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CHAPTER 1
INTRODUCTIO N

1.1 Background

The advanceent of througksiliconvia (TSV) fabrication technology makeghree
dimensional3D) integrationa promisingand key integation techniquehat can achieve
continuousminiaturizationof next generatiointegratedcircuits (ICs) andsystems.The
3D integration technique provides tkhapability of integrating multiple dies vertically
using TSVs and silicon carriers [1, 2}. gereral 3D integrated system consisting of
stacked dies, ailicon interposer(or a package)and a printed circuit board (PCB) is
shown inFigure 1. Because othe vertical stackingf IC dies the powerdensity of3D
integrated systemis expected to increase dramaticadlgcordingto the International
Technology Roadmap for Semiconductf@ Alleviating the thermal problem for 3D
systemsrequiresnovel thermal management approaches such as microfluadicling
using built-in microchannelg4, 5, 6], as shown inFigure 1. Compared to a@wo-
dimensional 2D) integrated system, the design and modeling of a 3D system b&come

challengingoecaus®f increasinggeometryscales andomplexiies

1.2 Motivation

Designing a successful 3D integrated system reqeiifesent numerical modeling and
simulation methods that can simultaneously validelectrical performance, thermal
integrity, andmechanicakeliability. In this regard, theagly-design stage modeling and
analysisof 3D systemat the system levas important. Modeling includethe extraction

of physical parameters and the buildimigohysicalor mathematical models that capture

electrical, thermal, andmechanical phenomenadescribed by governing equations.

1



Analysis includes solving problemsingnumerical solvers to obtain final solut®rAs
multiple domainssuch as electricatherma) andmechanicalomainsare included in an
integrated system, modeling and analysis bexagrtical. The challenges for the
modeling and analysis of 3D systears discussed in the following subsection.

Heat Sink
Microfluidic cooling

™™ AT
. 3D Stack
Micro- ~ ————————— | \ith Fluidic

3D Die mrnnmnn channels Cooling
so | ULULLLION -
T
Silicon
Si Substrate TSVs Interposer
Printed

Circuit Board

Figure 1. A 3D integrated system.

1.2.1 Major Modeling and AnalysisChallenges

The major challenges for the modelingdaanalysis of a 3Dntegratedsystem mainly
stem from four aspects: electridghbrmal couplingand interactionthe multiscale nature
of 3D systems, the requirement fiast simulation with varyinglesign parameters, and

efficient modeling of microfluitt cooling, all explained below:

1. Coupling and interaction between electrical and theduoaiains

For an integrated system, since materials such as metal conductdtee ariton
substrate usually have temperatdependent properties nonuniform tenperature
profile can affecelectrical performance both in steady state and at high frequencies. The

temperaturalependentlectricalresistiviies of metal conductors such agver, copper,



and aluminum are shown Figure 2a while theelectricalresistivity of siliconcarrieris
shown inFigure 2b. In steady state, a power delivargtwork (PDN), which consists of
metal conductors and can tepresentedsing aresisance etwork, deliverdDC voltage
and current to IC chip§7, 47]. As the electrical resistivities of metal conductors are
temperaturaependent, the effect of temperature on steadystatevoltage drop ina
power deliverynetworkneeds to be investigated. addition, because of current flowing
in aPDN, generated Joule heating @dfectthermal distribution. Thus, the electrical and

thermal characteristics insstand form a coupling system the steady state

510 ——m———m—————————————— 015 L L : L
—+ Silver
4.5x10" | _s_Copper
—A— Aluminum

0.14F

4.0x10°

m)

0.13r

3.5x10” -
0.12r
3.0x10”

2.5x10" | 01l

Resistivity (Ohm
Resistivity (Ohm*m)

2.0x10° 1 0.1p

1.5x10"

20 40 60 80 100 120 140 160 180 200 20 Ab Gb Sb 160 120
Temperature (Degree) Temperature (Degree)

(a) (b)
Figure 2. Temperature-dependent resistivitesof (a) conductors includingsilver,
copper, and aluminum, and (b) silicon substrate
At higher frequenciesfor the electrical modeling of TSV arrays in ai®h
interposer Figure 1), as theelectrical resistivity of silicon substrate is a function of
temperatureKigure 2b), the electrical performance 31SV array such as isertion loss

and crosstalk between neighboring TSVs can be affected by the thermal profile.

Therefore designing and modelingSV array must take into account the effect of



system thermal profileAddreseg the thermal effect on TS\Vand facilitating TSVarray
design requirecombined thermaglectrical modeling for TSV arrays.

In summary, lhe inclusion of simultaneouslectrical and thermal phenome
complicates the modeling @D systers and requires the development ofsimulation
methods. Althoughhiermaland mechanicalcharacteristics also interabecause of the
mismatch between coefficiens of thermatexpansion (CTE) of materialshe co-
simulationmethodsin this dissertatioimainly focuson electricatthermal modelingand

analysis.

2. Multiscalenature of 3D systems

For a 3D systemshownin Figure 1, the stacked IC regigrwhich has amaller
footprint than the PCB anpackage, usually contairzsgreat number of small features
such as TSVs, vias, and midoamps. Consequently, the stacked r€juiresfiner
meshing grids than the package and PCB. Because of-#astenceof bothsmallsized
featuresand the largesized package andCB, the scale differencef features ina 3D
systemcan reach 1:5000. Inaddition, aseach chip has its owfunctional blocks, it
requires different meshing gridss compared to other chip$he layout difference
between stacked chigsmn causéhe mesh grid$o propagate from one chip to another
with a conformal meshing appash. Thereforeperforming thermal owoltage drop
modeling of the entire 3D structure requiresnillions of meshing cells using either
conformal finite elementor finite volumebased meshing gridShe large number of
meshing cells can lead &xtensivesimulation time and large memory consumption. The
multiscale nature of 3D systarposes a criticatequiremenin terms of fast earbgtage

modeling and analysis at the system level. Thereforepieirig systerdevel modeling



andachievng fast simulatiomequires novelmultiscalemodeling and simulation methods

for both DC voltage drop and thermal analysis.

3. The requirement of faghermalsimulationwith varyingdesign parameters
Performing &st simulatiorfor a 3D system with varyindesign parameters b@oes
challenging when a greatumber of meshing cellare presentThe varying design
parameters include power ngapf dies,the thermal conductivity of a certain layer, and
air convection coefficieston boundariesTo accelerate the thermal simulationttwi
variouspower mapsmodel order reductiofMOR) techniques can be utilized. However,
becauseof multiple scales in a 3D systemeshingthe entire system can leadddarge
numberof cells and large thermal capacitance/conductance stiffness mathegsfore,
for thermal modeling of a 3D systemreating reducedorder models ROMs) using
existing MOR techniques becomeballengingwhen thesize of the system matrix is
large and manWIOR ports argpresent Althoughiterative matrix-solving techniqugcan
be used to compute projection matrices during theprocess of MOR, the time
consumption increases dramatically because of iterative solving procedairelo
circumvent this problem, a new thermal modelmgthoalogy that can handl&D

systems witlvaryingdesignparameterseeds to be developed.

4. Efficient modeling of micrauidic cooling

As the microchanndbased fluidiecooling technique(Figure 1) has becomea
promisingway of mitigatingthe thermal problem @D systems, ththermalmodelng of
microfluidic cooling has become requirementThe inclusion of a large number of
microchannels anthe fluid velocity complicates the thermal modeling procégthough

the computational fluid dynamic (CFEQased modatig approach can be used to model



one or two microchannels, it becomes computatigniatensive when microchannel
arraysare used for cooling 3D stacked ICs. Therefore, facilitateagly-design stage
thermalmodeling requires compatttermalmodelsfor microchannelshat camaccurately
represent thdluidic cooling behaviorand effectively reduce the simulation timeing
fewer meshed cells/unknowttsan that othe CFDapproach

Addressing theaforementionedhallenges for thelectrical/thermaimodelingand
analysis of 3D system®quiresthe development of novel numerical modeling methods,

which is the motivation of the research wetkboratedn thisdissertation

1.3 Contribution s

This dissertatiommainly focuses ordevelopingefficient electrical and termalnumerical
modeling andco-simulation method$or 3D integrated systesn The research work can
be classifiedinto two parts.The first part aims tonvestigatethe interaction between
electrical and thermal characteristics for PONswer delivery natorks)in steady state
and the thermal effean characteristeof TSV arrays at higlirequendces. The steady
state electricathermal interaction for PDNs is addredsy developing a DC voltage
dropthermal cesimulation method while the thermal effemh TSV characteristicss
studied by proposing a thermalectrical ceanalysis approach for TSV arrayShe
second part of the research focuses davelopng fast numerical methods for )(a
multiscale modeling for therah and voltage drop analysis) @onpact thermal modeling
of microfluidic cooling, and (c) systeralevel thermal modeling with varying design
parameters As part of the research effort, several numerical methods have been

developedThe contributios of the researchrelisted as follows



. The cevelopnent of a steadystatevoltage dropthermal co-simulation methodor
PDNs This casimulation methodiltimately takes into account themperature effect

on electrical resistivity anthe Joule heating effect on temperature increases. As a
result accuratevoltage drop analysisan be performed considering rRoniform
temperature profie in 3D systers. The developed esimulation solver also allows
identifying hotspots created by Joule heating.

. The develoment of a thermagklectrical analysis mthod for TSV arrays in
interposers. The temperatidlependent material properties of silicembstrate and

TSV conductors can be taken into account for the modeling of TSV arrays. As a
result the temperature effect on tiesertion loss, crosstalk, anaise coupling of

TSV arrays can be investigated.

. The development o& multiscalemodeling approach for both thermal andltage
drop analysis. The proposed approach provides the capability of meshing 3D
problems containing objects wittmultiple scales usg the domain decomposition
approach, which allowsidependenimeshing of subdomains with nomatching grids

at interfaces.

. The development ad compact thermal model fanicrochannebasedluidic cooling

The compact thermal modetan represent a micehannel using much fewer
unknowns/cells than the CFD approa#ls. a result, the compact thermal model can
enableefficient thermal modeling oBD systers with a large number of micro
channels.

. The development of a systdevel thrermal modeling method usy domain
decomposition and model order reduction. Theppsed method can be applied to

both steadystate and transietitermal modelingvith varyingdesign parameters.



1.4 Organization of the Dissertation

This dissertatiorconsists okightchaptersin Chapterl, the backgroundand motivation,
contributiors, and the organiation of this dissertationare introduced The major
challenges fomodeling andanalysisof 3D systems are discussdd. Chapter 2the
researchproblens to be addressed and priart that havebeen developeth the open
literature are investigated In Chapter 3 the steadystate voltage dropthermal ce
simulationapproactor PDNsis presentedn addition, he thermaklectricalanalysis for
TSV arrays is discussed, and the temperagtfeet on TSV characteristics iisvestigated
The multiscale modeling techniqder voltagedrop andthermalanalysis using the nen
conformal domairdecompositions introduced in Chapter 4 Chapter 5the derivation
of a compact thermal model for midluidic cooling is discussed.hE transient thermal
analysis using the proposed comphetrmalmodel for microfluidic cooling and domain
decompositionis presented. In Chapter 6, a systewel themal modeling approach
usingdomain decomposition and e order reduction iglaboratedin Chapter 7the
domaindecompositiortechnique for thermalnalysiss extended telectromagneti¢EM)
modeling which is the future workA 2D finite-difference norconformal domain
decompositiormethod for solving 22lectromagnetic problems is presentedally, the

summary and conclusion of the research work indissertatiorareshown in Chapter.8



CHAPTER 2

ORIGIN AND HISTORY OF THE PROBLEM

2.1 Designand Modeling of 3D Integrated Systens

The compteraideddesign (CAD) of3D integrated systesrequires modeling and
simulation tools that canverify the steadystate andtransient performance of
components before mass production. €leztrical and thermalerformance considered
in the scope othe researchinclude DC voltage droptemperaturedistribution, signal
crosstalk and noise coupling betwe&8Vs, andelectronagnetic behavios of plane
structures in a power delivery netwoifkor a 3D system with microfluidic cooling, the
performance of microchanneddso needs to be validateto reduce the design cycle of
t o dsaefedtronic products, the development of efficient numerical modeling and
simulation methods becomes more and more important.

The advancement of 3D integration technology bringsew conénts for modeling
and simulation First, as TSVs become key components for chip stacking in 3D
integration, capturing ther'SV characteristics (e.g.jnsertion loss and crosstalk
necessdtes the development of electrical models for TSV arr&yscircuit designers.
Secondthe vertical integration of IC dies resualgiin high power densities BD systers
makes thetemperaturean important factor to be considered in real desigrhe
temperature effects on electrical performancgich as voltage drop and he
characteristics of TSV arrayneed to be investigated through-simulation or ce
analysis approagls Third, emerging thermal management approash using
microchannel arrays makke thermal modeling of microfluidic coolingery important

As a contraisto the computational fluid dynamienodeling approachefficient thermal



simulationof a large microchannel array requires developing a compact thermal model
for microchannels

On the other hand, the advancement of 3D integration technology also brimgs i
challengedor modeling and simulation. The firshallengestems from the requirements
of performingthe thermal, voltage drop, andelectromagnetianodeling of multiscale
structuresarisingin 3D systemsThe seconcthallengecomes from the requireznt of
performing fast thermal modelingvith varying design parameters. Ags 3D system
integratesmultiple functional blockswith many tunable desigparamegrs optimizing a
design requires repeatingthe modeling and simulatiorprocesswith various design
parametersAs usual numerical modeling and simulation involves solviagmatrix
equationwith a givenexcitation As a result, thencrease in problem size anabdeling
complexity can complicate the matrix solving processhe specific challengesare
depicted inFigure3 andelaborated from a numerical modelisigngoint

Numerical electrical/thermal modeling of 3D structures becomes challenging
particulaty whenthe problem scales large and manynknowns argresentA practical
3D problem usually containeshomogeneoumaterial stackupsand both smalsized and
largesized objects such as TSVs, mitmomps, small apertures and voids, and large
planes in PCBs. Using the finite difference methoFDM) or finite element method
(FEM), non-uniform meshing grids can be used to reduce the number of meshing
cells/unknownsHowever, when a problemontainsmany objectswith multiple scales,
the large scale difference caill result ina largescale stiffness matrix (Figure 3)
becausef extreméy dense meshg grids in certairregiors using noruniform meshing

Efficiently modelingmultiscale structuresrequiresnumerical modeling techniques such
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as domain decomposition metts for voltage dropmodeling thermal simulation, and

electromagnetic modeling
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Figure 3. Numerical modelingchallengesarising from 3D integration.

In addition to the multiscale natucé 3D problems, difficulties arisen numerical

thermal modelingwhen fast simulation is required with various excitascend many

tunable design paramete(Bigure 3). As an examplesteadystate thermal modeling

requires resolving a matrix equatio when thethermal excitation is changedwhile

transient thermaimodelingrequiresrepetitively solving a matrix equationat each time

stepwith adynamicthermalprofile. Accelerating the modeling processyuiresbuilding

smaltlsized reducedorder models that can accuraely represent the original large

dimension modelsusing model order reduction techniqudsurthermore, building
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reducedorder models for problems containing tunable design parameters requires
parameterized model order reductithniques Reducedorder modelingusing MOR
has shownpromise when modeling smallsized problens or componers such asa
MEMS device or a chipHowever, as3D integrated systemconsisiof manyfunctional
blocks (e.g., dies, an interposer, a package, and a PC8&)tlyloreatinga reducedorder
modelusing model ordereductionbecomeshallengirg becausd€a) 3D systems usually
requirea largescale stiffness matrix an@) the computational cost of MOR increases
dramatically with the size of the stiffness matrixe number oexcitations(e.g., MOR
ports) and the number of tunable despparameters

In the next sectionhe prior methods for thermal modeling, reduoeder modeling,
DC voltage drop simulation, microfluidic cooling modelirggpnd modelingusing donain
decompositionare investigatedAs investigating theelectricalthermal interacion and
coupling for PDNs in steady stad@d forTSV array at highfrequenges composegpart
of the researchthe methods for electricahermal modeling and thelectrial modeling

for TSV arraysarealso introduced.

2.2 Methods for Modeling and Simulation of I ntegrated Systens

2.2.1 Methodsfor Thermal Modeling of Solid Media

In the pastecadea considerable numbef approaches have been devotedoth
the steadystate and &nsient thermaiodeling of IC chigand packagg[8, 9, 10, 11, 12,
13, 14, 1516, 17, 18, 19, 20 These thermal modelingnethodscan be classified into
two categories(1l) differential equatiofbhased methods an@) integral equatioased
methods. Thalifferential equatiorbased method starts formulating thermaproblens

based on differential governing equations and then constructs numerical schemes based

12



on discretizing entire structurs using volumetric mesh grids or cellsUsing the
constructednumerical schemes, thstiffness matrix can be created, and treginal
problemis converted to a systematrix equation. Because dielocalizedfinite-element
basis functions or finitelifference approximati®iused to derive the scheme, the
coupling béween nodes exists for only nearby cells or grids. As a result, the system
stiffness matrix is large and sparse.

The differential equatiobvased thermal modeling methods include fimate
difference methodnd thefinite element methadFor a finite diferencebased solvera
straightforwardfinite-difference approximationis used to approximate the fisand
secondorderderivativesof the heat equation. For a finite elembased solver, lineaor
high-order basis functions with unknown coefficientee aused to approximate the
solution. for thermal modeling with conventionatdksink cooling,the methods if8, 9,

10] are based othe FEM (finite element methodpand theapproaches in fil, 12, 13 are
based orthe FDM (finite difference method)or thermal simulatiorwith a large number
of unknowns, iterative solving techniques suclihespreconditioned conjugate gradient
(PCG) method are requiredo alleviate theeffect of the increasing problem sizen
simulation time thermal modeling using thd3yeometrical multigrid approach has been
proposed for the thermal simulatiasf IC chips in [14, 15. For transient thermal
modeling of IC chig, implicit methods such as the backward Euteethod and the
Crank Nicolson (CN) method16] can be adopted. Bause of the implicit formulation,
an implicitmethodrequires solving systemmatrix equation at each time step. To reduce
the computational cost using the implicit schem&Daransient thermadolverbased on

the alternating direction implicit (ADI) rathod has beemtroduced in [¥]. Instead of
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solving the originalstiffness matrix that has large bandwidththe ADI method
alternately solves three systematrix equations withri-diagonalstiffness matrices ithe
X, y,andz directions. Thereforejmulationefficiencygreatly improvs.

An integral equatiofbased method formulates th@oblem using an integral
governing equation. The method only discretiaésicture surface boundaries, and
excitation layers. Thereforayoiding thevolumetric meshingof the entirestructureleads
to a reducednumber ofmeshing cells andinknowns However, because of global
coupling between cells, the resulting system stiffness matrix is small but déree.
integral equatiosbased methalinclude the boundary etnent method (BEM) [18, 19,
20]. The boundary elemebbsed approach emplogsGreer® $unctionto estimate the
thermal profile. Because dhe Greerts function,the accuracycan belimited when
appiedto 3D inhomogeneouproblemsthat contaira complexmaterial stackup for ICs,

packages, and PCBs

2.2.2 Methods for Thermal Modeling of Microfluidic Cooling

For the modeling of microfluidic cooling, computational fluid dynamic simulation
[21], which is based on solvinfpe Navieil Stokes equationgan be applied. However,
because of the computatiolyalintensive nature of CFD simulation approaches,
simplified compacthermalmodels that can capture the flWdtooling behavior using
fewer unknowns are preferredlo capture the microfluidic cooling effect, several
approachedave been proposed i®,[6, 22, 23, 2425, 24 for steadystate thermal
analysis. A aedimensional1D) thermalresistance network witbonstant heat transfer
coefficients from all four surfaces of the microchannel has been proposed in [22] to

model the microchannel. A similar thermal resistance netlvagded microchannel model
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has been proposed in [23]. The model is combined with a SBtaace network model
for asolid medium to predict thiemperaturef multi-layered minichannel heat sinks. In
[24], for modelng the convection of boiling water in stackd&ds| an equivalent thermal
resistance model has been proposed basadoedimensional conservatiogquation A
thermalwake functiorbased model has been proposed in [25] to model microchannel
basedluidic cooling. The thermalvake function can be extracted using CFD simulations
or analytical formulae. The thermafke aware micrchannel model can be combined
with the conventional thermal resistance network for heat conduction to predict the
temperaturef 3D stackedCs.

For transienthermalanalysis, a compact transient thermmaddeling approacbhased
on the FDM has been proged for stackedds with inter-tier liquid cooling in R7).
Instead of using four nodes tepresenbne microchannel cell as in [25], the proposed
model uses only one node pmall. The modeling method in [27] hardonstrated

havinghigher efficiencythan that ofthe full CFD model.

2.2.3 Methodsfor DC Voltage Drop Simulation
Because of the finite electrical conductivity of metal conductors, a voltage drop

occurs when current flows through a PDN in an integrated system. For a PDN with a
regular shape, theoltage drop can be calculated using analytical equations and the
method of equivalent resistance. However, in a package or a PCB, a PDN usually
containsirregularshapes such as apertures, via atragd holes. Estimang the voltage

drop ina PDN with canplex structures requiresumerical simulation. Voltagedrop
analysis based oan equivalenicircuit approach has beegoroposedin [28]. A finite

volumebase®D voltagedrop analysis method has bedaveloped fothe packagdevel
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voltagedrop analysisn [29]. By meshing®DN conductors and formulating the problem
usingthefinite-volumescheme, theurrentdensityand voltagedrop can be&eomputed for

a2Dirregular power plane structure

2.2.4 Methodsfor Electrical-Thermal Co-simulation

In the past, thenteraction between electrical and thernchlaracteristichas been
studied A transistorthermal modelthat accourd for the self-heating(Joule heating)
effect was proposed in [30]. Later onmethods for combined electricathermal
simulationwere proposed dr the circuitlevel simulations in [31, 32, 33]. Among these
methods, a electrothermasimulabr that utilizesthe coupling betweethe SPICEcircuit
simulator and a finite-elementthermal solverwas proposed in [31]and a similar
electrahermalsimulaton methodvasdiscussedn [32]. An electrotiermal CADmethod
wasproposed for power devices and circuit analysis in [33]. Unlike the thermal modeling
methods in [31, 32], wbh were based on the finiteelementmethod an analytical
thermal model based anspectral domain decomposition techniduzs been derived for
3D complex geometries in [33]. For the modeling of passive devices, electrothermal
modeling approaches have been proposed for planar transformers iG§pased

interconnect# [35], andintegrated thirfilm resistors in [36].

2.2.5 Modeling using DomainDecomposition

Domain decompositigna divideandconquer approachallows the dividing of a
large complex problem into many sdbmainsthatare smaller and easier to handle. For
nontoverlappng domain decomposition with geometrical conformal meshings gaid
interfaces, the coupling between domains can be captured using the relationship between

interface nodes and interior nod&¥]. However,becausef the conformal mesh used,
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thetotal nunber ofmeshing cells cannot beffectivelyreducedThereforefinite-element
nonconformal domain decomposition metisaslich as the Mortar FEM [41hat uses
geometricalnon-matchingmeshing grig at domaininterfaces have been proposed. The
finite-elemem nonconformal domain decompositidmas beerapplied toeddycurrent
calculatiors in [38] and electromagnetic simulatioms[39, 4Q.

Finite-difference timedomain (FDTD) methods4p, 43] and finitedifference
frequencydomain (FDFD) approached4, 45, 46, 47] have been proposddr solvinga
variety of electromagneticproblems To enhance simulation efficiencydomain
decomposition finitedifference methogslhave been proposed for solving electromagnetic
scattering using parallelomputingin the time danain [43] and usingoverlappinggrids
and virtual boundaries ithe frequency domain4g]. However, the methods i3, 43
are based oronformal meshing gridsSincethe finite-difference formulation requires
conformal grids at interfaces to approximagrivatives in space, modeling using non
conformal domaindecompositionbased on finitelifference formulatioa can become
challenging for electromagnetgimulations A finite-difference domairdecomposition
approach using characterishasis functions ds been proposed for electrostatic problems

[49].

2.2.6 Methodsfor ReducedOrder Modeling

For the computeaidad designof IC chips,model order reductiotechniques, which
can create lovwdimensional reducedrder models that can reduce simulation time, have
been developedn the pasfew decadesa considerable number MOR methods have
been devoted to buildingOMs for interconnect systems and thermal modeling. Among

the MOR approache for interconnects, asymptotic waveform expansion (AV\E),
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Padéapproxmation via the Lanczos processl], a passive reducedrder interconnect
macromodeling algorithm (PRIMA)5P], and efficient nodal order reduction (ENOR)
[53] have been proposed. To accommodate the variability arising from interconnect
design, severalpaameterized MORtechniqueshave been proposed based on matrix
perturbation expansion theof$4], multi-parameter moment matchij§5, 56], and a
two-directional Arnoldi process5[/]. For thermal modeling using MOR, since thermal
modek consistof only thermal resistance and capacitanddOR approaches such e

block Arnoldi algorithm [58] and PRIMA can also be applie®9, 60, 61]. To handle the
variability in thermal modeling, parameterized MOR metho62, [63] have been
proposed based on projectionchiaiques [64] and the multi-series expansion

respectively.

2.2.7 Methodsfor Electrical Modeling of TSV Arrays

As TSVs provide signadnd power supplpathsfor 3D stackedchips, the electrical
modeling and characterization of TSV pairs and TSV arrays becompestant. &veral
approaches have been devotedn®modeling and characterization of TSV parameters
based on measuremsri65], closed form formulae6p, 67], andthe partial element
equivalent circuit method6B]. For the modeling of TSV arraysthe numerical TSV
modeling method using cylindrical modal basis functi@®&IBFs) has beeproposed in
[69]. Usinga small number of basis functionthe method in [69tanefficiently model
large TSV arraysand the modeling resultsaave been correlated withlF-wave solvers
and masurements. Tehmodelingmethod usingCMBFs has been used fdhe coupling
analysisof large TSV arraysn both frequency and time domairn [70]. For thermal

effects on TS\k, the temperature effect on TSV paiapacitance and conctance has
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been studied in7[l]. The emperaturelependent modielg of a single TSV capacitance
has beemproposed anderified with measuremesiin [72]. However,the thermal effect

on characteristics of TSV arrays has beén addressed so far.

2.3 Technicd Focus of ThisDissertation

The nvestigation ofthe aforementionedprior art provides the understandingof the
advantages and limitations ekisting modeling and simulatiotechniqus. With the
evolution of 3D integration technology, novel modeling amdulation methods must be
developed to facilitate 3D desigimhe technical focus of thidissertationis listed as
follows:

1 The investigationof electricalthermal interactions through the developmentaof
voltage dropthermalco-simulation approacfor PDNs and the thermatlectricalco-
analysis for TSV arrays.

1 The development o multiscale thermal and voltage drop modelimgproachto
handle 3D problems containing multiple scales.

1 The development of a compact thermal model for microfluidic coolinigdibtate
the thermal simulation &D systers with a large number of microchannels.

1 The development of a systdevel thermal modeling approathat canachieve fast
steadystate and transietihermal modelingvith many tunable design parameters and
hundredsof MOR ports.

1 Thedevelopmenof a finite-difference norconformal domairdecompositiormethod

for 2D electromagnetic modeling.
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CHAPTER 3

ELECTRICAL -THERMAL CO -SIMULATION FOR POWER
DELIVERY NETWORKS AND TSV ARRAYS

3.1 Introduction

In the past decadéhe powersupplyvoltageof IC chipshas beerontinuallyscaled
down to reducepower consumptionMaintaining thefunctionality of high-speed low
voltage IC circuitry requiresensuringthe power integrity andsignal integrity of the
system.One basiaegurementof power integrity is toddiver steadystatepower supply
voltagesand currentso IC chipswith less voltage drogia a power delivery networl&
power delivery network consssof passive metal conductors: power and ground metal
planes, viasapertures power and ground bumps, power and ground TSV interconnects,
and onchip power grids, as shown iRigure 4. Because of the finite electrical
conductivities of metal conductors, a PDN candy@esentedsing aresisance network.
Voltage dropsoccur when electrical currents flow through a PDN. Because of the
temperaturaependent electrical resistivigf metal conducta as shown inFigure 2a,
the thermalprofile of an electronic system can affect the voltage drop in a PDN. On the
other hand, when currents flow in a PDN, the Ohmic loss is converted to Joule heat,
which can increasthe systentemperatureAs a result, the electrical characteristics of a
PDN interactwith the thermagradient Capturing the temperature effect on voltage drop
and Joule heating effect on temperatueeessitatea voltage drogthermal cesimulation
approach.

In addition to maintaining powemtegrity, ensuring signal integrity requires

transmittingclean highspeed signalwith less insertion loss, crosstalk, coupled noise,
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power and ground bouncandjitters via signal communication patiig]. In a 3D system,
signal communication pashincludeon-chip interconnectgpackage and PCBlevel vias
and interconnectumps,and TSV arrag. Among a TSV arrayn a silicon interposer
(Figure4), the pitch between TSVs is usually in the range of 80 microns, which can
result in tight coupling amongneighboring TSVs. Most importantlyas the silicon
substratehas a temperaturelependent conductivityFigure 2b), the temperaturecan
affecttheinsertion Iss and crosstalk afSV array. The measurementgportel in [87]
have shown theffect of temperature variation dhe noise coupling ofa TSV pair.
However, modeling higldensity TSV array with temperature effesthas not been

carried out so farTo take the thermal effect into account for TSV arrayfhemal

L@itacked ICs

electricalanalysismethod is required

array ‘-IIIIII“- Silicon Interposer

Voltage regulator Silailskage

 m— Power plane 0O 00 OO0

anund plane

Package substrate

PCB
Carrier

PCEB Vias

Figure 4. A power delivery network and TSV arraysin a 3D electronic system.

In this chapterthe electricathermal modeling is carried out for power delivery
networks in steadytate andfor TSV arrays at high frequencies. To capture the
temperature effect omoltage drop in PDNs,a steadystate voltage dropthermal ce

simulation methods presentedThis co-simulation approach allowthe voltage drop
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analysisto takeinto accountthe nonuniform temperture distribution in a system,
accouning for the temperatureeffect on electrical resistivitiesThis approach also
provides the capability of performindpermal modelingwith Joule heating effest In
addition, to study the therrhaffect on TSV characteristicsthe thermaklectrical
analyss of TSVarrays is carried ot The temperature effect amsertion lossgrosstalk,

and coupled noise are discussed.

3.2 DC Voltage Drop-Thermal Co-simulation for PDNs

3.2.1 Co-simulation Flow

In stealy state, the governing equation for voltage distribution can be expressed as

o

A 1 5
Dcé%maf(x, v,2)§=0 1)

wherer (X,Y,z,T)and (X, Y, Z) represent the temperatedependentlectrical resistivity

and voltage ditribution respectivelyFor the steadystatethermalanalysis, the governing

heat equations for solid mediad fluid flow can be expressedfaiows:

Dk(x Y, 2BT(xy,2)]=-P(x¥,2) (22)

s cp\ﬁx, Y, 2) DT (x,Y,2) =D kDT (X,Y,2)) (2b)
whereK(X, Y, z) andT (X, Y, Z) represent the thermal conductivity the solid mediumand
temperature distribution, respectively, c,, and \ﬁx, Y,2) represent the density, heat
capacity and velocity distribution of the fluid, respectivelyk; is the themal

conductivity ofthe fluid [73, 74]. In Equation (2a) P(X,Y,2) is the total heat excitation

including the heat source frothe chip andthe Joule heanhg convertedirom the Ohmic

lossin aPDN. The Joule heatingan be expressed as

22



Pioud%.¥,2) = JE(x, y,2) (3
where Jis the current density anEljx, y,z) is the electridield distributon ina PDN. It
should be noted that the chip power map (heat sosm®ideredn the simulation is
fixed. A temperaturadependenthip power map(e.g., leakage poweaf chips) canalso
be used in the formulation presented, which has notibekmed inthe simulation

Thetemperaturelependenglectrical resistivitican be expressed as

r=rl+a(m- T)l 4)
where r is the electrical resistivity af,, which is 20 C, anda is the temperature
coefficient ofelectical resistance. As shown Figure 2a, with increasingemperature,
the electrical resistivies of conductorsincreaseand can eventuallyaffect the voltage
drop ina PDN. Because othe temperaturdependent electrical resistivityX, y,z,T)

and Joule hemtg generatedn a PDN theelectrical and thermadharacteristicgoupleto

each otheand form a nonlinear systems showrin Figure5.

plx,y,z.T)
\ 4
Thermal Field Electrical Field
-V-(kVI)=P _v.(lw):o
D
T P(x,y,z)

Figure 5. Relationship betwesn electrical and thermalfields.

Obtainng an accurate voltage distributiom a PDN with temperatureand Joule
heating effed requiressimultaneouslysolving the electricatthermal equation(1-4). To
account for the temperature and Joule heating sffatiterative voltage drogthermal

co-simulation methodhas been developed, as showfigure6.
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Figure 6. An iterative voltage drop-thermal co-simulation flow.

Theiterativesimulationtechnique consists of the followipgocedurs:

1.

Setting input information layout parameters, initial material properties, excitations,

andboundary conditions fahe steadystatevoltage dropand thermal analysis.

current distributionin a PDN.

distributions.

The geadystate voltage distrution simulationis carried outto obtainvoltage and

Heat source (Joule heat)are calculaed from the obtainedvoltage and current

By updating theJoule heat excitatigrihe steadystate thermal simulatiois carried

outto obtain the temperature distribution of the system.

conductors ina PDN are updategl there

included.
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Based on the temperature distribution oled, the electrical resistivis of

by the thermal effect on voltage drop is



6. The convergencef temperature and voltage distributioissdeterminedThe final
thermal and voltage distributions apbtainedif convergence igeached;else, the

iterations are continued.

For establishing aniterative cesimulation procedurethe voltage-distribution
equation (1) with émperaturaependent resistivés and thethermalequatiors (2a) and
(2b) with Joule heating effeateed to be solvedn general, the Joule heating generated
by the PDN in an electronic system can cause limited temperature inciaases
convergence can be achieved. However, for designs without careful considerations, the
Joule heating can cause sharp temperature increases that leaectmvengence, which
can also be captured using therative electricathermal cesimulation metrod. To
efficiently updatethe distributionsof temperaturgJoule heatand voltagedrop, the same
meshgrids need to be used for bothe voltage dropand thermal simulation®\s a 3D
systemcontainslargesized planes and smaflized structures suclas TSVs, C4s,and
apertures3D nonuniform mesigrids arerequired to reduce the number of unknownos,
reduce the simulation timeand also toaccuratelycapture all geometriesn the next
section, the numerical schemes basedherfinite volume methodareintroduced using

noruniform rectangular grsl

3.2.2 Finite-Volume Schemes

The formulatios for solving theDC voltagedrop andheatequations are discussed in this
section.Although 3D noaniform rectangular grslareused inthe simulationthe finite

volume formulation isexplainedon 2D noruniform grids for simplicity.
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3.2.2.1 Voltage Distribution Equation

The formulationfor solving thevoltagedistribution equatior{l) is performedusingthe
temperaturaependent resistivityThe 2D rectangulameshfor compuing the voltage
distribution is shown irFigure 7. In Figure 7, f; ;represents theoltage at grid point
(i, J), which is surrounded by o nodes.x, Ox,, Dy, andDy,are the nodal distances
between noddi, j) and its adjacent nodes i andy directions, respectively. It is
assumed that the fourrsaunding cells of nodg, j) have different temperaturds, T, ,

T;, andT,, which can be obtained frothethermal simulation.

Ax
AN 1Ay
& |
‘ A
| R T% Ay,
o ; o o X
(1)) . H : '
Py ‘l’; oo ‘|’i+1,_; EA
EURRR S i Ay
i T, |
V
(I)L -1

Figure 7. A 2D rectangular meshfor computing voltage distribution.
To apply the finite volume method, nodle |) is surrounded by a finiteolume cell
(dashed lingin Figure?. The intersection pota between the dast cell and other four
cells are thecenterpoints of each celBy integratingEquation (1) over the dashed cell

and applying the divergence theorem,altain

1 o
n————DbFf(x,y,2)Chdl =0 (5)
dagedr(x’ Yy, Z’T)
line

where fris the outward pointing unit normal vector at the boundary of the dashed cell.
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Initially, the temperature distribution assumediuniform; thus the electrical resistivity
r(x,y,z,T)is a onstant. By applying the finitdifferenceapproximation to the first
order derivative off in Equation (5), the finitevolume schemeat node (i, j) can be

obtained as

I7J
rby rox, roy roy,

d d w w

fi,j'fi-],j +fi,j'fi+Lj +fi,j'fi,j-1+f"'fi,j+1: (6)

wherew= (¥, + [X,)/2 andd = (B, + Dy,)/ 2. Note that the finitevolume scheme of
Equation (6) is anaurrenjawus t o t he Kirchhof f¢
To include the temperature effect on voltage distribution, the temperature

distribution T;, T, , T, and T, in the surrounding cells are considerétinally, the

finite-volume scheme witthetemperaturelependent resistivitig generalized as

a by Q ] Dy, ~ _
é%/'(Tl)D(l f(T4)D( g i 1J %(Tz)a(z r(Ts) D(zg '+l]
2o ) 2 : 3., - =0 (7
éﬁr(-rl)qll +/’(T2)Q/1+ o 1) %(D)Q/z f(Ts)Q/Zg f J+1 (7)

3.2.2.2 Heat Equation for Solid Media

In thermal simulation, the thermal conductivityis consideredas aconstant.For heat
transferin a solid mediumonly heatconductionneeds to be considereAs the heat
equation (2ahasthe same form ag&quation (1), the same finkeolumeformulationcan

beapplied The scheme for heat conduction can be obtain¢tchs

T Teng  Tig- Ty T Tigea T - Tija Py ®)
Dy Dx Dy Dy,
kd kd kw kw
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where By = - (X, ¥, 2)dS is the total heagxcitationin the dashed cell.

dashedcell

To obtainan accurate temperature distributiofh a realistic systemthe convection

boundary condition

KM = h(T-T,) ©)

convection

needs to betaken into accountin Equation (9), T, and h, represent the ambient
temperature and convection coefficient, respectively. The funteme formulation
procedure caalsobe applied athe convection boundary with noniform meshgrids, as
shown inFigure8. In Figure8, node(i, j) at the convection balary is surrounded by a
finite-volume cell(dashed line). By integratingquation (2a) over the dashed cell and

applying the divergence tbeem, weobtain

iK%y, 2DT(xy,2)Gdl = {- (X v,2)dS (10)
dashedine dashectell
Ti, j+1 Alr
H
Ay P
& Ly T T,
¥ ® L ®
Ay e
: T
€ - - Ib; —-—==>

Figure 8. A convection boundary with nonuniform meshgrids.

Then, ly applying the finitedifference approximation to the firstder derivativeof

T(X,Y,2)in Equation(10) and incorporatingquation (9), the finitezolume scheméor

heat equation wita convection boundary conditiaat node(i, j) can be expressed as
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T Ta Tij-Tiag  Tii- T T Tija _

1 X q,l @2 total

h.d kd kDxi2  KkDx/2

(11)

whered = (D, + Dy,)/ 2.

3.2.2.3 Heat Equation for Fluid Flow

For a fluid-cooled integratedsystem, themodelingof fluidic cooling is required. For
fluidic cooling usingbuilt-in microchannelgFigure 1), asthe crosssectionaldimension
of a microchannelis much smaller than its length, the flow velociéyong the
longitudinal direction is much larger th#matin thelateral directionThereforejt can be
assumed that thituid only flows in the longitudinal direction andhe flow velocity is
constantThe 2D nonuniform mesh o& microchannel inside a chip shown inFigure9.
Thear er age f | vdalongtkely directionhas béemsedfor simulating the flid

flow in microchannelsAs a resultEquation (2b)can be converteds

scpv% =D kDT (X, Y, 2)) (12)

S§2 \ ‘Ti jt+1
Ay,
TH‘J' i 'TLJ: 'Ti+1_j

///”;nJ4
S1
=
R WagFlow

Figure 9. Nonuniform meshgrids for simulating a microchannelin a chip.
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By integrating Equation (12) over the dashed ceill Figure 9 and aplying the

divergence theorenkquation (12) becomes

fpcpvTiGhdl = kDT Ghdl (13)
S1+S2 dashedline

whereS1and S2 are the upper and bottoboundaies of the dashed cellas shown in
Figure 9. For the righthand side ofEquation (13), the same formulatidar a solid
mediumcan be used. For the ldfaind side, since the centraiife-difference schemean
generatanstability in certain cases [16the backward difference approximation is used

The finitevolume scheméor fluid flow can bederived as

T . -T.yi T:-Tyw: T.-T.4 T.-T,

LVBN LY AWl IY M LY AP 1Y M T i 1 B YL =scpV(Tij-Tij.0)  (14)
Dy Dxy bn Dya S
kd kd kw kw

wherew = (Dx; + Dx,)/2 andd = (Dy; + Dy,)/ 2.

As the average flow velocity along the longitudinal direction is used in the model,
the heat transfer coefficiefitneeds to bapplied atthe boundaies of microchanned to
model the heat transfer between the solid medindhthe fluid flow. The effect of this
boundary condition is importansince eliminating it can cause incorrect chip
temperature§75]. For water flow inmicrochanned, the Reynolds number is usually less
than 230Q thus, the flow is laminar 77]. For a fully developed laminar flow inside
rectangulamicrochanned with constant heat flux, the Nusselt number can be expressed
as [77]

Nu=8.23%- 2.0421+ 3.0853 24765 1.0578 0.18618

+
c a a’ as at a® =

(15)

where a is the aspect ratio @rectangulamicrochannel
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The average heat transfer coefficiérdan be obtained analytically from theisselt
number and expressed as

h=Nud/D, (16)
where D, is the hydraulic diameter ofraicrochanne[76]. The same formut#n for air

convection bound&sin the last subsectioan be used to model the water convection
boundary between the solid medium and water flow.

Basal on the #orementoned finite-volume schemesfor the voltagedistibution
equation, heat equatidor solid meda, and heat equation fdluid flow, a steadystate
voltage dropthermal ces i mu | at i BowerESodhasvbeerdevéioped.This solver
has been used 8imulatevoltage distribution and thermal distribution with Joule heating,
air convection, and fluid cooling effectsSeveralnumerical test cases adéscusgd in

the followingsection.

3.2.3 Numerical Test Cases
3.2.3.1 Model-Verification Examples

To verify the correctnesand accuracy of the moddbr heat conduction, agonvection
and Joule hdmg, a PCB examplehas been simulated. In addition, twexamples of
microfluidic cooling have beenmulated to validate the finitgolumethermalmodel for

microfluidic cooling

A. A PCB example with Joule heating #ect

A two-layer PCB withthe size of 10 c® 5 cm is shown irFigure10. A 2.5 V voltage
source is placed at orend of the top power planélniform curren flows from the

voltage source tohe current sink, which is placed thie other endf the board The

31



thicknesgsof copper plane andielectriclayer are 36 rmand 350mm, respectivelyAir
convection is applied toath the top and bottorsurfaces of théoard.In this example,

the thermal conductivity ahe dielectridayeris 0.8 W /(mK) .

Voltage Drop

25V

Voltage Current

source l
10 cm

Figure 10. A PCB with rectangular planes.

Because othe rectangular shape of thewer plane, ie voltage drop acresthe

plane can be calculatesing the analytical equation

DV:IR:Ir—SL (17)

wherel is the length and is the crossectioral area of the power plan8ecauseof
Joule heangP =1 DV generated fronthe Ohmic loss, theemperature of the PC&an
increase. Th@CBtemperatureanbe obtainedoy

T = Ta + I:)CHRlotaI (18)

whereT, is the ambient temperatuef 25 C andR_, is the total thermal resistance

otal
because ofieat conduction and air convection.
Without the Joule heating effecthe analyticalEquations (¥) and (B) can be used
to directly calculate thevoltage dropandtemperature fothe power plane. Witthe Joule
heating effect, thaterativec | as si ¢ Ne w78 has lzeeruses tobbtaih the

voltage dropand temperatureThis examplehas beersimulated with and withouthe
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Jaule heating effect usintpe PowerETsolver. The compariserof simulaed results and
the results fromthec | assi ¢ Newt onds egeationsardshavnid anal
Figurell

As shownin Figure 11, without the Joule heating effect, the temperature of the
power plane is ket at the constant room temperature of Z5 (Figure 11b). Therefore,
the voltage drop ikereases linearly with increasing curreas shown inFigure 11a.
However, withthe effect of Joule heating under the condition of air convectioth a
heat transfer coefficient of & /(n’K), we obseve that the temperaturéncreases
nonlinearly with increasing currentHigure 11b). As a result, the voltage drop also
increases nonlinearly witimcreasingcurrent Figure11a). In addition Figure 11 shows
that thesimulakd results match well with theesults fromthe analyticalEquations (17

18)andclassicaN e wt o n 6 sindicatingtmeoadcuracy of theroposedmethod

140

' T T ] 250 T T T T T T
—{0— No Joule heating (analytical) . .
1204 —©—No Joule heating (simulation) No Joule heat!ng (a_nalytlc_al)
A~ With Joule heating (Newton's) 500 —O— N(? Joule heatlng (5|mulat|or.1)
. —7— With Joule heating (simulation) m 1 & With Joule heating (Newton's)
< 100+ 3 —7— With Joule heating (simulation)
E >
o 80 & 150+
2 °
Q 60 5
o < 100
©

g S
% 40 - a
> £ 504

201 —

0 T T T T T T T T 0 T T T T T T T T
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
Current (A) Current (A)
(a) (b)

Figure 11. (a) Voltage drop and (b) temperature of the power planewith and
without Joule heating effect.

B. An example of microfluidic cooling

To test the accuracy of thmodel for micrdluidic cooling, am example ofa single

microchannel is simulatefirst. Themicrochannehnd its crossectional view arshown
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in Figure12. Thelengthof themicrochannels 20 mm andthecrosssectional dimension
is 0.12 mn¥ 0.24 mm. Thehermal conductivity of théulk silicon is150 W/(m&) as

in [75]. Thethicknessof the coveris 0.05 mm and its themal conductivity is set to be
0.2W/(mC) . The heat flux density o#00000W/m is applied at the bottom of the

silicon substrate. Théemperature of thénput water is set to be 2€. To test the
convergace of the simulation, the cresection of thenicrochannels meshed with 2
2,43 4,83 8,163 16,and 32° 32 cells (mesh level to mesh leveb), respectively.
With a flow rate of 14.4 mg/s (0.864 ml/min), the simulated averagget
temperature of thenicrochanneland average base temperatofethe substratevith
differentcrosssectional mesh refinemeydre shown irFigure13. It shows that both the
microchanneloutlet temperature and base temperature converge with-saaigsal
mesh refinement. As shown Figure13, using 43 4 mesled cells fneshlevel2) for the
crosssection of the microchannel, the average nulcamnel outlet temperature and base
temperature ard6.070 Cand41.93 C, respectively Compared to the final converged
outlet tempeature and bastemperatureof 46.074 Cand42.17 C, the errors for the
averagemicrochanneloutlet temperature and base temperature are bsghtlan 1%.
Therefore, using 4 4 meshed celldo represent themicrochannelcrosssection is
adequateo obtain accurate reks for this example. Using # 4 meshed cells for the
microchannelcrosssection, this example is also simulated with different flow rates
rangingfrom 5.76 ng/s (0.3456 ml/min¥o 28.8 mg/s (1.728 ml/min)The simulated
average base temperatures of the bulk siliche CFD simulation results using
COMPACT™, andthe analytical results reported in [J&re shown irFigure 14. From

Figurel14, we observe that the simulated results friraPowerETsolveragree wellwith

34



the CFD simulation results usingOMPACT™ and the analytical results in [75
Compared to the simulatéemperauresusingCOMPACT™, themaximumerror is less

than 6%, showing the accuracy of the presented method.
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Figure 12. A microchanneland its crosssection.
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Figure 13. Averageoutlet temperature of the microchanneland base temperatureof
the bulk silicon with mesh refinement (unit: Celsius).
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Figure 14. Average baseemperatures of the bulk silicon with different flow rates.

C. An experimental ekample

An experimental test vehicle consisting of a silicon chighwfluidic cooling using
microchannels has been described in. [Fo verify the finite-volume model for
microfluidic cooling against measuredsults, the test vehiclgf microfluidic coolingin
[4] hasbeensimulated.The structure is shown iRigure 15. The chip size is tm?3 1
cm, and the power consumption is 45 W. A total of faicrochanned areuniformly
distributed on the chip as desbed in [4. The crosssectional dimension of each
microchannel is 0.1 mm 0.2 mm. APyrexglass cover plate is placed tiretop of the
microchanned. Natural air convection witha convection coefficient of 3V /(n7K) is

applied to both the top and bottom surfaces of the packdgethErmal conductivity of

the chip is set to bel10 W/(mK) . The temperature ofwater at the inlets of
microchanned is 22 C, andthe heat capacity ofiatercis set to be 4180 /(Kg X).

The materiathicknesgsand thermal coductivitiesare listed inTablel.
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. Microchannel
Chip —»

Underfill—

(b)
Figure 15. A package withmicrofluidic cooling, (a)system view, (b) mss-sectional
view.

Table 1. Material thicknesssand thermal conductivitiesfor the experimental

example.
Thickness | Thermal Conductivity
(mm) (W/mK)

Substrate 0.35 0.8
Copper 0.036 400
Chip 0.3 110
Underfill 0.2 4.3
C4 0.2 60
Microchannel 0.2 0.6
Pyrexglass 0.1 1.1
Channel pitch 0.094 0

A 3D noruniform mesh has beeusal to approximate the chipynderfill layer,
substrateandmicrodhannels. For each miabamel, the crossection ismeshed using 4
3 4 cells, as shown inFigure 16. This test vehicle has been simulated with different
water flow rates. The comparisons tife simulated and measured average outlet
temperature of the microchanned and average chip temperasiege plottedin Figure
17. As shown in the figure, withthe water flow rates of 65 and 104 ml/min, the
differencesbetweerthe simulated average outlet temperadaed measurementgl] are
0.1 and 0.28 C, respectively. The relative error is less than 4.5% for the outlet

temperature. Fothe average chip temperature, with water flow rates ofaf 104
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ml/min, the temperature differencegtweenthe simulation andneasurementare 2.6

and 1.7C, respectively, as shown Figure17. Consideringhe inlet temperature as the
basis, the alculated corresponding errors are 13.7% and 13.9%, respectively. The
relative larger error for thaverage chip temperature mag caused bthe average heat

transfer coefficienh usedin the modefor fluidic cooling

~
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Figure 16. Crosssectional mesh of microchannel.
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Figure 17. Average outlet temperature and average chip temperature using
simulation and measurements.

3.2.3.2 A Practical Design Example

In an IC package ol printed circuitboad, a PDN usually ha anirregularshape with
manyvoids andaperturesTo simulatepracticaldesigrs, a new interfac¢hat can import

board and package design files fr&@adence SPBoftware intathe PowerETsolverhas
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beenemployed A PCB exampleis shown inFigure 18a. In Figure 18a, the board
dimension is60 mm 3 31 mm, and thechip dimensionis 9 mm3 9 mm The total
power consumptioof the chipis 50 W, and its noaniform power map is illustrated in
Figure 18b. The thermal conductivity of thermal interface material (TIM) /2 mK) .
The heat sink is motkd as an iddaheat sink wih a constant room temperatuoé 25
“C. This examplenas beersimulated witha convection coefficient of SV /(n’K)on

both sides of the boardhe voltage dropsimulation is carried out first withn initial
system tempetare of 25 CelsiusThesimulatedvoltage and temperature of the chip with
electricatthermal iteratios are shown irFigure 19. It shows thatompared tahe initial
voltage drop of 15 mV, the final voltage dropcieass to 18.2 mV. Therefore, the
thermal effect on voltage drop is 21.3Becauseof the power density from the chip and
Joule heat fronthe PDN, the final chip temperature increage 921 C. It is important

to note that in this>ample, the chip temperature increase is mainly caused by the power
densityof the chip Since orchip power grids ar@ot includedin the simulation the
Joule heat generated in the PCB only increases the chip temperature 8y. 0f& final

temperature and voltage distributiarfshe boardare shown irFigure20.

00 00 00

00 00 OO

25|35 3 3

(@) (b)

Figure 18. (a) A board example (b) a nonuniform chip power map (unit: W).
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Figure 20. Final voltage and temperature distributionsof the board, (a) voltage, (b)
temperature.

3.2.3.3 A 3D Systemwith Microfluidic Cooling

A 3D integrded system with microfluidic cooling s also simulated usng the
PowerET solver The 3Dintegratedsystemconsists oftwo sets of stacked chip86
microchanned, hundreds of TSVs, Cdand a packagesubstrate. The structure of the
system is shown ikigure2la. The package has five metal layetsvo signal layers, two
power plane layersand one ground plane layas shown irFigure21b. The two power

plane layers are shtedtogetherusingmultiple vias to redice thevoltagedrop. A 2.5V
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voltage source is pt&d at the corner of the package. In each set of stacked chips, the top
chip is stacked on the bottom chip using TSVs emcto-bumps. The package size is 20
cm?3 20 cm and the size of each chipis 1.1 énl.1 cm

In this 3D integragd packagethe power consumptisrior Chipl, Chip2, Chip3, and
Chip4 are 100 W, 100 W, 50 Vdnd 50 W, respectivelyniform power maps are used
for all chips.To efficiently dissipate heafor this highpower 3Dsystem the method &
microfluidic cooling is usedvith chilled watey as shown inFigure21. In each chip, nine
microchanned with a crosssection of 0.6 mnt 0.2 mm are used. Thenfigurationof
microchanned and TSVs of the stacked chips shownin Figure22. The georstrical and

material parameteesummarizedn Table?2.

Convection

h\7 Micro-channels

Chip2 Chip4
Chipl Chip3

Signal
Power

TSV —>

Underfill —>»|

Power
Ground
Signal

Figure 21. A 3D inte(gar)ated system withmicrofluidic coolin(gk,))(a) whole system(b)
cross-sectional view.

Air convection witha heat transfecoefficient of 5W/(nf’K) is applied ¢ both the
top and bottom surfaces of tigackage. This example is simulated with both Joule
heating andluidic cooling effects.In the simulation, fourchips are supplied witthe
same water flow rat& hetemperature oinput water at the inlstof microchannes is 22

“C. To validatethe effect of fluidic cooling, thetraditionalcooling method using heat

sink is also simulated for comparison. Tthermal conductivityof TIM is 2.4 W/(mK),
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andthe heat sink is assuih¢éo be an ideal heat sink wigtonstant room temperature of
25 C. In the simulation 3D nonuniform rectangular gisdare used resulting inabout
166 K unknowns foithethermal simulationForthevoltage distribution simulation, sie
only conductor cells are considered as unknowns in the simulation]l bk unknowns

are usedThe simulation took fivaterations to converge. The total simulation time was

401.4 seconds.

0.15mm 0.8 mm 0.6 mm
‘ A
IZJ o [m] El |:| ] O o m} [m]
0 [ ] o m| O o [ | O m| (O
0.9 mm 1[(

Ellmm

[0 TSVs for bottom chip [ TSVs for top chip

W Thermal TSVs ————— Microchannels

Figure 22 The configuration of microchannels and TSVsfor stacked chips.

Table 2. Geometrical and material parameters

Material Thermal Conductivity
Thickness (mm) (W/mK)

Glassceramic 0.35 5

Copper 0.036 400
Chip 0.5 110
Underfill 0.2 4.3
C4 0.2 60
TIM 0.2 2.4
TSV (Tungsten) 0.5 174
Microchannel 0.2 0.6
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With awater flow rate of 104 ml/mifor each chipthe simulated temperatsrasing
the microfluidic cooling and traditional heat sinkare shown inFigure 23. It shows he
simulated results converge in five iteratioAs. can be seen frofiigure 23, usingthe
heat sink, the final temperatures of Chipl, Chip2, Chap8l Chip4 are@7.6 C, 156.8
C, 97.5C, and 4.9°C, respectively. Howeverising the microfluidic cooling their
temperatures becon®.5°C, 101.5C, 60.3C, and61.8C, respectively. Therefore, the
microfluidic coolingcan greatly reduce themperature fohigh-power3D stacked ICs

The simulated voltagewith the micrdfluidic cooling and traditional heat sinkare
shownin Figure24. The initial voltage drapof Chipl, Chip2, Chip3and Chip4 ared.8
mV, 832 mV, 609 mV, and 632 mV, respectivelyUsing the traditionalheat sink, the
final voltage drop of Chipl, Chip2, Chip3and Chip4 are 105 mV, 109.6 mV, 758
mV, and B.7 mV, respectively. Therefore, the thermal effixireass the voltage drop
of Chipl, Chip2, Chip3and Chip4by 30%, 32%, 24%and 25%, respectively. However,
with the micrdfluidic cooling, the thermal effecd only increasethe voltage drop of
Chipl, Chip2, Chip3and Chip4by 20%, 20%, 18%, and B%, respectivelyAs the
microchannebasedfuidic cooling canreducethe chip temperaturdse less tharl02 C
for Chipl and Chip2 and less than &2 for Chip3 and Chip4Figure23), the thermal
effect onthevoltage drops dramaticallyreduced compared to thaging heat sink.

After establishingthe convergenceof the co-analysis, the final temperature
distributions of chip and microchanned are shown irFigure 25. It shows that the chip
temperature is much higher than the water temperature insideitnechannel The
large temperature gradient at the boundamgaused byhe relative larggpowerdensity

of the chip and smalieat transfer coefficient betweeretliquid water and silicon chip.
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Figure 24. Voltages of (a) Chipl and Chip2, (b) Chip3 and Chip4with iterations.

(a) (b)
Figure 25. 2D temperature distributions of microchannels and chips, (a) Chip1, (b)
Chip3 with aflow rate of 104 ml/min (top view).
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