewitre effectivevia cell conductivities ket -, converge to a

value that is independent of the boundary condition on the exposed surface of.the film
At this point, the boundary condition on the edge of the film is so far away from the Cu
glass region that its effect on the thermal condugtiginegligible and only the

interaction of the via, substrate, and film mateftainductivity)play a role inke,»
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Plotted inFigure46 are these convergésg . values for sufficiently thick films of

various conductivities and several substrate thicknesses FAgure42, conditions that
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lead to more uniform substrate surface temperatures resudt-icloser to the rulef-
mixtures value. Instead of a hi§convection boundary, here it is due to an interface
with a high conductivity material. At the opposite end, the lowest conductivity film

material produces lass;close to that of an isoflux boundary.
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Recasting théer . into thermal resistance and extracting the componentas in
the last sectigrresults in thevaluesplotted inFigure47. The curve in the plot is given

by an analogous correlation:

(50

wherell andf are fitting parameters. Settitlg ¢ andkeeping T®@0 @
produces the curve showi¥ ;  remains at 1240 K/W since the geometry and

materials of the TXV array are unchanged.
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From the work described above emerges a method of estimatikg tloé an
entire cylindrical TXV array nder general conditionsSince the micrespreading effect
is largely contained in the neaunrface volume of the viad unit cell, br a thick enough
substrate)Y is insensitive to the length of the vi€onsequentlywo such substrate
cells can be joined at the isothermal boundary condition, resulting in a larger cell with
general boundaries on its upper and lower faces. The vertical effective caibdatt

such a TXV array is then

Q v — — (51)

where Y =

0 %o Q P %o Q (52

ando andarefer to theupper and lower surfaces of the TXV array &ad an
Aadj ust ment o factor depending on the cond

boundary at the surface
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(o) (539

and for a materlanterface

Q p = (54)

There are a few assumptions and restrictions upon which&fj$) cely. First,
the substrate containing the TXV array is assumed to be thick enough for triérgprea
resistances associated with each boundary to reach a constant value. For the materials,
via dameter, and pitch used in this subchatat thickness is about 120 prihis
corresponds to a via aspect ratio ofAhplying Egs. 8-11) to insufficiertly thick
substrates will result in an underestimaté@af, with the maximum error occurring when
both TXV surface boundaries are isoflux a@d "Q ¢. This is becausggs.(8-11)
assumehemicro-spreading resistance skin effect is fully developed; in via cells thinner
than the thickness of the skin effect the acttal is less.

Second, the thickness of any contacting mateseat in Eq(15) must be large
enough to disregard the conditions on the other side of the material or film. As suggested
by Figure45, for the array studied herhis thickness is about 35 um. Higher aspeasvi
and cells will reduce this thickness. Insufficiently thick contacting films will allow
conditions on thexposedside of the film to influence th¥  attributable to the film
TXV interface.

Third, the contacting materials considered have been of uniform conduatdity
thickness In practical TXV arrays;ontacting materials are often heterogeneous and/or

anisotropic.
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6.4 Extension toAxisymmetric Via Cells

The previous two sections outline the methodology for modeling rsjureading
resistances using a particular via arfrayne with 60um diameter copper vias in an
aligned array with spacing of 1Q@n in a glass substrate. The particularrelation
determined for that array can be extended to other via systems, providing designers the
ability to predict the thermal response of candidate arrays prior to modeling them.

The first method of extension is to consider arrays possessing céllgnfiirm
scaling of cells that have already been modeled. For example, consider a cell with
material conductivities twice that of the copjgaiss cell modeled above: the maximum
spreading resistance (and 1D resistance) will drop by a factor of tw&gsndl14) and
(15) have already been constructed so as to account for the effect of the scaling.

Uniform scaling of cell lateral dimensions can also be accounted for. As long as
the cell height and any relevant film thickness are still sufficient forethgonse
magnitude to have converged to a constant value, the spreading resistance will decrease
by the same multiplicative factor by which the dimensions have increased while the 1D
resistance will decrease by the square of that factor. This means #ratcea basis, the
1D resistance will be unchanged (a logical result since the via fill factor is unchanged)
while the areal spreading resistance (in units of+KriV, for example) will have
increasedn proportion to the increase in lateral dimensiéwgain, Egs. (14) and (15)
are equipped to handle such scaling.

Thus, the via arrays for which the determined correlation does not yet provide

predictions are those that have different relative conductivities or relative lateral
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dimensions. Different matet combinations, via fill factors, and via arrangements will
in general require different fitting parameters.

In an effort to provide a starting point for a more general correlation, a FEA
survey of axisymmetric via cells was performed. An axisymmetmeain was chosen
for both computational speed and to provide an idealized baseline against which square,
rectangular, or hexagonal unit cells can be compared.

The survey consists of five via conductivity ratio®7Q , and twelve non
dimensimal via diameters,(F0° , interacting with ten convection boundary coefficients
and ten contacting film conductivities. These varying cell parameters are presented in
Table 1. This results in a total of 1,200 unique simulations being represé@imedD
resistance of the cells was also measured by applying isothermal boundary conditions to

the finite element models.

Tabl@® Cell parameters us®preadiaxg symmeey
QrQ 1000, 400, 100, 20, dr8 (each witiQ  p)
Q inpm 5, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 105
— 0.044, 0.087, 0.18, 0.27, 0.35, 0.44, 0.53, 0.62, 0.71, 0.80, 0.89, &
o 0.93

Qin W/mf-K 1,1 10% 3104 110°, 510, 1 10° 3 1C°, 1 10/, 1 10%, and 110%°
Q, in W/mK [0.01, 0.5, 5, 10, 20, 40, 100, 200, 500, 1000

The cell outer diameter was fixedl&t ¢F™ Jp 1 t( 112.84um) so as to
have the same cross sectional area as the cells from the preceding sections. The height
was fixed at 40Qum, after a series of simulations using 700 agreed to four significant
figures, indicating that 400m is sufficient to be sure the magnitude of the spreading
resistance converged. A similar effort resulted in the choice ofidOfor the thickness
of the films used in such simulations. The substrate conductivity was held at-KW/m

and the via conductivity varied.
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A mesh convergence study concluded that squaredrigr plane elements
(PLANE77 in ANSYS) with maximum side lengths of Qu& provide tke necessary
accuracy to resolve the spreading resistance compared to the 1D resistance, even in the
cases with the smallest ratio of via to substrate conductivity.

The maximum spreading resistance seen in each cell is plotted in Fig. 11. Since
increasinghe via conductivity with fixed substrate conductivity serves to decrease the
1D resistance (as well as the total resistance) while the spreading resistance is seen to
increase, the spreading resistance is clearly most important in systems with high

condudivity ratios.

Maximum Spreading Resistance

— 4,500
A
S 4,000 klks
® 3,500 A A 1000
o A
& 3,000 A 400
3 2,500 o o ©100
@ 2,000 o 20
g 8
£ 1,500 o %3
S 1,000 g
5 (Al
@ 500 - -
[s)]
olbe$ xoox x X X X X B gg
0.00 0.20 0.40 0.60 0.80 1.00
Non-Dimensional Via Diameter (d/P*)
FigdBeMaxi mum cell spreading -Dememsdsianmcal a

via diameter and conductivity

With each of these points is associated a sigmoidally shaped curve like those in
Figs. 6 and 10, which depds on the nature of the boundary condition applied. When
normalizing each curve by its maximum spreading value, they do not lie on top of each
other since the fitting parameters for each cell configuration are somewhat different.

Adding in a dependenan the relative via diametef#0° and relative conductivity
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QXQ to relations like Egs. (14) and (15) can bring them to closer agreement. The

modified relations are

. p
Q —— (59)
p —
‘@ 0 qQ °
where _ 8 = _ (56)
'Q 0 L')z p 02
for convection boundaries, and
Q Q Q
_ — — — 5
9 0= P = (57)

for contacting films, and, , and are parameters that depend on the

conductivity ratio according to Tables 2 and 3, below.

Tabll Cor rmalraatmedaneornsyv efdobrubpdari es

1000 400 100 20 3

0.261 [0.235 |0.293 |0.211 |0.195
[ 15 1.4 14 1.13 0.75
1 1 0.9 09 0.81 0.66

Tabl2 Cor rpgalratnmednma t e Eonatlbbocutn dar i es

1000 400 100 20 3
0.739 0.739 0.739 0.739 0.739
[ 0.67 0.67 0.64 0.5 0.1
1 0 0 0 0.1 0.1

The form of he correlations in Eeptions(56) and(57) is based on the observed
variations ofO, Il , and with ‘QF0° and ‘Q¥Q , asobtained by a minimizain of
the calculated sum of the squared discrepancy. The proposed form attempts to strike a
balance between accuracy and parsimony. For example, althaags vary, it does so
weakly enough that a constant value of 0.95 and 1 for convection andainatetact,
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respectively, can provide suitable accuracy. A particularly troublesome set of cells are
ones with very smallQr0* ratios. The basic form of the fit, Egs. (14) and (15)
produces larger and larger rms error during attempts to fincetitdibas ‘Oro°

approaches zero.

As a resultthe final form proposed in EquatiofE5(57) and the values given by
Tables 2 and 3 are tailored for the cells withtdrdbehaved via diameters. This is done
by excluding via cells with diameters ofstn or 10um. This corresponds to non
dimensional via diameter(f0° , of approximately 0.044 and 0.089, respectively.

Then, for each set of remaining cells withaatjzular boundary type andQ7°Q ratio,
0,7, and are found using a rms error minimization strategy.

Each cell resistance response is normalized by the appropriate maximum
resistance from Fig. 11, and the resulting value (ranging froriDis plotted using the
proposed corrected boundary parameteEach of these data points is compared against
the idealized fit from Egation(55). The result of this process for all cells (including
thosewith the smallest vias) for the parameter values in Tables 2 and 3 is shown in
Figure49.

Varying any of the correlation parameters has the effect of shifting sets of points
left or right in Fig. 12. By using a b@r routine to minimize the rms error between the
actual relative spreading resistance and that suggesteguagion(55), the best values

of the correlation parameters for each set are obtained.
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One method of visualizing the quality of the correlation is showigare50.

Bounds are provided that delineate a variation@i 15%, and the plot focused on the

region near the inflection point. The set of cells with the two smallest via diameters have

been excluded, and the set with the next smallest diamegan 2@ith ‘Of0*  0.18,

are the points lying just outsidlee error interval. Based dtguation(55), a relative

error in—of 15% corresponds to an absolute errdff at worst 0.035, occurring

where— 1. This error inQs driven to zero for very high and very low valués-o
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6.5 Chapter Summary

In the process dihomogenizing a thermal via arrafor purposes of streamlined
computational modeling and simulatiotare must be taken in determining the effective
vertical ther mal conductivity. Rat her t ha
thermal response includes importaetarsurface effects that depend both on the array
parameters and the environment to which it is responding. Tleessurface effects
(skin effectsyaremanifesedin the form of a micrespreading resistance that must be
included in the determination tife substratehermal resistancand yields valuethat are

different tharpredicted by a rulef-mixturescalcultion
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A framework is given for modeling ihyphenomenon of micrspreading
resistance. In this framework, an effort is made to decouple the intrinsic capacity of a via
cell to exhibit micrespreading, representedby  , and the role of
environment in bringing this resistance into play, capture@®laynd™Q Thissubchapter
focuses its effort on the latter.

Motivated by glass interposer design, where mgpreading plays a sigitant
role, a case stuglysing a coppeglass via arrayis presented While the correlations of
Equationg53) and(54) remain faithful for uniform scaling of lateraéll dimensions
and/or material conductivities (whénh ;  has also been appropriately scaled) it is
acknowledged that changing the via fill factor or the cell conductivity @i
requires adjushent of the fitting prameters.The FEM survey on a variety of via cell
sizes and condtiwities is performed to better understand how the parameters must
change, and a correlation to predict their values is presenkgliationq55, (57).

Even sgthe fram&vork is able to make general recommendations for designers
wishing to mitigate micrepreading resistanae create designs where its impact is
lessened High aspect ratio vias result in a lower relative contribution of rdpreading
resistance to thatf the 1D resistance. Additionally, the reduction of lateral cale
smaller via pitch while holding@¥0 constantjncreases the apparéffor convection
boundaries (Eq53), always helpful) and increasthge apparent film thickneskigure
45, helpful for high conductivity films). Beyond aspect ratio, designers should endeavor
to place the highest conductivity materials and higbesvective heat transfer

coeffidentsavailable at the array surface.
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This framework, when coupled with an analytic or empirical formulaforj
based on the internal cell parameters, will allow designers to estigmafier a wide
range of TXV systems without direct analysis with FEM. This frees the designer to
optimize a TXV array for a given system based on desired theonductivity
properties.The nextChapter provides an analytical series solution that determines
Y foraxisymmetric cells It also provides generalized solution fOf  under
convection boundaries that obviates the needhirrelation Equation€s5s,(56). It
stops short, however, of providingyaneralclosedform expression foly  asa

function of cell parameters.
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7.0 ANALYTIC MODEL OF MI CROSPREADING IN VIA ARRAY UNIT
CELLS

This chapteris an analytic treatment of the microspreading resistance that has
been investigated during the course of this programaddition to providing a physics
based underpinning to the FEbAsed correlations developed so fae analytical model
can point to useful relations for so far untreated facets of microspreading, such as the
maximum (at isoflux) cell resistance or the effect of an interfacial resistance between the

via and the substrate (as is seen in thregifiton vias due to their oxide liners).

7.1 Isoflux Boundary for Coaxial Unit Cells

The basis of the analytical model is the solution of the boundary value problem
associated with a via cell experiencing an isoflux boundary condition on one exposed
surface. As showim Figure51, the via cell is treated as an axisymmetric system
containing the cylindrical via within a material having an outer diameter equal to the
Aequi val ent pitcho efdctortofihe celamatcteythatodthbec h t ha't
array. This outer surface is adiabatic, while the upper surface of the cell is subjected to a
uniform heat flux and the lower surface fixed at a zero reference temperature. Between
theisotropicvia and thasotropicsubstrates a finite interfacial conductande, that can
be used to model the effects of imperfect interfaces or additional low conductivity layers
between the via and the substrate.

The governing differential equation of
Equation in two cylindrical dimensionsandz. Because there are two media, the
problem can be separated into two domains that are coupled along the interface at

Thus the equations and boundary conditions to be solved are
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Il n order to solve Laplacebs equation

the boundary conditions should be homogeneous; each of these problems has two
inhomogeneous conditiond o rectify this, each can be broken into a superposition of
two subproblems that each satisfy only one inhomogeneous corj@iorro further
simplify the solution, the problems can be nondimensionalized, alar@cteristic
lengthsa andL and characteristic temperature 1 #Q, by transforming coordinates
" i¥®and— &fD andsolutiong "WU. This reduces the independent parameters
of the cell from seven to fourdfcy, 070,00 QFQ, and0 "GIQ.

The characteristic temperatuehas an interpretation: it is tioenstant
temperature at the surfage tifor the caséQ Q. For all values ofQ, Q, it can be
related to the"Ybetween top and bottom surfadesthe isothermal boundary case that

induces the same net heat flow as that createse , the constant flux condition.

This temperature’Y is given by

3"Y : (69)

Theseparated, transformgdoblems to be solved are thus

Domain 1 Equations Spreading SubProblem

pT T9n T 9n

U

v 69

<IN B R I ©
TTg_“ " T (70)
gr "l T (71)
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The subscripts in each problem refer to the materigdr(tia, 2 for substrate) and
to the direction normal to the boundary possessing the inhomogeneous condition. For
each of the andz subproblems, there is a physical interpretatisliagrammed in
Figure52. For thez problems, each material is unaware of the other, and heat conducts
in through the upper isoflux surface, and down towards the bottom and the location of the
interface. The heat leaves each material through the bottom fixed at zero, but also
Acemcvt s to zeroo at the I'Canda.tinteemoref t he i nt
complicated subproblems, the coupling between the two materials is introduced. The
upper surface is now insulated, and heat is now introduced at the interface depending on
the temperature in the material on the other sideeainterface. This temperatutesed
to introduce hedrom the interfaceis the total temperature in the other matdritiat is,
the superposition of that mate@bsubproblems.

The eigenfunctionef these problems will involve trigonometric functions of the
vertical dimensions-, and Bessel functions or linear comdtiions of Bessel functions
(so-called cylinder functions) of the radial dimensidn,Individual Bessel functions
play a role in the cylindrical Material (the via) while more general cylinder functions

are needed to describe the temperature in the annular Matéttia 2ubstrate)
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The solutiorfor the dimensionless temperature field within the icditle derivation of
whichis given in Appendix G is:
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In Equationsg(89) and(90) the spatial argumentsand—, as well as the oscillating
subproblem eigenhctionsA 1, ©, and%. are bolded to highlight the structure of the
solution. Paired with the eigenfunctions are-osuillating companion function®and
[ for AT; &ndO E fo) and%.. All other terms stem from the evalied Fourier
coefficients of the series representation.

In order to calculate the célls itahdefronmthelethe e s i st an

vertical
microspreading resistantehe average temperature of the upper surface must be known.

In nondimensional form, relvant average surface temperatures are:
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From these temperatures, the microspreading resisg(ioenondimensional

form):

ot - . (1089

Sl S

t w ¥ 3 0
Y Qw -
W

These series solutions can be compared to previous results obtained by FEM
simulations In the axisymmetric cells surveyed in fireceding chapter perfect
thermal interface between the cell matenaés assumed The maximum cell
microspreading resistance was computed from cells that were subjected to an isoflux
boundary condition ithe FEM. Byassuminga finite sequence of terms of the infinite
series solution, the FEkésultscontained irFigure48Figure53 can be reproduceds
shown inFigure53 andFigure54. The values chosen for dimensioned parameters
correspond to those used in the FE anslgESectior6.4. The value of interface
conductanc&Xxhosen to be 50,000 WK, large enough compared to cell material
conductivities to model a perfect interfadeor the results in the figures, each summation
is taken ta200 terms.

As before with FE models, the emergence of microspreading resistance in the via
cell is explained by the lateral (radial) patterns of conduction that occur to bring the cell
flux distribution closer to a oréimensional, rulef-mixtures patter. For low via
substrate conductivity mismatch, this deviation is small, leading to a low value of
microspreading. Increasing the via conductivity lowers the total cell resistance, but not
as much as the rulaf-mixtures would predict. Thaiscrepancys captured by the high

microspreading resistance.
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Additionally, that the relative via diameter at which spreading resistance is
maximum depends on conductivityralioas a heur i sti ¢ answer .
of the via depends on both conductivatyd material. Starting from large diameter vias,
reducing diameter size serves to increase the radial distance through the substrate heat
must travel to relax to ordimensional rule of mixtures. As the via becomes very small,
however, the quantity ofdat that must be redistributed decreases, as the viasfrule
mixtures carrying capacity is reducedh€elbreakeven point between these effects is

dictated by the conductivity mismatch. In the limif@s Q the relative via diameter

with maximum microspreading¥®°  p1c¢, which corresponds to a fill factor of 50%.
This can be demonstrated using Equatid®d) and(191) from Section7.4, squeezing
the microspreading case between a limit of two-@dingensional scenarios.

Just as decreasing the size of the elements in the FE model yields results closer to
t he Atrueo v al adoesthe appregximatiandind anfigite seges imprave
as more terms are added. To achieve good agreemenh@fBEM simulation(e.g.
within 1%) for the large values of spreading resistance (such as@®eén p T 1
only around 10 terms are needed, while for systems where spreading is very small
compared to the 1D resistance (like wi@AQ is close to 1), hundreds of terms are
needed This is becausef 1t factors into theotal cell resistance, and resolving the
comparatively small spreading component (by subtracting the second, 1D term in Eq.

3.1) requires many more terms.
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What is more interesting than just replicating prior FEM data is exploring the
effects of finite interface conductances. Examining the case where (the red
crosses irFigure53), which is of the order seen in tlughsilicon coppervia systems,
low values ofOshould lead to a much higher spreading resistance. This is seen to be the
case inFigure55, where the peak spreading resistance increases by as mucticdd six
(for a via ratioa/b, of 0.5)by adding a W/m-K oxide withathicknessof 5% of the
via diameterSince the interface conductance of a TSV can be estimated from the
thickness and conductivity of its oxide lin&: "Q 70, "Ocan berelated to the ratio of

oxide hickness to via diameter, Gf¢w by:
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7.2 Special Case: PerfecThermal Interface

As stated before, the FEMsultsassumed perfect thermal contact between the

via and substrate. This can be approximated by choosing a large v&hj&Qij is

usually sufficient). Alternatively, the analytical solution can be redibgetaking the

limit "O° H>and making the approximation exadn this limit, the solution is:
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And for average surface temperatures:
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The details of obtaining this limiting case solution are provided in Appéhdix
7.3 Generalization: Upper Surface Convection Boundary

The solution for the isoflux condition on the cell upper surface provides an anchor
point, representing an idealizedse. Just as with the FEM modeling performed in
section0, that boundary condition can be generalized from a Neumann condition to a
Robin condition, replacing isoflux heat transfer with convection heat transfer. A
convection coefficienQ approaching infinity represents an isothermal boundary, while
allowing"Q to approach zero (with appropriate normalization of the convecting fluid
temperature) recaptures the isoflux condition. As will be shown, the generalized problem
solutionfollows along the lines of the isoflux case, but has some challenges associated
with the convection boundary.

Replacing the isoflux condition & T with convection to a fluid temperature of
Y yields a newboundary value problemith boundary condibnatg 1T

1Y
o———
T a

Q Yifm Y (123

Again,usingd  "QTQ, dividing by0, we rearrange each upper conditioto:
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1Y " h
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where’O  "QOFQ and agairf i ¥dhand—  of0. Temperatures are now

normalized using the fluid temperattie Decomposing into subproblems:

Domain 1 Equations Spreading SubProblem

B gT_” .19 :ﬁ T 9n - (126)
w "7 ) T -
Ts_ﬁ "t "Ogf "fm T (127)
g "fp m (128
TTg " e o (129
TOh = e = g
T ph- Og 5 ph- Og ph- (130

Domain 1 Equations, Couplng Sub-Problem

g pT LT9s T 9w - (131)
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T9h = e
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Domain 2 Equations, Spreading SubProblem
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Domain 2 Equations, Coupling SubProblem
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In formulating solutions, the radial eigenfunctions are unchanged; they remain

and%o, and have the same eigenvalues as for the isoflux case. The fundamental change
isthatA T ©_ — is no longer the appropriate vertical eigenfunction since the slope at

— Ttis no longer necessarily zero in theubproblem.It instead must be replaced with
OEIip - -_ ,which automatically satisfies the zemmnperature condition ahe

bottom surface, while allowing a new series of eigenvaluemnd_ to be chosen that

satisfy the upper convection boundary. Observe that chogsing ¢ - “ -
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recovers the original isoflux eigenfunction. In general, &y, these new eigenvalues

must be obtained as roots of the transcendental equations and

p b OAR 14
"O (I) o (b= ( @

P! OAE 14
0o = W= (147

This is where the primary challenge of the generalized problem arises. In solving
the coupledr-subproblem, the material temperatures along the interface are expanded into
a Fourier series (see Appendix A). For the isoflux case, since the&liges are the
same_ , the terms of these series for Material 1 and 2 correspond inta-one
manner, where the ®term in one series only depends on&h&@term of the other.
Relaxing the upper boundary introduces a factarofnt o Mat er i al 206s bol
condtion, breaking the onto-one dependency. There is now a broaderlap between
terms, where thé &erm of one series depends most stronglthe& &®of the other but
also to a lesser degree on preceding and subsequent terms. This is cauareddniap

matrix{| with entries:

N (]_ 4)
Y 5 5
CH= = CoH= =

The original isoflux behavior is recaptured when _ , resulting in the diagonal matrix
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The resulting temperature solution is
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Details and further observations regarding the block matjuation(159) canbe

found in Appendix C.

The analogouaverage srface temperature and associated integrals are

also computed:
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where the surface temperature integtals _ " 'O "t 'Q”andt
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While the heaflow through the celfor the generalizebdoundary conditiorcan

becalculated from the upper surface temperatures using
7 ~
n ¢y Q" t t h 73
better results at lovierm series approximations are obtained by avoiding
inaccuracy related tGi b b dnemepoh(tke overshoot inherent to Fourier setiwst

modelstepped functiongnd measuring flux at the bottom isothermal surface using
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wheret andt are gradient lower surface integrals given by:
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Using these parametetsetotal cellresistancean be found as
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7.4 Discussion of Analytic Solutions

The motivation for pursuing an analytic model of microspreading resistance is to
obtaini if not a closed form expression for microspreadirgg least a foundational
understanding of how microspreading arises and of the interplay between via cell
parameters. One challenge is that for the series solutions presented in this @hapter,
importante f f ect of the cell parameters iss to pl
eigenvalues, scaling them up or down according to relative conductivity, via aspect ratio,
etc This makes their impact difficult to visualize from inspection of the mathematical
expressions. This section wiltesensimply obtainable, ordimensionalclosed form)
limiting cases, and compare thenstveral examples ddll, two-dimensional solutions
obtained through the series solutions.

These limiting cases will be presented first, as they provide an excellent way of
visualizing the space of possthtell thermal resistances. As has been discussed
throughout Chapted, the minimum cell vertical thermal resistance is that predicted by

rule of mixtureswhich arises from ondimensional conduction resultifigpm
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i sot her mal boundari es. -dimengionat nomeaenclatue x t of

the effective conductivity given by the rule of mixtures is

~

Qv QU% p %o (178
where%. (& s the fil factor of the via (not related to any cylinder function

from the series solutio@ndd  "QFQ. Thetotal cell resistance of this rulef-mixtures

cell is straightforward to compute from either this effective conductivity
Y o/ a79

or from the sum of the parallel resistances of the via and substrate separately:

ﬁ ) ‘l’)/ooTQB (189
whereo is the entire celrosssectional area andthe length of the cell.
Oneimpedimento visualizing the parameter space occupied by cells with
isothermal boundaries is infinite interval the input parameters caiii fake@xample
"QTQ can take values from 1 tofinity for systems of higkk vias in lowk substrates
One way to remedy this is to present the s@dong reciprocal coordinatégor example
%instead of cHy . Usingpf0  "QFQ as a reciprocal coordinate similarly restricts the
condctivity parameter range to an interval between 0 and 1.
Multiplying either equatiorf179) or (180) by Q670 brings the equation into a
nontdimensional form that cdpe plotted along these reciprocal coordinates in a bounded

volume of dimensionsrip , as the surface defined by the equation

8The series solution never makes this a r eQKDivrm®pme nati,t ha rhd gihs e
conductivity substrates and | ow conductivity vias.
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5 O %o (181)

A plot of this surfacés shown inFigure56.

Because under ortimensional conduction there is no heat transfer between the
via and the surrounding substrééeandpZU are all that is required to parameterize the
via cell In fact, this relation(and the other ondimensional ones that follovinplds for
vias and cells with artvary cross sectional shapes, so long as those cross sections are
constant along the length of the cell. Iheattransfer across the vsubstratenterface,
giving rise to highedimensional patterns of conduction, which requires consideration of
the cross section geometrifor the surface ifigure56, one a point is selected usifg
andpfV, further specifyindgQ, 6, and0 specifies ghysical dimensional via cell and

fixes its thermal resistance.
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Exploring the surfacpresented ifrigure56 results in intuitive conclusions.
Setting%o Tmand/orpf0  'QFQ pis equivalent to considering a cell composed of
only one material with conductivit@. It is straightforwed to see thdly must then
equaldTQo. If insteadov is set to 0, this implies a via within the cell with
conductivity’Q © Ho, In that caseynder the two isothermal boundary condititime cell
conducts an infinite amount of heat, requg 'Y 1 A pointwisediscontinuityexists
at %Ep0 Tt where this supeconducting via has disappeareinally, allowing
%0 p specifies a cell comprised entirely of via material, and Equéti8f) simplifies to

Q0
Y — E
U U

Q

— 18
- (182
demonstrating that under such conditidhsmust equab7Qo.
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As discussedhese isothermal boundaries establish the minimum vertical
cell resisance. To examine the maxim#ipossible resistance, an isoflux boundary is
considered. In the series solution, there is a particular limit that createeeresional
conduction (for any uniform boundary): namely, when the interface conductance between
via and substrate is zer@his prevents any communication between the two materials.

In that case,dr an isoflux boundary at the cell surface, a sexgialysis can produce a

closedform expression. From the definitions of vertical resistance,

03Y 03YJT
0n O nNex

(183

wherez"Y is the temperature difference along the lengtthefviawith cross
sectional area@ and likewise for"Yando for the substratewithd 0 0.
Recognizingthad 70  %.and0 70 p %o and factoring out the groymfo e e

results in

Y 6"@;/%@"\( P %o3"Y (184

Since the individual temperaturesponse of each material is dictated by their

individual thermal resistancthe temperature rise cée substituted for using

C:

f

Y [AOY = (185
Q
no
Y AO6Y = (189
Q
Manipulating
Even larger cell resi st ancreisf caram taeu mdaray ncedan diyt iagnpsl ,y i snpge cniofn
heat flux into t hael |tolwarc otnfdautcte nvtidryi nmpattere hi gh conductivity on
boundary conditions, isoflux (Neumann) | eads to the highest res
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0 %o P %o
= = = 18
v 0o Q Q (187
meaning for isoflux boundary celgith zero interface conducatance
- %0 P %o
' — - 18
Q 5 D (188

For more than two materials within the cell, this generalizes to a weighted

harmonic mean with weights summing to 1:

B %o P %0 18
Q Q Q (189

~ ~

An equivalent statement is that the areal resistance eftirecell is a weighted
(by crosssectional area) average of the individual areal resistantsweights
summing to 1
0Y %0 'Y %0 Y8 (190
Oneinterpretation, shown iRigure57, can aid in visualizing this summation
rule.1't recognizes that the clemdependeditux ifcurr en
tubes formed by the diffent materials is the constant flux each is carrying. Thus these
areal resistances form a series, but to be added properly the relative adamatst be

applied to each term to properly place the flux tube in relation to the entire cell area.

P1A1R1  PA2R, ARy

\YAYAY} ——

FigbreAreal resistance summation rule for
tubes
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Proceedindrom Equation(187), in nontdimensional fornthe cell resistance

under an isoflux boundary is

QO
Y2 o /og (197)

Plotted inFigure58is thesurfacedefined byEquation(191) using the same
reciprocal coordinates froffigure56. This functioncollapses to the same limits%%t
mor 1 andof0  p as isothermal boundary case, aodthe same reasons. However, for
infinite conductivity viagpZ0 ), rather than zerd for any size via, the cell thermal
resistance is directly proportional tp  %o0. This follows fromtheimplementation of
the rule inFigure57, where the via resistan¢é and temperature drad'Y areset to
zera The only term in the summation is tHésd 'Y , and sincééo p %o and

0 'Y 0FQ, the relation follows.
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boundaries and zero interfacial conductanc

These two surfaces form the bounds between which fall alhmaierial via cell
vertical resistances. Accessing the inteabthis volume in parametric spaoccurs in
one of two ways, only one of which maintains the-dmeensional conduction pattern
and thus closetbrm relation. Thidirst method igo relax the isoflux condition at the
upper surface to one describedabgonvection boundary with conductari@m a fluid of
temperatur€Y. The other system that reaches intermediate cell resistances is that which
relaxes the adiabatic interface between the two materials, generating higher dimensional

conduction suclas that considered by the series solution.
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For the former, onéimensionakase, fom the definition of cell resistangand
dropping the deltas by observing that without loss of generality the bottom surface
temperature can be taken as 2ero

0°Y 0"YTo 19
0QY Y o0QY Y (192

The same definition can be used to define a resistance across the convection

boundary, fronthefluid to the cell:

oY Y 0 Y YT op
) - — = s 19
Y 0QY Y 0QY Y ® (193

P Y
where from = ¥ = GV (199
inspection ® 0QY Y 0QY Y

Since each material forms an independent flux,tttis total resistance of

convectiorpluscellmust equal t he par adodvectionplisbulk of eac
resistance:
p . p 0 p 0
S —- 19
® Y @ Qo @ QO (199

Solving for'Y and isolatingp¥Q in brackets

) 0
Y =
(0]

P
o) %o P ' %o Q) ( 19@

Finally, recognizing®7'Q as a new dimensionless paraméger

00 P_ % O P %o
v }) —~

0 P (197
p %O FOp %o
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with the underbar to emphasize that this parameter is not the saméQassibne
in the series solution. In the terms of the nomenclature us#ukefgeriesolution,”O
"O70 (and so is in a sense reciprocal along the same lirfésadpi0 ).

ThatEquation(197) appropriagly links the isothermal and isoflux boundary cases
is evident from the fact that it reduces to H481) and(191) whentaking the limitsO©
HandO° T, respectively.Varying Obetween these limits sweeps out the volume
bounded by Eqg181) and(191) as shown irFigure59. It is importanto realize,
however, that within this interior there is now an implicit dependenc@ and)
through©. While it makes sense that to compare systems and maintain equivalent
patterns of heat transfer requires that the rati@of Q¥0 remain constanthe
dependence o in particularposes a conceptuatinkle when considering the second
avenue for accessing the parametric spatedas the two bounding surfaces:

microspreading.
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FigbBe Represealtlati eni ®f amce par-iamtedrefrace ac
conduct alde us ¢ li Ing .5 drent Otonrdirityesweeps the middle
surface from the upper isoflux bounding surface to the lower isothermal one. In

this example 3.

All of the discus®n in this Section has been based on the stipulation that there is
no exchange of heat between the two materials in thé adkature that occurs trivially
due the parallel isotherms in the isothermal boundary case, and is explicitly required by
the zeo-conductance interface ftine convection and isoflux boundaries cases that result
in Egs.(191) and(197). By relaxing this interface to one with finite conductance or
perfect thermal contact, microspreading at the upper surface is allowed to occur. But, as
discussed in Chapt@r microspreading can be thought of as a skin effect that reaches a
steady value after the celhdreached a sufficient length. Thus, total cell response with

microspreading is also sensitive to cell length,dsua resulbf the conduction patterns
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within the cell and nqustthe relativesizeof a surface convectiamsistance to that of
the bulk

As an illustration, Figure60 plots the thresets ofseriessolution result$rom
Figure53 against the parametric bounding surfaces described byH{¥.and(191).
Those cells hav® pW/m-K, ¢ ¢/~ A00um (~112pm to correspond with
Chapte6.4), 0  400um, and viasubstrate interfac® 50,000 W/m-K. Also plotted
arecons haped markers that designatoeandegch poir
surface, with vertical lines connecting the corresponding pdiatdemonstrate the
dependence of cell length, a fourth series is plotted that replicates the cel@iih
W/m-K via, but at a cell lengtbf only 100um. These are plotted wittadhed lines
linking them to their bounding surface intercepts (the same interceptsfal kegth

cell). An enlarged version of the figure is availablé&@gire70 in Appendix A.

AksRy . k,=400 - k,=20 - k,=3 « k,=400,L.=100pm

0.5

¢

Fig6bDeSerselution results plotted against
boundi ng Tshurrefeacseesr.i es pl i g@@Beavi ¢ ht mams e f r ¢
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additional series repres#£ntinhl
W/ RK, and ot hemaipmatraimee & r ati gwbaBleues fr om

The comparison at00um and 400um cells inFigure60illustrates the relative
magnitude of th&¥ component to thbulk resisance. Extending the cell length drige
the total cdlresistance to that of itsile-of-mixtures value since that bulk resistance will
dominate. Converselyytreducing the cell length frod00 um to 100 um, thedepth of
themicrospreading skin effect row on the same order as the cell lengthis can be
seen inan examination of the points indicated by the black arrowsguare60.

Shown in each dfigure61 andFigure62is the temperature rise within the cell
due only to microspreading resistancé, plottedasa function of relative position
within the cell” 1 ¥wand— &F0. These are obtained by subtractthg one
dimensional ruleof-mixtures temperature rigeom the total rise (or equivalentljgure
41 from Figure40), such that no net heat flow crosses the upper orrlswéace. That
the skin depth of microspreading is thinner than the length of tham@eIl can be seen
by the"Y field (and its gradient) decaying to zero at the former isothermal lower surface
at— p. In contrast, whilén the short cellY at— pis also zero (as demanded by
superposition)in the vicinity of that lower surface there is a sigrafit temperature

change due to microspreading.
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Concluding this chapter is a final comment on the interpretation of
microspreadinglgggested byrigure61 andFigure62. Microspreading can be thought of
as a fAcirculationo of heat flux from the s
simpler, ruleof-mixturesconduction patter. Since under microspreading the via is
underutilized for much of its length, the microspreading temperature component in the
via is negative. The associated heat flux vectors in the via flow back towards the upper
surface, partially canceling the rudé-mixtures flux patternKigure41l) to produce the

required isoflux (or more general) boundary.
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8.0 FUTURE WORK AND RECO MMENDATIONS

This study demonstrates the basic feasibility of usingemi@anced lovk
interposers in place ¢fighly conductive substrates such as silicon or SiC. However,
several issues exist with currently manufacturable interposers that limit the range of HI
applications where they would provide a compelling benefit. The foremost of thbee is
low verticaleffective conductivity of the array. This limits the effectiveness of heat
transfer through the intended pétthrough the thickness of the interposer.

This low conductivity primarily stems from the fabat the available metal fill
factor of the viaarrays is limited by design rules on permissible via pitch:diameter ratios,
where fabrication below a 2:1 ratio is avoided. This limits metal fill factgnaminally)
22.6% of the interposer volume. Because fill factor varies with the squer&@bfeven
modest reductions in via spacing would achieve much higher conductivities. Another
avenue for improvement is in higher conductivity via fill materials. The thermal
expansioAmatched Cu frit used in this study has a nominal conductivity o/ 300-K.
|l ncreasing the fil!]l conductivity wil!/ have
effective conductivity. A promisingategory ofill materialsis silverdiamond pastes.
However at the time of this work the minimum size diamond particlgpigdl studies is
on the order of 5m 1 much too large for satisfactory filling of thermal vias.

The choice to focus on vi@anhanced lovk interposers as an isolation strategy
stems from two factors. The first is that thehteology needed to fabricateese thermal
via arrays is relatively mature. The costs of the developing the further manufacturing
advancements described above (to bring enhanced interposers to a requisite level of

performance) must be weighed against the costs of exploring andmaygedtiernative
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thermal isolation technologiedt is entirely likely, however, that these alternative
strategies would be usable in conjunction and not simply in lieu of enhanced interposers,
providing justification for additional investigation on bdtants.

The second reason venhanced interposers are attractive is that the interposer
itself could be leveraged as an active part ohterogeneously integrated circuit. The
vias within the array could be used to carry signals into and out of stedndevices
with minimal disruption of current fabrication and packaging processes. In this sense
enhanced interposers are easily integrated compagdtoative isolation approaches.

In order to take this step however, new electribermal cedesgn techniques would
need to be developed to properly leverage this fwiittional interposer.

There is also further work to be done developing the concept of microspreading
resistance. A critical step is isolating the effect of microspreading expeailiger®ne
method of doing this would be to place a via array sample between layers of material
with high or low conductivity within adSTM D5470Standard thermal conductivity test
[56, 57] By mantaining the same materials within the thermal stack and only varying
their order, different levels of microspreading can be induced without changing the bulk,
onedimensional resistance of the stack.

Further work on microspreading would entail a simplete numerical tool using
the analytical solution obtained in ChaplerPublished online and/or accessible via an
application programming interface (API), designers would be able to integrate a
microspreadingalculator into their workflow. To be useful in systems that do not rely
on embedded fluid cooling, the analytic solutions will need to be extended to systems

with material layers in contact with the via cell surfaces, as in Chéy3teAs a final
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extension, effective properties beyond thermal conductivitych as thermal diffusivity

T will enable transient thermal behavior to be captured during via array homogenization.
As systems with high conductivitynotrast ordered arrays become more prevalent, fast
yet accurate material models will become key to the thermal/electricidszgn of HI

and other emerging packaging technologies.
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9.0 SUMMARY AND CONTRIBU TIONS

In investigating HI systems where steps cowdddken to thermally isolate
disparate components, 2.5D chiplet based approaches were determined to be the most
amenable HI configuration. By implementing a-ei@ghanced glass interposer in place of
traditional silicon interposers, an anisotropic substfat the placement of HI devices
can be obtained. This anisotropy laterally isolates adjacent devices from each other at the
cost of increasing the total thermal resistance faced by high heat dissipating components.

For systems limited by the operatirggrtperature of lovwpower, sensitive devices
rather than that of the higbower, heterogeneous devices, this trafleés beneficial.
When there exist strict constraints on the temperature rise of sensitive comjicentits
as in applications where inledp@lant temperature is much higher than ambightrmal
isolation can permit much smaller HI device spacing, even as the high dissipation device
temperatures are allowed to rise.

Thermal isolation also allows the implementation of a differential cooling
strategy, where a higmtensity embedded cooler is applied in the regions of high
dissipation and a low intensity cooling solution is used in the remaining interposer
regions. This can lead to a reduction in the required pressure drop, flowrate, and
pumpng power of the thermal management system.

In actual microgap embedded cooling testing ofenanced glass interposers, a
crossover point was successfully demonstraaed:37mm upstream from the chip edge
the enhanced glass interposer exhibited Iasueiace temperatures than silidon the
conditions tested This distance is still relatively long compared to the most ambitious HI
interconnect lengths, but with advances in threglgiss via array technology the distance

could be reduced. This wouddiso increase the thermal coupling coefficient at the
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crossover point, which in the experiments wag0.213K/W of heater power.

Increasing this breakeven coupling coefficient would broaden the range of HI component
types that would benefit from wvienhanced lowk interposers. Further increases in via

fill -factor, higher conductivity fills, and maintaining control of microspreading

resistances are the key avenues to achieving this progress.

Specific contributions as a result of this study include:

1 Modeling

o ldentification of microspreading resistance skin effect phenomenon in thermal via
arrays

o Analysis and correlation of boundary condition influence on microspreading
resistance

o Analytical model of conjugate heat transfer within doneldium coaxial viaunit
cells

o Systemlevel framework for assessing tradeoffs between effective medium
substrates in 2.5D HI applications

1 Experimental

o In collaboration with contracted vendors, fabricated frit filled thermal via arrays
in semiconductor grade glass wafer

o Demongrated integrability with microfluidic cooling using singpdase microgap

o Performed first example of direct liquid cooling of thermal via arrays in glass
interposers

o Demonstrated a breadven keepput-zone radius of 1.37 mm in an enhanced
glass interposavhen compared to silicdior the conditions tested
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APPENDIX A T SUPPLEMENTAL CASE STUDY MODELS

During the creation of the heterogeneous integration thermal case study, an array
of FE models were investigated to explore different system configura#dhisgures
depict systems with the dimensions detaileBigure3, with 200pum interposers.

An initial exploration was whether a bond of an entire silicon wafer with both
CMOS devices and ewafer fabricated GalRIEMTSs could have isolation issued
addressed with a vianhanced interposer. This system on chip (SoC) demonstrated that
the silicon wafer, even whenitimed to 10Qum, provided such an effective lateral
thermal pathway that the thermal coupling betwe&MHA and CMOS was unable to be

addressed by the lewvia enhanced interposer.

Fig6BeSoC with uniform cooling and

Figéde SoC with wuniform cooling and c
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