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CHAPTER 1

INTRODUCTION

1.1 Background

Threedimensional (D) system integration is believed to be a promising technology and
has gained tremendous momentuntha semiconductor industry recently. The concept
of 3-D integrated circuis is shown irFigurel. In 3-D ICs, multiple dies are stacked, and
vertical interconnections between dies are realized by thrsilighn vias (TSVs). These
TSVs arethe coe technology that replace long intercoctsein 2D ICs with short
vertical interconnects. The shortened wian result in low wire delay, less parasitic
effects and higher clock frequeng¢$-3] than 2D ICs, thereby improving the overall
system performancdn addition, it is possible with-B heterogeneous integration to
stack different functional modules, including memory, MEMS, antenna, RF,
analog/digital blocksnto a package. Among all the components in th2 §ystem as
shown inFigurel, the silicon interposer with TSVs anedistribution layerRDL) traces

is a key enabler and thus needs to be carefully designed ieveaabptimal system
performancg4]. As a resultfhe fast and reliable simulation of the interconnections in
the silicon interposer is a necessity to speed up the design cycle time, while maintaining

accuracy of the results.

1.2 Motivation

The slicon interposer is expected to have high input/output codimes wiring lines and
many TSVsModeling and design dhe silicon interposer can be challenging due to the
following reasons: (1Bilicon substrate is not an ideal medium for signal transmission
since the interconnections and TSVs are exposed to @ulifosses due to leakage. (2)

TSVs are multiscalestructureswith oxide thickness less than one micron and aspect



ratio of 1:20 or higher(3) Hundreds of interconnects routed with fine pitch on silicon
substrate will cause enhanced coupling betweegnsil lines, which can introduce
distortion (4) The insulatingoxide layer around TSVs and below the RDL traak®
influence the characteristics of interconnections, causing frequopandent parasitic
effects.(5) Theresistanceand conductance of TSMstemperature depeent because of

the temperaturdependent conductivityp]. Moreover, TSVsonnected to multipleohg

RDL transmission lineswill lead to frequent signadia transitiors in the silicon
interposey which results in combined signal and power integrity issues. As a result,
modeling the interconnect response of higmsity signal paths with TSVs thesilicon

interposer is becoming a critical task.

Heat sink

Analog
EOXONONONON

Digital

RDL traces

Redistribution
Layer (RD
Silicon
Interpose

TSVs

Package Substrate

Figure 1. Silicon interposer with TSVs and RDL traces in 3D systems

1.3 Contributions

This dissertation mainly focaes on developjg an efficient modeling approach for

silicon interposesin 3-D systemsThe cortributions of the research are listed as follows:



1. The investigation of the coupling effects in large TSV arrays. The importance of
coupling between TSVs for low resistivity silicon substsaie quantified both in
frequency and time doman This has ben compared with high resistivity silicon
substrate. The comparison between the two indicates the importance of jitter and voltage
analysis in TSV arrays for low resistivity silicon substrates due to enhanced coupling.

2. The development of an electromagin modeling approach for namiform TSVs. To
model the complex TSV structures, an applotor modeling conical TSVs groposed

first. Later a hybrid modeling method which combines the conical TSV modeling method
and cylindrical modeling method is praged to model the nesmiform TSV structures.

3. The development of a hybrid modeling approach for power delivery neswBiBN)

with throughsilicon vias (TSVs). The proposed approach extends faykir finite
difference method (MFDM) to include TSVs bextracting their parasitic behavior using

an integral equation based solver. Using the proposed modeling technique the
power/signal integrity othe PDN with TSVs/througtglass vias (TGVSs) in lossy silicon
interposes and low loss glass interposes investigated and compared.

4. The development of an efficient approach for modeling signal paths with TSVs in
silicon interposes. The proposed method utilizése 3-D finite-difference frequency
domain (FDFD) method to model the redistribution layer (RDBphgmission lines. A
new formulation on incorporating multiport netwsrikito the 3-D FDFD formulation is
presented to include the paitec effects of TSV arrays ithe system matrix.

5. The development o& 3-D FDFD nonconformal domain decomposition thed
(DDM). The proposed method allows modeling individual domains independently using
the FDFD method with nematching meshing grids at interfaces. This “sonformal

DDM is used to model interconnections in silicon interpgser



1.4 Organization of the Dissetation

This dissertation consists nine chapters. In Chapter 1, the background and motivation,
contributions, and the organization ofstllissertation are introduced. In Chapter 2, the
research problem to be addressed and prics @udt have been deloped are
investigated. IrChapter 3, the coupling effects in large TSV arraysrarestigatedand

the coupling effects in low resistivity and high resistivity silicon substiate compared.

In Chapter 4a modeling @proach for noruniform TSVs isproposed In Chapter 5, a
modeling approactior the power delivery network with TSVs is proposed and the
simultaneous switching nois&$N in silicon and glass interposeare analyzedIn
Chapter 6, an efficient approach for modeling the signal paths W8W¥s in silicon
interposes is presented, this approach u$iege-differencefrequency domain (FDFD)
techniquecoupled withanintegral equation based method where the latter is applied to
TSVs. In Chapter 7, the -® FDFD nonconformal domm decomposibn method is
proposed amh used to modelthe interconnections in silicon interposeChapter 8
presents the possible future work. Finally, the conclusion and summary of the research

work in this dissertation are presented in Chapter 9.



CHAPTER 2

ORIGIN AND HIST ORY OF THE PROBLEM

2.1 Introduction

To design higkspeed signal paths with TSVs in silicon interpesand perform
signal/power integrity analysis for3 systems, the electrical model of TSVs must be
obtained using design parameters such as material and tgeanfermation. Then, this
electrical model can be usead obtainoverall systemperformance. Therefore, many
approaches have been proposed for modeling and analysis of [RS¥& chapterthe

prior research foelectrical modeling of TSVs istroduced.

2.2 Lumped Element based TSV Mdeling

Figure 2 shows a typical structure of TS\{§]. The conductor core of TSV usually is
made of copper or tungsn. A thin oxideliner layer is deposited around the conductor.
For the lumped element based TSV modeling, an equivalent circuit model can be
constructed from physical intuition usirapm RLCG element[7]. The model contains
series resistance and inductance of copper conductors, shunt oxide capacitance, and shunt
silicon admittance. The value of each component is found by tuning the circuit element to
fit its frequency response with measurementadising the parameter optimization
method Since this model isot tied to the geometricahd physical parameters of TSVs,
several approaches apresented to obtain the clostdm formulae for theRLCG
elements in the equivalent cirit model[7-11]. The p -type equialent circuit is shown

in Figure 3, whereR and L denote the peanit-length (p.u.l.) resistance and inductance

of the TSV, C,, denotes the p.u.l. capacitance due to the oxide laret,C, and G,

denote the p.u.lcapacitance and conductance of the silicon substiai@ever, these



resistancenductance models were not rigorbusgerivedanddid not consider the nen
uniform current distribution ISV conductor caused adjacent TSVs, thereforeaan

not captureall the semiconductor effectsThis equivalent circuit model was again
investigated in[12], where rigorous closefdrm formulae for the esistance and
inductance of TSVs are derived from the magwptasistatic theory with a Fourier
Bessel expansion approach. This equivatémuit model can capture the important
parasitic effects of TSVs, includirgkin effect, proximity effect anthssysilicon effects.

It can generate accurate results comparable-Bo f@ll-wave solvers.The equivalent
circuit model is extended ifiL3] to consider all the pard&i componats of the TSV,
wherea scalable electrical model of TSVs including bump and RBteswvas proposed
Although lumped element modeling can provide reasonable good results for the insertion
loss, it becomes difficult toextend this method to motldarge TSV arrays sincéhe
current distribution irone TSV conductor will be affected by all the other adjacent TSVs
and becom nonuniform in high-density TSV arraysit is difficult to use analytical
eguations taccuratelyaccount for the complex ant distribution in TSVs andapture

all the coupling effectbetweenTSVs Hence a full wavanalysismethod is required that

is scalake to multiple TSVs as in arrays. Because of the rugltile dimensions of TSVs
(oxide thickness and aspect ratithis becomes a very challengitegsk and is a major
bottleneck for commercially avalidéee EM solvers where large arrays of TSVs must be

modeled.
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Figure 2. Typical TSV structure (a) CrosssectionSEM image of TSVs (b) cross
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2.3 Electromagnetic Modeling of TSVs

To address the problem of modeling large TSV arrays, a modeling method based on
sol ving Maxwalintegra form gsypeposed ifil4-16]. In this approach,
specialized basis functions which approximate the current and charge in the TSVs are
derived. Using these basis functions, the electrical response of the structure can be
extracted by s oatiomsi Th@gnodsliagkflaneid shadvs ifrigued. This
proposed method can generate equivaRbhCG parameters of TSVs that represent the
following parasitic elements.

(1) Conductor series resistanand inductance: This represents the loss and inductive
coupling in copper conductors, which are due to the volume current density distribution.
The conductor series impedance can be extracted by solving the electric field integral
equation (EFIE) with ylindrical conduction mode basis functions (CMBFH)].

(2) Substrate parallel conductance and capacitance: This represents the loss and
capacitive coupling betweemrductor and insulator surfaces, which is produced by the
surface charge density distribution on the conductor and dielectric surfaces. The parallel
admittance can be extracted by solvthg scalar potential integral equation (SPIE) with
cylindrical accuralation mode basis functions (AMBFs). The conductance terms can be

computed by using the complex permittivity for silicon definethaquation(1) [17]:

ssi ) (1)

Si,i

€, = &€

Si,i

(1- jtand- |

where e, is the dielectric constantsis the conductivity of silicon andandis the

intrinsic loss tangent.
(3) Excess capacitance in oxide liner: This represents the effect of the insulator between
conductor and silicon substrate, which originates from polarization current in the

insulator. The new basis functigrsalled polarization mode basis functions (PMBFs)



[15] are proposed to capture the polarizatiomrent density distribution. The excess

capacitance isxtracted by solving EFIE with PMBFs.

Silicon substrate £
Insulat
Con ctor\@ @/
—— b .
- -

Polarization current in oxide modeled with PMBF
0., (for excess capacitance extraction)

Total charge modeled with AMBF
(for parallel C,G extraction) R&IL

‘— —
Conductor current modeled with CMBF -
(For series R, L extraction)

Figure 4. Modeling procedure for 23 2 TSV arrays [16].
All of these elements can capture the -fumiform effect of charge andurrent

distribution in the TSVs, which depends on the proximity of the neighboring TSV
interconrections. As illustrate in Figure 4, the extracted individual elements are
combined to generate the complete eqenaktircuit model of the entire TSV structure.
A major challenge in modeling TSVs arises from the nsdéle dimensions of TSV
structure due to the thin oxide thickness, aspect ratio and the need fimgadultiple
TSVs. Using thespecialized basis fictions described above eliminatiie need for
meshing the structure and therefasecomputationally less expensive and memory

efficient.

2.4 MOS Capacitance in TSVs

To obtain a rigorous model of TSVs, the voltatgpendent MOS capacitance of TSVs
should beconsidered.The TSV shown inFigure 5(a) consists of a cylindrical conductor

surrounded by an oxide liner embedded in a silicon substrate, which is a cylindrical



metaloxide-semiconductor (MOS) structure. Such @Vlunder bias condition exhibits a
capacitance behavior similar to a @amMOS capacitof18]. Figure5(b) shows a typical
capacitance ¢, ) plot with change in the gate voltagé,( for a planar MOR:apacitor.

As shown in Figure 5(b), at high gate voltage the MOS capacitance has three

possibilities: deep depletion, high frequency, and low frequency.

1
| Low Freqguency Curve

Accumulation
Region i

Inversion/Deep
Depletion Region

High Frequency Curve

Capacitance (C,)

i Deep Depletion C’urve
Ves V1
Gate Voltage (V)

(b)

Figure 5. (a) Schematic cross section of a TSV biasedthe depletion region (b)
Capacitancevoltage plot for a planar MOS capacitor.
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The first analytical model of the MOS capacitance efiscproposed inf19]. This
analysis is performed by analytically solwv
approximation (FDA). The FDA simplifies the analysis by assuming that the depletion
region (formed in the semiconductor) is fully deteld (i.e. there are no mobile charge
carriers in the depletion region).

The full depletion approximation enables a simple analysis but it does not provide the
most accurate result. A more accurate electruadiel of a TSV is presented[i20]. This
met hod performs exact analysis by solving

coordinate usinghe RungeKutta method 21].

2.5Modeling of RDL traces on silicon interposer

In the silicon interposer, signal paths often consist of TSVs and RDL transmission lines.
When designing # signal paths with TSVs ia silicon interposer, the RDL is an
essential component that should be considered with the TSV. Therefore, modeling and
analysis of RDLs is also important for 3D system design. An analytical modeRDL
is proposed if13]. In this approachRDL tracesare modeled using analyticaduations.

A RDL structureon a dielectric layemwith structure parameters shown inFigure6 and

the proposed equaent circuit model is shown iRigure7. An dectrical model of the
signal paths inthe silicon interposer can be obtained by combing this analytical mddel o
RDLs withthe analytical model of TSVs discussed in the previous section. However, this
model is mostly analytical and liteid to a few interconnectsffiEient approaches for

modeling a large number of RDLs and TSWsreforeneed to be investigated.

11



Figure 6. RDL structure on dielectric layer with its structure parameters

o C 0

RDL
1!
]

_TO_SUB

Figure 7. The equivalent circuit model of the RDL traces.
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2.6 Technical Faocus of This Dissertation

The investigation of the prior arts for TSV modeling provides the understanding of the
advantages and limitations of existing modeling techniqi®¥gh the evolution of D
integration, efficient modeling tools are needed to itatd 3D IC designs. The technical
focus of this dissertation is summarized as follows:

1. The investigation of the coupling effects in large TSV arrays. The importance of
coupling in large TSV arrays is quantified in both time domain and frequency domain

2. The development of modeling approacfor nonuniform TSVs

3. The development of a hybrid modeling approachafppower delivery network with
TSVs.

4. The development of an efficient approach for modeling signal paths with TSVs in
silicon interpses.

5. The development dhe 3-D FDFD nonconformal domain decomposition method and

its application for modeling interconnections in silicon interpgser

2.7 Summary

This chapter introduces the origin and history of the research. It reviews previous
modeling @proaches for the interconnections in silicon interpoSaveral lumped
TSV/IRDL modeling approaches are briefly introducadd later an electromagnetic
modeling approach for TSVs arrays is investigaiBie advantages and limitations of
these previous maiding approaches are also provided.he limitations of existing
modeling approachédsr the interconnections in silicon interposeotivatethe technique

research in this dissertation.
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CHAPTER 3
COUPLING ANALYSIS OF LARGE TSV ARRAYS USING

SPECIALIZED BASIS FUNCTIONS

3.1 Introduction

A TSV pair with dimensions is shown Figure 8. Unlike vias in packageand PCBs,
TSVs are embedded ialossy silicon substrate and surrounded by a txide liner.
Therefore,the TSV-to-TSV coupling path will includehe TSV conductor, oxide liar,
and silicon substrate, which mmore complicated and significant than traditional wire
coupling[22]. The coupling of the TSV pair shown kigure8 is examined anérigure
10(a) shows the codmg S-parameter of thigSV pair. We use this TSV pair to perform
transient simulatiornd obtan the coupled noise at the victim TSWM.he configuration

of the transient simulation is shown kigure9 and the simulation results show that the
coupled noisean reach upot 150mV, which can not be neglectex$ shown irFigure

10(b).

radius: 15um oxide: 0.1um

conductor conductor

height: 100um

Y

\

pitch: 80um TSV cross-section view

Figure 8. TSV pair with dimensions
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Voltage amplitude: 1V

S I
+ R=50 Ohm T R=50 Ohm
v i
B é 2 77 Coupled noise

Terminated with 50 Ohm resistance

Figure 9. Transient simulation setup for TSV pair.
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Figure 10. (a) Coupling for TSV pair, (b) Coupled noise obtained at TSW2.
Because othe high integration density of interconnections in 3D stacked ICs, a large
number of TSVs need to be used in the silicon interposer packageoupling between
TSVs in TSV arrayvecome more complicated since one victim TSV saaunded by
many aggressor TSVs, therefore, it is very difficult to estimate the coupling in large TSV

arrays. This chapter focuses on analyzing TSV arrays and provides details on the

coupling effecsin large TSV array$23, 24].
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3.2 TSV Modeling With Cylindrical Modal Basis Functions

This section describes the TSV modglimethod used in TSV array coupling analysis.
This method can generate equivaldRiLtCG parameters of TSVs by classifying TSV
structures into the following three parts: (1) Conductor series resistance and inductance:
this represents theesistive loss and inductive coupling of the copper conductor, which
can be extracted by usirie electric field integral equation (EFIE) [3] with cylindrical
conduction mode basis functions (CMBFs) [4], (2) Substrate parallel conductance and
capacitancethis represents the resistive loss and capacitive coupling in the substrate,
which can be extracted by usinbe scalar potential integral equation (SPIE) with
cylindrical accumulation mode basis functions (AMBFs) [5], (3) Oxide liner excess
capacitancethis represents the capacitive coupling between the conductor and substrate,
which can be extracted by usitige EFIE with new basis functions called polarization
mode basis functions (PMBFs).

Since the details of the modeling are discussed in previous[2jpwe briefly describe

the three pds of the extraction procedunsing different basis functions.

3.2.1 Conductor Series Resistance and Inductance Extraction

The EFIE equation used in the inductance and resistance extraction is given by [5]

J(r,w) 2)

¥ j%fp(iﬁ)jm,maw:- B (F.w)

The current density of a conductor segmeocan be approximated using the following

equation
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‘_jj (F’ VV) @a I janVJnQ(Fi VV) (3)

Where\X/,-nq(F, w)is the basis function in conductor segmjewith ordern and orientation
g

After inserting tle approximatior{3) into the current density term (@) and applying the
inner produc(4) based on Galerkia method,

<\7\/imd (F, w), _)i> = ﬁ_ﬂ}:md (F, w) &dv (4)

\%

the following equivalent voltage equati(®) can be obtained.

I J

a Ijanmd,jnq + JM/a Ijnqlﬁ'md,jnq = D\/n'Jnd (5)
ng n,q
1 .~ -~ — -
where Rmd,jnq =; imd (ri’V'/)QVJHQ(rj’V'/)y
v,
= M s e (i, ) Qg (F ! avd
Limd,jnq —4_ N ﬁ/Vimd(ri,'/’/)@anq(rj,W)T Vj VI
(VAR ‘r. = r.‘

and
P 1 Lo L L —
DV, 4 =- < i (ri)Wima (ri, w) @S
S

In the above equations,i, m, drepresenthe index ofthe inductive cell, the order of

CMBF and the orientation of CMBFespectiver.med(ri,m is the cylindrical CMBF

with the (i, m, d)-th order.
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3.2.2 Substrate Parallel Conductance and Cpaacitance Calculation

The SPIE equation used for substrate parallel conductance and capacitance calculation is

expressed as:

1 - - . - (6)
——fe(r,ra(ri,mavi=F(r,w)
welf
By inserting the charge density distributiumction q= a s Qu¥ing@nd appling the

inner prodict

<\7|md(F,W),§<> = PYma (7, W)XS (7)

the following equatior8) can bededuced fronthe SPIE(6).

a R(?n(?lnq an = E[()i (8)

Inq

~ T |
where I:)kcr:’ng)lnq = n ﬁ/ md(rk)vlnq(rl)ﬁ .
3 SN

n-,
Here k,m,drepresent the index @he conductor number, modal order and orientation

respectively&‘fm'fmqls the partial potential coefficient between thg,md)-th and

(I,n,g)-th order modes. The supetipts C and D represent the conductor surface and

insulator sufaceof the TSV, respectively.

3.2.3 Oxide Liner Excess Capacitance Extraction

The EFIE equation used for the extraction of the excess capacitance in oxide liner is

given by

18



%+ JW%V[’IP(FH)?(F] wadVi=- B(r,w) 9)

Using a similar process as for inductance and resistance extradhenfollowing

equation(10) can bededuced fron{9), expressed as

a Ilan-'- a jM’Lkmd,IanInq = ﬁ_:lkmd Q' 5)d\/k (10)

I,n,q J M’Ckmd,lnq I,n,q Vi
where cex = GG &)

ah {Hkma @inqdV,
and

_m . — = - - e 1
Linaing =~ N e 1) Ukma(r k) Qing (1) =——=; dVjdV,
a0 ‘r. - r“

! ]

Here k,m,dalso represent the index of conductor number, modal order and orientation
respectively.

Equationg(5), (8), and(10) can be combined into a large matrix equation, which relates
the terminal currents and nodal voltages to the modal circuit elements consisting of the
conductorR-L elementsthe parallel conductance and capacitancehie substrateand

the excess capacitance the oxide liner.Sincethis TSV modeling method uses a small
number of global modal basis functions, it isore efficient than the full wave
commercial EM solvers avaible and has been celated with other results ifl6].
Moreover, gce this method is scalable, it can be easily extended to arrays of TSVs. In
the following sectionthe TSV modeling method describesdusedto obtain themodel

for a large TSV arraywhich has then beensedfor coupling analysis ithis chaper.
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3.3 Characteristics of Coupled Waveform in TSV Array

The flow of the proposetransientcoupling analysis @proach is shen in Figure 11

This method starts by obtaining a TSV array frequency domain model. Once the model is
obtained, it is converted to a Spice aittuit model which can be used for time domain
simulation in Hpsice. This is done using Idef5] which enables the development of a
macromodel by preserving passivity and causality. After generating the Spiceb
model, the effects oaveformcouplingin the TSV arraycan be obtained by performing

time domain simulationAll transientsimulations are performed using Hspice.

%tep 1: Generae TSV array model usina
the integral equation based TSV modelin
(method describedin Section3.2

JL

%tep 2: Convert the TSV array model to )
Spice subcircuit model using ldemfor time
([domain simulation.

L

Step 3: Excite a pulse waveform at tt
faggressor TSVO and
waveform at nearby

J

J

Figure 11. Modeling flow for coupled TSV analysis.

The structurdor TSV coupling analysiss shown inFigure 12. To perform coupling
analysis, a TSV array model is first generated using the integral equation based TSV
modeling méhod described in Sectidh2[16]. In thisexample, we generates® 5TSV
array model of the strugte shown inFigure 12. The dielectic constants of silicon and

silicon dioxide used were 11.9 and 3.9, respectively. The copper conductivity used is
s =5.8310'S/m. The TSV diameter, substrate thickness and oxide thickness ame,20
200mmard 0.1/1m, respectively. Before performing the trament analysis, the -S

parameter model of the TSV arrays obtained using the modeling approach is examined
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oxide thickness=0.1um

silicon

height=200um

diameter=20 um

Figure 12. 53 5TSV array structure.
The coupling between TSY andother TSVs (TSV2, TSV-3, TSV-5, TSV-25) is shown
in Figure 13. The frequency range fsom 1000 Hz to 10 GHz. It can be seen that the
isolation is highand the coupling haa sharp slopet low frequency As frequency
further increases, it showspmsitive ramp indicating that the coupling increases with
frequency.
Theinsertion loss off SV-1 is shown inFigure 14. It illustrates thathere is significant
signal loss anthe insertion loss increasezpidly to 1.1 dB at 1 GHZThe sharp slope of
the insertion loss at low frequency is due to the small dkiee thickness resultingn a
larger oxide capacitaecwhich provides a leakage path to the silicon subsiefie As
frequency increasethe insertion loss showsnegativeslope indicating the signal loss

increass with frequency.

-20
-30—_
-40—

dB(S, 28)
dB(S, s)

dB(S, 3)

=Y
[=Y
(@)

4 5 6
Freq (GHz)

Figure 13. Coupling between different TSV pairs.
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Figure 14. Insertion loss of TSV-1.

The structurefor TSV coupling analysis ishe same asshown in Figure 12. The
configuration of TSVs irthe couding analysis is shown ifkigure15. In the TSVarray,
TSV-1 is defined ash a g g r ES¥& which is excited with one pulse with 2 V
magnitude andO ns width. The pulse rise and fall timmare both 0.1 ns. All the other
TSVs other than ground TSVs in the array are ddfiagi v i cTSVYsinwhich are

terminated with 50 Ohm resis®on both sides, as shownkiigurel5.

Pulse amplitude 2V

—-+50 Ohm — Terminated
resistor to ground
'

50 Ohm Termmated
resistor ~ to ground
AAggressor TS\W fiVictim TSV o AGround TSVO

Figure 15. Configuration of TSVs in coupling analysis.
Three different test cases are slated and compareda)(silicon substrate conductivity

is 10 S/mand no ground TSV is usefy) silicon substrateonductivityis changed to
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0.01 S/mand no ground TSV is usef;) silicon substrate conductivity is 18/m and

ground TSVsre usegdas show in Figure16.
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Figure 16. Positions of the ground TSVs in Case (c).

Ground TSV

In Case (a),TSV-2, TSV-7 and TSV-25 are selected to observe tmupledwaveform

from aggessorTSV-1. The coupkéd waveform results are shown Figurel17. Ascan be

observed fronFigure 17, with substrate conductivitgpf 10 S/m, the peak amplitudes of

the coupéd waveform at TS\2, TSV-7 and TSW¥25 are 95 mV, 35 mV and 7 mV,

respectively.The coupling is morebvious atthe adjacenfTSVs (TS\2 and TSV7) of

the aggressofSV-1 due to shorter distanc®Most importantly, it is observed thall a

these coupled wat@ms have a very long tail, and the farther the TBdm the

aggressor TS\, the longer is the tail. Hence, the time constant of the coupled waveform

i ncreases

wi t h

t

he

di stance

t

o

t he

NRaggr es

capacitive natureof silicon. The long tail of the coupled wavefosntan havea

detrimental effect on the signal integrity of the silicon interposerce the effect of

coupled noise is present on the coupled TSV for an extended period of time. Such an

effect will never beseen in low loss dielectrics such as in organic/ceramic packages or

printed circuit boards.
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Case (b)s simulated tabservethe coupling effects of TSVs in high resistivity substrate.
As is well known, a high resistivity silicon substrate behaves lilk@valoss dielectric.
Thecoupledwaveforns at TSV-2, TSV-7 and TSV25 are shown irFigure18. As can be

seen fronFigure 18, the long tail of the&eoupledwaveform disappea and the amplitude

of the waveform is also smaller as compare€#&se (awhen silicon conductivityvas

10 S/m. The comparison of the peak amplitude of the eduplaveforms is shown in
Table 1. From our prelimnary simulation results, we can see that the high resistivity
substrates better forreducing the coupling between TSVs in the TSV array structure.
This conclusion is validated &ection3.4. However,alow resistivity silicon substrate is
preferred from a manufacturing standpoint due to existing manufacturing infrastructure

and lower cost. Hence, methods to reduce this coupling are required.

0.1 R .--&.-TSV_Z
: ——TSV-7
é .
008 3 TSV -25
]
< ie
S 0.06—5
g | Y
g Pt
S 004 3§
> é 4
S
0.02 \:"n.,
.g. M’
. e o
0 ‘°'°'°'0-o--0-0-0--0--0'°"°'"° PPYTT TTTL Thk e
-0.02
0 1 2 3 4 5
Time (s) x107°

Figure 17. Coupling waveform with substrate conductivity of 10S/m
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Figure 18. Coupling waveformswith substrate conductivity of 0.01 S/m.

Tablel: Compari son of peak amplitude of dAvict
silicon substrate
Silicon substate TSV-2 | TSV-7 | TSV-25

Conductivity: 10 S/m | 94mV | 35mV | 7mV
Conductivity: 0.01 S/m|{ 22mV | 11mV | 3mV

In Case (c),ground TSVs, as shown ifigure 16, are included and the silicon
conductivity is set to be 10/8. It is simulated to observe the effects of ground T&Vs

the coupled waveformirigure 19 shows the comparison of the coupled waveform at
TSV-13 with and without ground TSVs. It shows that when there is no dro@&V in

the TSV array, the coupled waveform at F$¥ has a spike, which can distort the signal
when the signal is switching. However, with ground TSVs used, the spike disappears and
the crosstalk becomes a smamthvaveform, as shown iRigure 19. This is due to the
ground TSVs providing shielding that can reduce the couletggeen TSVs, as shown

in Figure20. However, even with shielding a long residual waveform irtithe domain

exist on TSV¥13 which has considerable amplitude. This effect is unique to TSV arrays
due to the presence of the silicon substrate, which is caused by the slow wave mode,
resulting in amagnetic field that penetratéise silicon substrate thrgh the shielding
conductor.lt has been concluded in the past that three modes exist for a microstrip line

on SiSIO2 doubldayer systenj27] as shown irFigure21. Three modes are separated
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based on the frequency, thickness of SiO2 layer and Si substrate and silicon conductivity.
1) When the product of the frequency and resistivitjhef$tsubstrate is large enough to
produce a small dielectric loss angle, the silicon substrate act as a dielectric, which is
guastTEM mode. 2) When the product of the frequency and substrate conductivity is
large enough to yield a small depth of penairainto silicon, the silicon substrate act as

a conductor wall, which is skin effect mode. 3) When the frequency is not so high and the
resistivity is moden, the slow wave mode occur§SVs have a similar structure to-Si

SiO2 system and these threedes also exist in TSV structuf@8]. A TSV pair is
simulated in CSTMicrowave Studig[29] to investigate the thremodes in TSVs. The
conductivity of the silicon substrate is first setsat 0.01S/ m and the electric field and
magnetidield distribution at 0.5 GHin silicon substrate are obtained as showRigure

22. Both dectric field and magnetic field penetrates the silicon substrate inslitege

TSV pair in the quasTEM mode. The conductivity of the silicon substrate is then set at

s =5.8e7S/m. There is almost no electric field and magnetic field in thieos
substrate as shown Figure23, which indicate that the TSV pair in tekin effect mode.

Later, the condetivity of the silicon substrate is setsat=10S/ m. The electric field and
magnetic ield at 0.5GHz in silicon substrate are obtained as showigure24. Intrinsic

impedance is calculated using the simulated electric and magnetic field Vidleelsw

intrinsic impedancef A :H =582Windicates the electrical field partially penetrates

the silicon substrate and verifidmtthe slow wave modexistsin the TSV pair.
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Figure 19. Coupling waveform with substrate conductivity of 10 S/m and ground
TSVs.
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Figure 20. Coupling S-parameter between TSV1 and TSV-13 with and without
ground TSVs.
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3.4 Eye Diagram Analysis of TSV Arrays

In this section, the eye diagraanalysisof the TSVarray structureés simulated The TSV
array structure used to obtain the eye diagrams is the sameFagire 12. The same
three test casgg) (b) (c)as inSection3.3 are used for simulation. In the eye diagram
analysisall the TS\& other than ground TSVs are definedisignal TSVe. As shown in
Figure 25, eachsignal TSV is connected with 80 Ohm resistor andandom bit
generator The random bit genera®iransmit different random bit sequences to the input

of different signal TSVs. The bit rate of the random bit generator is set to be 5Gb/s.

Wy 50 Ohm Terminated
g e g IR — resistor -

to ground
- (@)

- '

Random Bit Generator: % 50 Ohm Terminated
—

—>
01011% . resistor to ground

nSignal TSVO AGround TSVO

Figure 25. Configuration of "Signal TSV" and "Ground TSV" in the TSV array for
eye diagram analysis.

The simulatedeye diagrams of TS\ and TSV13 for case §), (b) and(c) are shown in
Figure26, Figure27, andFigure28, respectively. The eyeeight and jitteof TSV-1 and
TSV-13for three casearealsosimulaed and summarized ifable2.

Table 2. Eye height and jitter in case(a), (b) and (9

Cases Eye height(V) Jitter (ps)
Case (a) TSV-1 2.01 7.18
TSV-13 1.8 8.64
TSV-1 249 7.17
Case (0) 15y.13 2.49 7.93
Case (¢) TSV-1 2.01 3.55
TSV-13 1.85 3.85
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Casea Since the low resiwity substrate is usedhé¢ increased coupling anaing tail of
the coupled noiséFigure 17) will deteriorate the signal transmitted, whichange the
risefall times and amplitudeof the signad, similar to puse deterioration due to inter
symbol interference (ISI)Thereforethe coupling and long tail of the coupled noise

causesvariability in the eye height and increases jitter for T8¥nd 13 as shownn

Figure26.

Voltage (V)

Time (seconds) x 107° Time (seconds) x 10

(@) (b)
Figure 26. Eye diagram of (a) TSV1 (b) TSV-13 (substrate conductiviy: 10 S/m).
Caseb: As shown inFigure27, for high resistivity substratesince the coupled noise has
narrow width with low peak amplitude, the coupled noise has less effect on rise/fall time

and amplitude ofhe signad transmitted. Therefor¢here is no variability in the eye

height between TS\ and 13

Voltage (V)
Voltage (V)

10 Time (seconds) x 107°

Time (seconds) X107

(@) (b)
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Figure 27. Eye diagram of (a) TSV1 (b) TSV-13 (substrate conductivity: 0.01 S/m).
Casec: The ground TSVs are used in the TSV arfBElye number of signal channels is
reduced tdl1 asaresult of surrounding the signal TSVstiwiground connectiond here

is no spike exists in the coupled wavefonhen multiple ground TSVs are included as
shown inFigure 23, therefore theoupled wavefornin case (c) has little impact on the
rise/fall times of the signals. As a resuhe jitter is reduced by 4ps compdto case (a)
and (b)as shown irFigure 26. With shieldingusing ground TSVsthough the jitter can
be reducedas shown irFigure 28, there is still a long tail of the coupled waveform

which will affect the amplitudes of the signals. Therefihievariability still exists in the

eye height between TSY and 13.

Voltage (V)

05

Time (seconds) x107™°

Time (seconds)
(a) (b)
Figure 28. Eye diagram of (a) TSV1 (b) TSV-13 (substrate conductivity: 10 S/m)

As can be seen from thesultscomparison irFigure26-Figure28, without using ground

TSVs, there is oversiotin the eye diagrams for case (a) and (b), which is caused by the

spike in the coupkkwaveform.
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3.5Summary

The TSV modehg approach using global cytincal modal basis functions isriefly
descrbed in this chapter. This mod®y approach classifies the mesdicale TSV structure

into three parts: (a) Resistance and inductance extrachipisupstrate capacitance and
conductance extraction, (c)x@e capacitance extraction. Since only a small number of
global basis functions are used, it can model large TSV arrays. The CPU time comparison
using this approach artdecommercial fulwave soler CSTMicrowave Studid29] are
compared if16] and shown imable3.

Table 3. CPU time Comparison of the CST and proposed method

CST(sec.) Proposednethod(sec.) Numberof freq. point
ThreeTSVs 8608 773 50
FourTSVs 10694 1227.24 50
53 5TSVarrays | N/A 16555.77 40

The modahg approachs later used to investigate tkietails on the coupling between
TSVsin large TSV arrayanddetermineheir effect on signal integrity. Coupling for low
resistivity substrates induces variability in signal integrity across the silicon interposer
which can be a major problem. Depending on the signal to ground ratio, the jitter can
increase as well. Though this issue can be solved by using a silicon substrate with high
resistivity, it is not a practical solution from a manufacturing stamdt due to the ast

and infrastructure. Hence, alternate methods are required to address the variability issue

to address signal integrity in silicon interpaseith low resistivity.
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CHAPTER 4
MODELING OF NON -UNIFORM THROUGH -SILICON VIA USING

SPECIALIZED BASIS FUNCTIONS

4.1 Introduction

TSVs are treated as cylindrical structures in the modeling method described in
CHAPTER 3. However, in reality, the fabricated TS\®metimesend up with a non
uniform structureas shown inFigure 29. The tapered TSVs have different reflection
noise, signal loss and parasitic effects compared to cylindrical TIB\kis chapter, a
hybrid approach for electromagnetic modeling of -omiform throughsilicon vies
(TSVs) in three dimensional integrated circuits (3D ICs) is proposed. Foumnidorm

TSV structures, TSVs are divided vertically into conical and cylindrical sections. The
modding of the conical TSV is extended fromil6] and usesconical modal basis
functionsto extract electrical parasitic elements of conical TS¥g using the conical

TSV modeling method combined with cylindrical TSV modeling method, complex TSV

structures can be modeled efficientf$0]. The accuracy of this hybrid method is

validated by comparison with3 full-wave simulations.

(@)

34



Figure 29. Crosssectional image of real TSV structure, (a) SEM crossection view
of laser drilled blind vias in silicon[31], (b) SEM crosssecton of TSV after
integration [32], (c) crosssection of 3DWLP TSV [33].

4.2 Conical TSV Modeling

The structure ofconical TSVsis similarto cylindrical TSVs except the conical contour.
Therefore, he conical TSV modeling procedure can be divided into three siariisir as

[16]: (1) Resistance and indance extractionwhich represents the loss and inductive
coupling in conductors(2) Substrate parallel conductance and capacitance extraction,
which represents the loss and capacitive coupling between conductor and insulator
surfaces(3) Excess capacitece extraction, whichepresents the effect of the insulator
between conductor and silicon substratee modeling flow for a conical TSV pair is

shown inFigure30.

‘ !
-
!ﬂlarizatiun current in oxide
qd (modeled with conical PMBF)
W \(Eess C
Parallel GC P
model ’
Total charge\ 4 ‘
(modeled with conical AMBF) [

Conductor current
(modeled with conical CMBF)

Series RL model

Figure 30. Modeling flow for a conical TSV pair.
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4.2.1 Conical Conductor Series Resistance and Inductance Extraction

The electrical ®ld integral equation (EFIE]J34] used to gtract resistance and

inductance of the conicalonductor is the same as [ih4], but V in equation(11) is

extended tdheconical volume of the conductor.

o O .
IO, iwme CC TS mavi=- 5w
S 4p v

(11)

After inserting the gproximation ofthe current density in equatiof12) and applyng
Gal er ki nds mé@3)cambd gbtaieegl.u at i on

I (1, W) @81 jugWina(r, ) (12)
n,q
é I janmd,jnq + J Wa I jnqLimd,jnq = D\/irLd (13)
nq n,qg

1.C C ..C C m..C C .C C 1
where Rind.ing = S ﬁNimd(ri W) ®anq(rj W), Limd, jng = E rﬁNimd (r,w) ®vjnq(rj ) W)md\/] dvi
Vi i i

ViV

v\\7jnq(ﬁ',w) is the normalizegnqgth order conical conductio modal basis functions
(CMBF), and j,n,grepresent the index of the cell, modal order and orientation of
conical CMBF, respectively.V,,V;in equation (13) are conical volumes Partial

resistance and partial inductance can be obtained by numerically integrating in the
conical volumé/;,V; shown inFigure31. The conical CMBFs are obtained by modifying

the normalizatiorfactor ofcylindrical CMBFs[14]. The normalization factor of conical
CMBFs is a function of the conical cressctional radius, describedequation(14). The

skin effect (SE) and proximity effect (PE) mode of conical CMBFs at different-cross

section of the conical structuiare plotted ifFigure32. As can be seen froikigure 32,
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the radius of the conical CMBFs is changing according to the radius of the conical
structure.

To calculate the integral in equati¢h3), the coordinate aredefined & shown in

Figure 31. Therefore, after substitutinpe basis functionAiJn(a neosty ., - /4) [14],

n

the original equation tealculate partial resistance and inductance can be expanded as

equation0 and equatiorfl6), respectively

FZ’S J.(@ n=0 (14)
An =1 27 ngh n n 1
i F,Q1+={2+=1+n}-=a%r*) n>0
[ 2+n)n 2 2 4
P2
)
)
i
Integration performed Pz 2\PIN l o
in the conical volume |
e =
[Py Loy
\II 71 ‘\’l\f 2 Vo }
Vo a1
\Il' \i \II PP
_j.._.)_(l.> ) N - Voo v s
X1.” 0, 00 ) 2
L' £'X 2

Cross-sectional view

Figure 31 Definition of coordinate used to calculate numerical integral.
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Figure 32. Conical CMBFs at different crosssecton of the conical structure at 0.1
GHz.

4.2.2 Substrate Conductance and Capacitance Extraction of Conical TSVs

The Scalar Potential Ingeal Equation (SPIE) equatiof85 combined with conical
accumulation mode basis functions (AMBFs) can be used to extract substrate parallel
conductance and capacitance. Trhenical AMBFs are obtained by modifying the
normalization factor of cylindrical AMBFs [35]. The extraction procedure of
conductance and capacitance igeeded from[35] by changing the cylindrical TSV
surfaces to conical TSV surfaces. The resultant equivalenitcequation is expressed

as:
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a anqPC o _\/Ir::d (17)
n.q

Imd,knq

where Plridenq = nﬁ/|md (rl )anq(rk) ———=4dSdS§
4'0 |r| - rk I

Vimd (FT) is the normalizedmd th order conical AMBF.I, m, d represent the index of the
cell, order and orientation of conical AMBF, respectively, S, are the lateral conical
surfaces. Partigootential coefficientsP,.;,,, can be obtained by calculating the integral

over the conical surfac&s, S, .

The normalization factor ad conical AMBF is obtained by equating the integration of
the basis function ovee lateral conical surface to unity, whiis expressed as in

equation(18).

Eo(ri+ r)J1Z+(ry- r)? m=0 (18)
]

'f2(/’1+/’2) |2+(/’2—/’1)2 m>0

An =

In order to calculate # surface integral in equatiofl7), we first transform the
Cartesian coordinates to circular omali coordinates. Then equatiofl7) can be

expanded as shown in equati@m®), which is used to calcukathe potential coefficients.

#FU@“FV@

2 2

so (el (B gy B gy =Ty (e e
2 W | |

4.2.3 Oxide Liner Excess Capacitance Extraction of Conical TSV

I |

1’ﬁ’ﬁ 202p 1
AR 2 () ——

e rll,i Yo (1 iro ) 2

ro=ry Ia-1

19
W25 2 gy 19

W

Imd, kmq

Mmﬂﬁfmaﬂfma
W W

To calculate the oxide limeexcess capacitance, the EFIE equation combined with
conical polarization mode basis functions (PMBFs) can be used. The conical PMBFs are

obtained by modifying the normalization factof the cylindrical PMBF$16] which ae
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deduced from solving t he Lapl aceos equat

capacitance extractigorocedure is extended frof6] by changing the integral volume
to a conical annulus. The resultant oxide capacitance calculation formulemsas the
following equation(20):

e’Q(eox - & )

C )
ﬁ'lkmd Inquk
\

CeX —

kmd,In g

(20)

where G’kmd is the conical PMBF.k,m d represent the index of the cell, order and
orientation of conical PMBF, respectively, in equation(20)is the conical gide region

as shown irFigure33.

D C
ParAp,
N
1
C
)
7 ps —pf
Conical annulu
Volume V', >
\
D C
1
p}\ |41 plc c |.c
v I/ P — P
W/
oL —_Y__Y__,

Figure 33. Parameters used to calculate oxide capacitance.
The normalization factor of the conical PMBFs is obtained by equating the integration of
the basis function over the lateral fawe to unity. Given the parameters of conical TSVs
defined as shown irFigure 33, the normalization factor of conical PMBFs can be
expressed as equatigdl). Given thecoordirate system defined as Figure 32, the

oxide capacitarecalculation formuld20) can be expressed as equati@).
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4.3 Simulation Results of Conical TSVs

The proposed modeling method is applied to model two conical TSV interconnections.
The ports setup of the conical T¥Hir is shown irFigure34(a). The length, pitch, oxide
thickness, top radiusand bottom radius are 200um, 50um, 0.1um, 10um, and 5um,
respectively. The conductivity of the silicon substrate is set as 10 S/m. The dielectric
constants of silicon dioxide andisdn are set to be 3.9 and 11.9, respectively. For
comparison, two cases of cylindrical TSV pairs are simulated using theingpaedthod

[16]. The radii of the cylindcal TSVs in these two cases are fixed at 10um and 5um,
respectively. All other parameters are the same as the conical TSV pair.

The equivalent circuit of the twamaical TSVs is shown ifigure34(b). This equivéent

circuit is obtaind by combining the conductoR- L elements, insulator excess
capacitance and potential coefficient elements into a single matrix equation. The
frequencydependent values dRLCG parameters of theonical TSVs otained usinghe
proposed method are shown kigure 35 and Figure 36. The capacitance plotted in

Figure36(a) is the equivalent capacitanCg +2C, where C,is the selfcapacitance and

C is the sum of oxide capacitance and mutual capacitadeed,,+C,,). As can be

mut
seen fromFigure 35 and Figure 36, the RLCG values of conical TSVs show similar
frequencydependent tmed as cylindrical TSVs, anthe RLCG values of conical TSVs

are between the two cylindrical TSV pairs.
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Figure 34. (a) Geometry, ports setup of two conical $Vs (b) Equivalent circuit of
two conical TSVs.
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Figure 35. Equivalent parasitic elements of conical TSVs with 10um top radius and

5um bottom radius, cylindrical TSVs with 5Sum radius, cylindrical TSVs with 10um
radius, (a) Seliesresistance of the conductor(b) Selfinductance of the conductor
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Figure 36. Equivalent parasitic elements of conical TSVs with 10um top radius and
5um bottom radius, cylindrical TSVs with 5um radius, cyindrical TSVs with 10um
radius, (a) Equivalence conductanc&, +2G, (b) Equivalence capacitanc€, +2C .

The insertion losses of the conical TSVs using the proposed modeling approach and CST

Microwave Studio[29] are shown inFigure 37. As can be seen fromigure 37, the

insertion loss obtained using the proposed method shows good correlation with

simulation result from CST up XBHz.
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-0.21Y

Insertion Loss (dB)

-0.8

-0.9r

= Proposed method
—6—CST MWS

'
=

Freq (Hz)

Figure 37. Insertion loss for two conical TSVs.
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4.4 Modeling of Complex TSV Structures

In this section, a hybrid modeling method is proposed to model complex TSV structures.
This modeling method can be divided into two stepshénfirst step, the tapered TSVs

are segmented into conical or cylindrical segments. Each segment can be modeled using
thecylindrical TSV modeling method dhe conical TSV modeling method based on the
shape of the segment. In the second step, undastuenption that the maximum size of

the problem space is much smaller than the wavelength of the maximum modeling
frequency, the $arameters of the segments are cascaded to obtain the insertion loss of
the tapered TSV pair.

The proposed hybrid modeling etthod is applied to model three different complex
tapered TSV pairs. The geometry of the three cases such as the length, oxide thickness,
pitch, andradius is defined as iRigure38. The conductivity othe silicon substrate is set

at 10 S/m. The dielectric constants of silicon dioxide and silicon are set to be 3.9 and
11.9, respectively. To simulate the complex TSV structure, the proposed method
consumes only about 30MB memory, which i$ 38ss than CST29] which consumes

about 1GB memory. The insertion losses of the three tapered TSV pairs using the hybrid
modeling methodand CST[29] are compared ifrigure 39. For comparison, the three
cases are also modeled using only one cylindrical segmsift,the radis of the
cylindrical segmenset at 20um, 14um and 30um, respetyivds can be seen from
Figure39, the insertion losses obtained using the hybrid method and Z%3how good
correlation over a bandwidth of 10GHz. However, the insertion losses show larger
deviation for the three cases usindyotylindrical TSV modeling methodAlthough the
difference of the insertion loss obtained using the proposed method and cylindrical TSV
modding is about 0.1dB).2dB, it is10%-20% ofthe overall insertion loss. The 10%

20% difference ofnsertion loss isan important factor to consider when designing TSV
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interconnections for-B systemswhichindicates thatylindrical TSV modeling method

can notaccurately modaton-uniform TSVs

oxide thickness 20um oxide thickness 0.1um oxide thickness 0.1um

(a) (b) (c)
Figure 38. Complex TSV structures
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Figure 39. Insertion lossfor three different complex TSV structures.

4.5 Summary

In this chaptera conical TSV modeling approach is presented first. This approach is
extended fronmthe cylindrical TSV modelig approach described @GHAPTER 3and

uses conical modal basis functions extract RLCGparasitic effectslt has been found
that the conical TSVs have different parasitic effects comparezy/liodrical TSVs
which indicates the importance of modeling aoriform TSVs.Later,a hybrid modeling
method for noruniform TSV structures is presentddis method combinesonical TSV

and cylindrical TSV modeling metd andcan model nofuniform TSV dructures with
different profiles. The proposed method showsoogl correlation with fli-wave

simulatiors for nonuniform TSV pairs.
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CHAPTER 5
MODELING AND ANALYSIS OF SILICON AND GLASS

INTERPOSERS USING M-FDM AND MODAL DECOMPOSITION

5.1 Introduction

With increasing clock speed amdh increase inthe number of 1/0O pins in 3D systems,
supplying clean power is becoming a major challenge. The large number of I/Os also
leads to frequent signal via transitions between power and ground planes. This results in
combhed signal and power integrity issues. The PDN becomes more complicated when
TSVs which are the essential interconnections in &3, lare included as shown in
Figure40. Therefore, modeling and analysistb& PDN including TSVs in 3D systems
becomes necessary. Since TSVs are small and represent -&aaldtstructure (due to
insulator liner thickness and aspect ratedgrge mesh density is required bymmercial
full-wave EM solvers to eeimulate PDN wit TSVs. Therefore, analysisonsumes a

large amount of memory amplickly leads tdarge computational time.

Heat sink
Illwmll Interposer

900000
Interposer

I P/G planes
TSVs/TGVs(through-glass vias)

Figure 40. Power/ground planes in silicon interposer with TSVs.

In this chapter an efficient hyhd modeling approach for power delivery netwsrk

(PDNs) with throughsilicon vias (TSVs) for 3D systems is propo$86€]. The proposed
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approach extendghe multi-layer finite difference method (MDM) [37] to include
TSVs by extracting theiparasitic behavior using an integral equation based slggr
The proposednodeling technique is applied to modessy silicon interposerand low
loss glass int@oses, which are two major types of interposers to achiev® 3
integration. Silicon interposgrcan achieve fine wiring and high 1/0 dendi88], but it
faces several challengesuch ashigh costdue to limited wafer size (26800mm) from
which to yield large number of interposeaad signal losses in silicon interposee ar
usually large because of the lossy silid88]. Glass interpossrhaveexcellent surface
flatness, high electrical resistivity andrge panel liquid crystatlisplay (LCD) glass
substrate are widely usetherefore glass interposecan be manufactureat low cost
[39, 40]. Using the proposed modeling technique, the power/signal integrity of silicon
interposes and glass interposerare investigated and comparedihe comparison

indicates the benefits of using silicon interpsger high speed signaling.

5.2 Modeling of PDN Containing TSVYThrough-GlassVias

An accurate and computationally fast modeling approach for PDN with multiple TSVs is
needed to support efficient analysis of signal/power integrity for 3D systems. This section
describes a hybrid modeling apprbathat combines M-DM, which can be used to
model multiple P/G planes, and an integral equation based solver for TSVs. The details

of this modeling approach are discussed in the following sections.

5.2.1 Modeling of Planes in Silicon Interposes

The Helmholtz quation is the underlying elliptic differential equation for rally of

P/G plane$41] given by

23
B2 +k*)u=- jwmdd, (23)
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where DZis the transverse Laplace operator parallel to the planar strudtisethe
wavenumberuis the voltagewis the angular frequencyris the permeabilityd is the
distance between the planes ahgis the current density injected normal to the planes.

The poblem definition is compted by assuming a magnetic wall or an open boundary at
the plane periphery. The Helmholtz equation is solveagubiefinite difference scheme.

The 2dimensional Laplace operator can be approximated as

+u (24)

i+1, j -

u .
PZu="11%

where h is the mesh length and, ;is the voltage node (ij) for the celentered

discretization shown ifigure4l.

] L ° ]
Uy J uf:j Hf_l:.f
° ° ° °
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h ° ° ° °
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Figure 41. Discretization of the Laplace operator.
This discretizatiorresults in a bedspring unit cell moder fplane pairsas shown in
Figure42. This plane pair consists of inductors between neighboring node and capacitors

from eachnode to groundThe RLCG parameters can be expressed in equ&#bp(28)
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h? (25)

C=z=e—
L=ud (26)
' 27
R 2 4o |imu (27)
S
28
G=wuCtand (28)

where eis the permittivity, mis the permeability, s is the conductivity, andtand'is the

loss tangent.

Figure 42. Unit Cell model for power/ground planes

This method is extended to model the inhomogeneous dielectric materials between power
and ground planes byadifying the unit cell moddl42]. The total admittance of the unit

cell can be obtained by superposition of series admittance of all the dielectric layers. In
the case oé double sided silicon interposer, the uteldl is found as shen in Figure43.

As shown inFigure43, G,and G,; are the polymer and silicon conductan€jis an
additionalterm that accountgor the losses due to thHmite conductivity of silicon and

can be expressed in equati@®), and R, represents the losses due to longitudinal current

in conductive silionand can be expressed in equal(i@).
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GISi = CSFSSi (29)

jwn (30)

polymer
silicon

Figure 43. Geometry of P/G planes with unit cell and unit célmodel for a double
sided silicon interposer with P/G planes.

The transmission lines can be integrated P/G planes using modal aeaposition[43].

For a three conductor system consisting of two parallel plates (power/ground) and a
signal conductor, there are two possible (quasi) Tiabtles. One is the paralplate

mode. The other is theade that wave propagating along the signal line and there is no
voltage difference between plane$he modal decomposition technique used to

incorporate transmissieline models into power/ground plea models are described in
Figured4. Z:  and Z, represent the characteristic impedance of the papiét and
signal line modes. The subscrippsand srepresent the line parameters of the top plane
and the signal line, respectively. The subscripiar and sig represent the modal

parameter of the top plane and the signal linas the coupling coefficient and defined

L
as —* whereL , andL, represent the pul seifiductance of the upper plane and the
pp

pul mutual inductance between the upper plane and the signdiictor.lt can alsobe
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expresedin terms ofanadmittance matrix as equation(31), whereY, and Y, are the Y

matrices of P/G planes and transmisgines (consicering ideal referencd4).
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Transmission-Line Model

Figure 44. Incorporating transmission line model into plane mode using modal
decomposition.

5.2.2 Integration of TSVs/TGVs and P/G planes

The responses of TSVs and power and ground planes need to be combined together to
perform acurate system level analysis. This integration can be performed using the
admittance matrix of the two modules along with the stamp rule. This process involves
conversion of the TSV response into its equivalent model which is then stamped into the
system dmittance matrix. The coupling between TSVs and the power/ground planes are
not considered in this integration procesisice the coupling between transmission lines

ard the coupling between TS\@®minate.
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For example in a two bit microstryga-microstriptransiion structure as shown Figure

46, the system response matok the planes and microstrip lines can be obtained by
using MFDM. This integrationof TSVs and plane responsissbased on the element
stamping of modified nodal analysis (MNAX5]. Figure45 shows the element stamping
procedure for stamping one element witkparameters in the modified nodal analysis
wheremandn are the node numbers in the original system matrix béfigrelement are
stamped. Similarly, the TSV pair with ¥Yparameters can be stamped into the system

matrix of power and ground planes as given by equéBidhn

Node: m m n
V, i : : ]
Element Stamp 4 e Y
Element 7 ﬁ m : :
]m(I/m)I/n)z ZijI/j e Y e Y
j=n.m n nm nn
Node: n

Figure 45. Element stamping of modified nodal analysi§45].
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24 = 4 4 4 u &4 u
4 B </ PDN TSV PDN TSV PDN TSV PDN Tsvd X/ ¥
e' 2U ng,l + Y2,1 Y2,2 + Y2,2 Y2,3 + Y2,3 Y2,4 + Y2,4 u 3/2 u (32)
g U=§ 4 4 4 ueu
e u PDN TSV PDN TSV PDN TSV PDN svd € U
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au & 4 4 4 ueu
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where Yf}DN is the element in the Y matrix of power and ground planes including

microstrip lines andY;'""is the element in the Y matrix for the TSV response. A similar

procedure can be algd to glass vias as well.
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The proposed hybrid modeling approach is applied here to model a two bit mierostrip

TSV transiton structure as shown iRigure 46 with dimensions described. Two 20um

thick polymer (withe. =2.51 and tand=0.004) layers are on both sides of the silicon
(with 10 S/m conductivity ana =11.9) interposer. The length, pitch, radius, insulator

liner thickness of the two TSVs are 200um, 100um, 20um Oaham respectively. The
length, width, thickness, spacing of the microstrip lines are 10mm, 40um, 10um and
80um respectively. The insertion loss, far end and near end coupling obtained using the
proposed method and CST Microvea$tudioare shown inFigure47. As can be seen

from Figure 47, the Sparameters obtainedsing the proposed method shawod
correlation with simulation results from CST. To simulate this strudfueeproposed

method takes ~10mins compared to CST which takes > 10 hours on a 2.4 GHz dual core

computer.

Microstrip line Power

~port3
Microstrip line

ground

40mm

Figure 46. Two bit microstrip -via-microstrip transition structure.
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Figure 47. Sparameters of the two bitmicrostrip -TSV transition structure, (a)
insertion loss, (b) rear end caupling.

5.3 Via Coupling Effects

5.3.1 TSVs and TGVs Coupling Effects

The proposed hybrid modeling method is used in the power/signal integrity analgsis of
PDN with TSVs/TGVs. The coupling effects of only TSVs/TGVsarsilicon/glass
interposer without P/@lanesare first examined witl83 1 TSVs/TGVs array model. The
geometry of the83 1TSVs/TGVs array model and 16 p®rdefinition are shown in
Figure 48. The response ofna831 TSVs array model is obtained using the TSV
modeling method mentioned in section Il. The response &4 TGV array model ira
glass interposer is obtainedinig the method described|[iid]. The near end and far end
coupling between TSM/TGV-1 and TSV2/TGV-2 in the TSV andTGV array are
compared inFigure 49. As can be seen frorRigure 49(a) (b), the coupling im TSV
array is larger than a TGé&ftray which is becaus#he high conductivity silicon substrate
introduces loss and coupling through the substrate. The insertion losses of G8Y¥s/T
are also eampared inFigure49(c), wherethe sharp slope of the insertion loss of TSVs is

caused byhesmall insulator liner thickness resulting in a larger capacitpitje
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Figure 49. Sparameters of TSVs/THVs array, (a) insertion bss, (b) near end
coupling, (c) far end coupling.

5.3.2 TSVs/TGVs Coupling Effects with P/G Planes Included

Consider an 8bimicrostripvia-microstrip transibn structure as shown iRigure 50

with dimensions and podefinition, where the test vehicle consists of four metal layers
with microstrip lines (length=10mm, width=40um, thickness=10um, spacing=80um) on
the top and bottom layer and P/G planes on second and third layer, respectively. Silicon

(with 10 S/m conduétity and e =119) and glass (witle, =6.7 and tand =0.006)

interposes are used in the test vehicle to investigate TSVs/TGVs coupling effects in

different interposers between P/G planes.
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Figure 50. 8 bit microstrip -via-microstrip transition structure.
The 8 bit microstripvia-microstrip tramition structure shown irFigure 50 is co
simulated using the proposed hybmnodeling approach. The far end and near end
coupling of the structure in silicon/glasstarposes are compared irFigure 51. The
coupling in silicon/glass interposebecome similar as shown Figure51. To explain
the increased coupling in silicon interpostite transfer impedansdor silicon/glass
interposes havebeen obtained and shownhigure52. There are impedance mwnces
in the glass interposer. When excited at the resonance frequency, the planes can become a
significant source of noise and can act as a source ofradgged field emission if the
impedance becomes large at these frequefidiBsSince the planes have unterminated
edges, any excitation of the planesates an electromagnetic wave that travels back and
forth between the planes, and over time a standing wave is generated. The standing waves
in the cavityincrease the via to via coupling for the glass interp&iace thampedance
resonances get suppredsinthe silicon interposedue to the lossy siliconompared to
the glass interposer as shownHhigure 52, this effect is smaller. Therefore, with power
and ground planes, the coupling between lines due tasv&milar for both silicon and

glass interposer
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Figure 51. Sparameters of 8 bit microstrip-via-microstrip transition structure, (a)
near end coupling, (b) far end coupling.
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Figure 52. (a) Silicon interposer transfer impedance, (b) glass interposer transfer
impedance.

5.4 SSN Comparison Between Silicon and Glassterposer

A transmission line carrying a signal will always gemtecurrent on the signal line and

the reference planeThe change in reference plane of the signal gives rise to a
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discontinuity in the path of the return current. This is called the return path discontinuity
(RPD). Vias can causeRPD due to the change reference planes when via transition
occurs. This RPD leads tbe excitation of the power and ground plane pair cavity which
induces SSN between the two plarjédq].

The 8 bit microstripvia-microstrip tramsition structure shown ifigure 50, which hasa

RPD, is cosimulatel using the proposed modeling technique to analyze SSN. The SSN
voltage is equal to the product of the return curegrdt PDN impedance at the RIP4).

As the PDN impedance is a function of frequency, the SSN légp depends on
frequency.A large SSN voltage is induced between P/G planes at theeaatiant
frequency of the PDN impedanoghich correspondb the peaks in the insertion loss of

the signal. The insertion losses of the signal for silicon and giEsposes are shown in
Figure53. As can le seen fronfigure53, the lossy silicon interposer has higher overall
insertion loss compared thelow loss glass interposdiowever, there are sharp notches

in the insertion loss of the glass interposer comparddetemooth insertion loss dhe

silicon interposer, since the P/G plane resonances are suppressed in the silicon interposer.
The insertion losses for different sajs in the same interper are also compared in
Figure53. The microstripvia-microstrip transition in the middle (S&) showsa larger
insertion loss compared to the microstip-microstriptransition at the ége (S19) due

to the enhanced coupling in the middle.

Figure 54 shows the eye diagranomparison obtained using AD[@7], between glass

and silicon interposerfor a 5Gbps random bit signal transmitted from peptdrt8 to
port9~portl6. The frequency spectrum of the input random bit stream consists of
harmonics distributed across multiple frequencies. Since the harmonics across multiple
frequencies can experience varying insertion losses for glass as shéigure53, it can

cause uncertainties in signal rise/fall times and also uncertainties in signal amplitudes,
resulting in large jitter and reduteye height as shown Figure54. The eye diagrams

obtained at port9 and portl3 in silicon and glass intemsagre also compared kigure
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54. The eye height variability between port9 and portl3 is due to the difference in
insertion losses Iween the microstrijwia-microstrip transition in the middle (&) and

at the edge (S42).

Ak ——Line at edge (S1-9) .
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Figure 53. Insertion losses for 8 bit microstripvia-microstrip transition structure,
(a) Silicon interposer, (b) Glass interpser

62
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Figure 54. Eye diagram for 8 bit microstrip-via-microstrip transition structure, (a)
Silicon interposer, (b) Glass interposer.

5.5 Summary

This chapter proposed a hybrid modeling apphdor PDNs with multiple TSVs, which
can be used in power/signal integrity analysist 8DN with TSVs for 3D systems. P/G
plane resonance suppression in siliconrpdses and its benefits in improving SSN
compared to glass interposérave been discussethe proposed approach combines M
FDM and an integral equation based solver for TS¥4-DM is efficient for modeling
multilayer power/ground planes with transmissilines, while the multiscale TSV

structure is modeled separately using specialized basis functions without mesh and later
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incorporaté into the M-FDM. Therefore, the total number of unknowns required to
model the PDN with TSVs can be greatly reduced mamed with commercial fullvave
solves. One limitation of this proposed methas that it can not capture the parasitic
effects of the transmission lines when they are directly above the silicon intefploser
alternative approaches are needed to mibdeinterposer when the transmission lines are
directly above the silicon interposas shown inFigure 55, which is the focus of

CHAPTER 6

P/G plane

How to model the interposer
when transmission lines directly
above silicon interposer

(a) (b)

Can be modeled using proposed method

Figure 55. (a) Interp oserwith P/G planes (b) Transmission lines directly above
silicon interposer.
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CHAPTER 6
FDFD MODELING OF SIGNAL PATHS WITH TSVS IN SILICON

INTERPOSER

6.1 Introduction

This chapter proposes an efficient method tdress the problem of modeling signal
paths in silicon interposgmwithout power/ground planegt8]. The proposed method
utilizes the 3-D finite-difference frequenegomain (FDFD) method to model the
redistribution layer (RDL) transmission lines to capture the parasitic effects of multiple
transmission lines om lossy silicon interposer. TSVs are modeled using an integral
equation based solver which uses cylindricadaldasisfunctions. A new formulation
for incorporatinga multiport network intothe 3-D FDFD formulation is presented to
include the pasitic effects of TSV arrays ithe system matrix. The overall matrix is
divided into several subdomains and solved & divideandconquer approach in a
parallel manner. The accuracy and efficiency of the proposed method is demonstrated by
simulating several RDIO'SV-RDL transition structures.
The major contributions of this chip are as follows:

(1) A new formulaton for incorporatinga multiport network with Y-parameters into-3
D FDFD is presentedAlthough several previous papd36, 49-52] have developed the
formulation on incorporating Yparameters into FDTD, FEMthere is no previous work
incorporatinga multiport network intahe3-D FDFD method.

(2) Extendng the divideand-conquer formulation53, 54] to handlethe multiport
network incorporated into FDFDnethod Since TSVs are incorporated into FDFD
methodas a multipa network, details on handling the coupling between subdomains due

to TSV coupling is presented.

65



6.2 Modeling of signal paths in silicon interposer

In this section, the basic formulation for the interconnect proidgmesented. As shown

in Figure 56, the interconnect problem is split into two separate problems: (1) Modeling
of multiple RDL transmission lines on lossy silicon substratgngthe FDFD method

and (2) Modeling of TSV arrays. The TSV arrays are nestleking the irgral equation

based solver andcorporated intahe FDFD solver as a multiport network.

RDL trace
| 1

oxide
RDL trace / | RDL trace |

oxide
= s
\ «— TSV

oxide I Decom pose

RDL trace

Figure 56. Decomposition of the signal path problem into two problems.

6.2.1 Modeling of Multiple RDL Traces on Lossy Silicon Interposes

The FDFD methodis utilized to model the arbitrary routing of the RDL traces on the
silicon interposer. The FDFD formulation is based on the susceptance elemealesquiv
circuit (SEEC) solvef5557lwhi ¢ h s ol v equatioviaising the Yed |[68].
The formulation is briefly discussed in this section.
The differential f ein the fieduendyalomaia tah Beswritterg u a t i

as:

oo o (33)
D3H=jubD+sE+Js

L 34
PIE=- | 59



- 35
bMdD=r (35)

= 36
b@=0 (30)

where E and H are the electric and magnetic field vectors respectivﬁland B are

the related field/flux density vectors respectivgljs the external current density source
vector, wis the frequency in radianss is the positiordependent conductivity of the
medum, andr is the electric charge density. The above vector equations for an isotropic,

inhomogeneous medium can be written in scalar form in three dimensions as:

JWEX :%_ &_ SEx (37)
Wy Wz
JWEy:%- &_ sEy (38)
iz X
JWEZ :%_ %_ SEz (39)
Xy
jw, = (e (40)
Wy Wz
wh = (B Er) (41)
bz X
(42)

jwim, =- (22 )
X

Substituting for the magnetic fields in theectric field equationg37)(38), and
discretizing the above equation using the Yee grid, the following equd) can be

obtained.



G +sC+ES)E:BI (43)

whereG,C,01 A represent th coefficient matrices for the given system,
Ei CPrepresents the vector of the unknown electrical fi@dd, A™"is the selector

matrix for the excitation matrid I A™"N, P is the number olunknowns, N is the
number of ports andis the Laplace vaable. Essentially, equatio@®3) is the nodal
anal ysis form ofs PM& gevfect inagmsetic eanpdtos) tandoREC
(perfect electric conductor) conditions are enforced by opening and shorting nodal points
along the boundaries of the simulation domain, respectively.

The benefits of using FDFD are that it can model irregular routing of RDL traces on
silicon interposesand can capture the different modes (slow wave mode and Titkki

mode) of the signal traces &itSiO2 doubldayer systenj59].

6.2.2 Integration of TSVs and RDL traces

The cylindrical TSV structure requse large number of megttements to approximate
when usinghe rectangular grids in FDFDethod, therefore[ SV arrayscan be modeled
usinganintegral equation based solvdie response of TSV arragan be incorporated
into the FDFD modeling of RDL trees as a mulbiort networkto obtain the system level

respnse ofsilicon interposer, as shown kgure57.

Vi Ii | Multiport Network Liﬂ i
I v, I, Y -parameters I.
2 T2 (Y-p ) T

(-

;i I, l!] I; Vx

Figure 57. Incorporating multiport network into 3 -D FDFD.
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Figure 58. Crosssectional view of porti which occupies multiple cells in FDFD Yee
grid.

The multiport network with Yparameters can be ded®&d using the dependent cuntre

sourcel; and voltages/, according to the following equation:

N
LVLV,3 V)=aYyV, i=1~N (44)
=

where indexi representghe port index of the multiport evork and N represents the
total number of ports. Each port of the multiport network may occupy multiple grids in

the Yee grid as shown iRigure 58, where porti is represated by a current sourck
flowing alongthe h- direction. In the Yee grid, the voltagé can be written in terms of
the h- component of electric field, as:
V= 4 E,Dh (45)
h=ref
whereref represents the voltage reference node in the Yee @fiér substituting

equation(45) into equation(44), the current sourcé, expressed as current density can

be obtained as:
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sy )= M3 V) &\ 4 EDh
N Area % et Area

30, (46)

where Areais the crossectional area of the Yee cell. At each poof the multiport
network, the equivalent current sourde(V,3 V,) must be applied to all thEDFD

nodes from the reference nqd@),y(i),ref(i)] to the port definition node

[x(1), y(i),K(1)] along theh- direction inthe Yee grid, as shown Figure58. This can be

described using the matrix operation expressed inFigure 59, where

A=G+sC+—1 A""is the system matrix obtained using FDFD before the multiport
s

network is incorporated A A™Pis the overallsystem matrix after the multiport

sys I

network is incorporated, P is the number of unknowns]x(),y(),ref()+m,

[x(),y(i),K(i)- njrepresent the column (row) number of the matrix where the current

density J, mustbe stamped and is the total number of ports.

—

column number mp| | XD x | [ s ] x(i) Tox@ ] [x]
¥(i) ¥(i) y() yi |y ¥(i)
row number ref(i) || ref(i)+ 1_ \_ref(i) +m | K(i)—n | | K(i)-1] (K@)
b T3 v 7 T
[x(i), y(i), ref( {17 I i i |
(XG0, Y00, ref() + 13> RERL) RSN
[x@)y (),ref()+m]l—> =TT 5 5, PR
N B A 2 A - A
A P : : : = sy
p<pT Zl dad bl ded o E SN ~
- J J

[x(D),y(i),K(i)—n]

(x(0), (), K (i) 1]

[x(), y(i), K(D)]

Figure 59. Matrix operation for incorporating multiport network into 3 -D FDFD

The benefit of using this approach is that the TSVshvaire cylindrical and require a

large number of mesh elements to approximate using FBEModcan be modeled

separately and later incorporated into the FDFD simulation as a multiport nefvaesk.
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approach does not consider the coupling between TSV&Bhdtraces. It is concluded
in [60] that the TSWo-RDL coupling is negligible if the ratio of TSV length and TSV

diameter is larger than $he accuracy of this appach is validated in seoh 6.4.

6.3 Divide-and-Conquer Method

In this section, a dividandconquer method using parallel computing is presented to

solve the system matrix equation:

A, E=BI (47)

where B and | take thesame meaning as in equati¢48). The formulation for the
divide-andconquer appach is extended frofd3, 54] to solve the interconnect problem
where TSVs are incorporated as a multiport network and therefore there is coupling

between subdomains due to coupling between TSVs.

% 7 7
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silicon—> I TSVs b eebebebbeietet b RDL traces
oxide ! ittt Iyt tebtntntnd ')

Figure 60. RDL traces and TSVs in silicon interposer. Dot lines show how the
subdomains are created.
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Figure 61. M subdomains of the silcon interposer shown in Figure 39.
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The RDL traces and TSV tramion structure shown ikigure60 is denoted asV with

boundaryuW. This structure can be divided infd subdomain8V and M interface<3

as shown irFigure61. The interfaces should not overlap with the locations of TSVs since
TSVs are incorpotad as a multiport networind Y-parameters of TSVs can not be
stamped at the interfacebhe subdomains can be created arbitrarily provided that the
interfaces do not overlap with the locations of TSVs. The subdomain is dendféd as

if there are TSVs in this subdomain. The interface between the subdomains is defined

asG =pW 1 yW, . As a realt, the following equatios(48) and(49) mustbe satisfied for

the completeness of the entire domafin

W=W,83 8W 3 8W, 8G (48)

whereG=G83 8@,

V\/i]_WJ_:A andG1G =A wheni , j (49)

According tothe definitions inequation(48) and(49), there are two types of subdomains.
(1) Subdomains without TSVs (denotedM3, where there is no direct coupling of this
subdomain to other subdomains since the coupliswge stored as interfacés (2)

Subdomains with TSVs (denoted\ds, ), where the coupling of this subdomain to other

subdomains still exists due to couplingtween TS¥, as shown ifrigure62.

Coupling

Subdomain Qi_V Subdomain Qj_V

/| /|
U/ 33/
~—"

Coupling

Figure 62. Coupling between two subdomains due to the coupling between TSVs.

72



o---eo---e- - -w-- —--o--lt---t---x----t-- “CretToeTmCe
I’ . e X e X o + e X o X o o .,
Ib eTe X o X o + e X o X o o e t:b
‘¢ ) g ] ) D ° ..+ ) D . D . §=o ‘b
:6 ° % o ° o i: . . . g . :..
+ .§.+xpo;t|x e A: e X e o%o +
o'l omoViino X o 4. e X o X eoe® 4 .'I
i----@---o--- \r—/ PR S N f—-a---.—--i
Ai_v v

Figure 63. Crosssectional view of two subdomains with TSVs in the FDFD grid.
Triangle dots: interface unknowns between subdomains.-Xhaped dots: the
unknowns that introduce coupling due to TSvs.

The coupling is induced by the unknowns in the nodes (deradteg, ,) where the
current densit J, (V;3 V,)in equation (11) habeen applied, as shown kigure63. In

order to utilize the dividandconquer and parallel computing method to sahaeh
subdomain simultaneously, there should be no coupling between subdomains. Therefore,

the unknowns ig, ,are removed from subdomaii¥ and placed into the

corresponding interface unknow@s,. As a result, equationg48) and (49) can be

rewritten as equains (50) and(51).

W=W,83 8(W ,-L, )3 8W, 8G (50)

whereG=G83 8(G,+L, )3 8G,

V\/i]_WJ_:A andG1G =A wheni , j 1)
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The unknowns, namely the field variables on the grids, are reordered starting with the

ones in subdomaiy,, followed by those iV,, s , W ,-L; ,,s , W,, and ending

with those on interface$as defined in equatien50)and (51). After reorcering, the

matrix equation(47) can be converted to the matrix equation:

é;All C, @éelﬁ eb, o
é ué_ u é, u
6 Az Cz06% g &Py
é 6 40640 é40 =)
é ué u_é u
é Au v Ciiv [j@i_vu_ i vl
e 6 4 U 4u €4uU
é ue u é u
(f) Auwn Cwu géeM a éwu
T T T ~ = = N
&€, C; 3 Cc/, 3 ¢, 0 pge; 4 &b, Y

whereA; or A; , is the matrix corresponding to subdomat or (W ,- L, ) . The
vectore,e,,s ,& ,,3 €, represents the field unknowns of subdomains. The vegtor

represents the field unknowns on the interface. There is no direct coupling between the

unknowns of any subdomains and the coupling between the subdomains and sterface
can be represented by the submatriCesr C, . If the number of unknowns in each

subdomaiW, or (W ,- L, ,) is defined asn and the number of unknowns on the

interface G is defined as,, then the matrix sizes dk; (A; ), C,(C,,), Garen?3n,

n 3 n,and n,3 ng,respectively.
The Schur complement syst¢B8] is given by

S&=9 3)

M M
whereS=C.- § C;rAi-i:(Lii wCiandg=bg- a C:—Ai—i%ii Wb
i=1 =1

It can be seen that the subdomaig or A; ,are independent of each other, so that

M
each termC{ A;j; ,,C;in the summatiorgy C/A;{; ,,C; can be calculated simultaneously
i=1
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in a parallel manner. Once the Schur complanhes been solved, equati{By) can be

decoupled by solving the subdomain problem:

_ (54)
A i w&ia v =9

whereg, =b, - C;; ,Xs. The subdomain problems can be solved in parallel since the
subdomais A; and A; ,are independent of each other. The parallel dieidégconquer

algorithm can be summarized as:

(1) Reorder the systematrix A ; according to the subdomains and interfacémed in

equationg50) and(51) to obtain the matrix equatiof®?2).

C, and then obtain

i (i _v)

M
(2) Use parallel computing to calculate the summa@ipiC A}
i=1

the Schur complement matfsx
(3) Solve equatios3) for interface unkownse;.

(4) Solve subdomain®4) simultaneously.

6.4 Numerical Examples

This section applies the proposed modeling approach to various RDL transmission lines
connected to TSVs. The first twexamples consist oin RDL-TSV-RDL and a
differential RDL-TSV-RDL transition structure. These two examples are used to validate
the accuracy of thg@roposed approach in Secti@h?2 for incorporatinga multiport
network into FDFD. In the third example, a five RDISV-RDL transition structure is
simulated to consider the coupling effects between multiple RDL transmission lines and
TSVs. In the fourth example, the RDL traces are routed irregularly on the silicon
interposer and connected to74 2 TSV array. This example shows that the proposed
approach is able to handle irregular routing of RDL traces and larger TSV arrays. Finally

in the fifth example, multiple long RDL traces are considered andight RDL-TSV-
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RDL transition structure is simulated. The efficiency of the proposed approach has been
compared witha direct solver andan iterative quasiminimal residual (QMR) method

[57, 61].

6.4.1 RDL-TSV-RDL Transition Structure

The first example with dimensionsdport setup is shown iRigure64. Two 4/m thick
silicon dioxide layers (with dielectric constant=3.9) are on both sides of 2@fn thick
silicon substrate (with dielectric constant=119 and silicon conductivitg =10S/ir).
The length and width of the RDL trace is 2w/20mm and 40/ respectively. The
length, radius and oxide liner thickness of the TSV is fixed at720L5/m and 1/m

respectively. The entire structure is enclosed in a perfect electric conductor box with

dimensiongl00m3 2400m3 280rmm/ 400/ 3 20mm3 280rmand is discretized using
a cell size of20/mm3 40rmm3 4/m. Figure 65 shows the FDFD mesh grid for modeling

RDL traces.This structure is solved directly without dividing into subdomains after the
TSVs are mcorporated as a multiport network into FDFD. The RDL trace modebin

Microwave Studio (MWS)is chosen with thickness of Hin and conductivity of

s =5.8%10"S/n.

| / 1.15mm/10mm
s >
30um
4u|||
| 1.15mm/10mm
I"“-. ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
Zo0um y
"-1-u||l
2.4m/20mm

Figure 64. RDL-TSV-RDL transition structure.
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Figure 65. FDFD mesh grid for modeling RDL traces
As can be seen frofhigure 66 and Figure 67, the insertion loss and return loss data for
this transition structure from the proposed modeling appraawd CST Microwave

Studio showgood correlation over a bandwidth ofGdz.

-10 obo0000
20+ 4
o
= 30 —e— CST simulation ]
g —o— proposed approach
£ -40 B
=
@
504 4
-60 t t
0.5 1 1.5 2
Freq (Hz) x 10%°
(a)
0e
Ak —©&— CST Simulation
= —— Proposed approach
RS
0 2r
1]
o
S 3
@
1]
£ -4r
5 ; ; ;
0 0.5 1 1.5 2
Freq (Hz) x 10*°

Figure 66. S parameters d one RDL-TSV-RDL transition structure with RDL
length 2.4mm, (a) Return loss, (b) Insertion loss.
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Figure 67. Sparameters of one RDL-TSV-RDL transition structure with RDL
length 20mm, (a) Return loss, (b) Insertion los

6.4.2 Five RDL-TSV-RDL Transition Structure

In the secod example, multiple RDL transmission lines and TSV arrays are considered.
The five RDL-TSV-RDL transition structure with dimensions and tpdefinition is

shown inFigure68. Two 4/m thick silicon dioxide layers are on both sidesa@00/m

thick silicon substrate. The length, width and spacing of the multiple RDL traces are

1.2mm, 40rnm and 20m respectively. The length, radius, pitch and oxide thickness of

the 531 TSV arrays are 206m, 15/mm, 60//mm and 1l respectively.The entire

78



structure is enclosed in a perfect electric conductor box  with

dimension®00/m3 1200m3 280 and is discretized using a cell size of
10//m3 50rmm3 4/m. This structure is divided into 15 subdomains with each subdomain
the size oR00/mM3 240mm3 280rmmand the divideandconquer approach is utilized to

solve each subdomain simultaneously.

1.2m
550um
1 * & N e
RDL-5 ~= .’. -'. ..‘ ..‘
RDL'4‘ IIIII;":IIIII:‘:IIIII -%b.u.n.';.:-""":‘.'""'
RDL-3 B ——) o .
RDL-2 //I.lllll“'llllll"'llll/ll 1.0 I.:rlllll:.'\lllll . Sub:oma;‘n )
v i . with mesh gri
RDL-L s : P -
o o o " A A
4um T - . £ s = if
. : F-1-7T-f=-+- V"
200um . :60um a1 : 600um = -f-*."'“‘:“"fﬂ
Aum ' ' : : e Y500um
240um
550um
b
(a) (b)

Figure 68. (a) Five RDL-TSV-RDL tran sition structure, dotted lines shows how the
subdomains are ceated. (b) Subdomain with mesh grids

The computational times and memory consumption to simulate the-TRMRDL
transition structure using the proposed method, direct solver and iteratii®e ngg¢hod

are compared ifable4. The direct solver in Matlab is a variant btJ decomposition

that finds triangular factorg ,U so that A=LU, and then the system matrix is solved
based on the.U decomposition.The QMR method61] is an iterative method that start
from an initial guess and improve the approximation until an absolute error is less than
the predefined toleranceAll the simulations were performed on a computer with two
Intel 2.4 GHz 6core processors with 48GB mem. As can be seen froifable4, the

proposed method is efficient and consumes less memory cedngadirect solver which
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requires about 245GB memory. Although the QMR method uses only a small amount
of memory, the computational time is too long.

The coupling between RDLSV-1 and other RDITSVs (RDL-TSV-2, RDL-TSV-3,
RDL-TSV-4, RDL-TSV-5) are corpared with CST[29] simulations and show good
correlation up t&?0GHz as illustrated ifrFigure 69a). The correlation indicates that the
proposed method captures all the couplgifects of the TSV arrays and multiple RDL
traces.

The insertion loss illustrated ifrigure 69(b) shows good correlation with CST
simulations up to 20 GHz. It can be seen that the HBW-RDL transition in the nadle
(S38) shows larger insertion loss compared to the RDE&V-RDL transition at the edge

(S16) due to the enhanced coupling in the middle.

Table 4. Comparison of the proposed method, direct solver, QMR method, and CST

Example CPUtime perfreq. (sec.)/ memory(GB)

Directsolver QMR [6]] CST[29 Proposednethod

Case2: | 482s/~27GB >3600s/~0.9GB | ~700s/~6.3GB| 131s/~3.7GB

Case3: | >12005/~37GB | >36005/~0.9GB | ~1200s/~12GB 358s/~6GB

Cased: | >12009~45GB | >36005/~0.9GB | N/A 550s/~8.5GB
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Figure 69. Sparameters of five ROL-TSV-RDL transition structure, (a) Coupling

S15, S14, S13, and S1@) Insertion loss S16 and S38.

6.4.3 Irregular RDL Transmission Line Routing With Large TSV Arrays

This example considers irregular routing of the RDL transmission linea silicon
substrate and large TSV arrays. The structure with dimensions anhdigimition is
shown inFigure70. Two 4/m thick silicon dioxide layers are on both sidea@00/m
thick silicon substrate. The length, radius, pitch in x direction, pitch ingctiin and

oxide thickness of th&3 2 TSV array are 200m, 15/m, 80/m, 100/m and 1rm

respectively. The geometries of the RDhdes are @scribed inFigure 70. The entire
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structure is enclosed in a perfect electric conductor box  with

dimension®00//m3 12003 280/mand  is  discretized wusing a cell size of
20mm3 20/m3 4mm. This structure is dided into 20 subdomains with each subdomain
the size 0R20rm3 240rm3 280rmand each subdomain is solved simultaneously using

the divideandconquer approach. The computational times and memory consumption to
simulate this structure using the proposedhoeét direct solver and iterative M

method are compared Trable4.

Subdomain

900um

1.2mm

b
@ (b)

Figure 70. (a) Irregular RDL traces routing with TSV array, dotted lines show how
the sulbdomain are aeated. (b) Subdomain with mesh grids.

The insertion loss and coupling of this structure obtained from the proposed approach and
full-wave smulation are compared ihigure71. Good correlation with #hresults from
CST MWS shows that the proposed method is applicable to general irregular geometric

configurations of RDL transmission lines.
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Figure 71. Sparameters of seven irregular RDL-TSV-RDL transition structure. (a)
Coupling S12, S13, and S14. (b) Insertion loss at the edge (S18) and in the center
(S411).

6.4.4 Eight Long RDL Transmission Line to TSV Transitions

This example applies the proposed modeling method to multiple long RDL transmission
lines connected to 831 TSV array. The eight RDITSV-RDL transition structure with

dimensions and podefinition is shown inFigure 72. Two 4/m thick silicon dioxide

layers are on both sides @200 nmthick silicon substrate. The length, width and spacing
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of the multiple RDL traces are @, 40um and 20um respectively. The length, radius,

pitch and oxide thickness of th&8 1 TSV arrays are @um, 15um, 8@m and 1lm
respectively. The entire structure is enclosed in a perfect electric conductor box with
dimension800//m:3 10mn® 280im and is discretized wusing a cell size of
20mm3 40/m3 4mm. This gructure is divided into 21 subdomains with each subdomain
the size 0260/m3 14003 280rmmand each subdomain is solved simultaneously using

the divideandconquer approach. The computational times and memory consumption to
simulate this structure usindné proposed method, direct solver and iterative RQM

method are compared Trable4.

Subdomain
with mesh grid

800um

4um

200um - : i

: P smm / e W/960um
Aum . L N N . : 1400um

10mm

b
@) (b)

Figure 72. (a) Multiple long RDL traces routing with 83 1 TSV array, dotted lines
show how the subdomains arereated. (b) Subdomain with mesh grids

The insertion loss and coupling of this structure obtained from the mo@@proach are
shown inFigure 73. There are soe resonances in the coupling due to the long RDL
traces. In addition, due to the long lines directly over the silicon, the insertion loss is very

high.
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Figure 73. Sparameters of eight RDL-TSV-RDL transition structure, (a) Coupling
S12, S13, and S14, (b) Insertion loss at edge (S19) and in the centerl(3¢

6.5 Summary

This chaper presents an efficient Ellased modeling approach for the RDL
transmission lines and TSVs in silicamarposes for 3-D integration. In this approach,

TSV arrays are modeled using an integral equation based solver withouhgnast
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RDL transmission lines are modeled usinHP method. A new formulation for
incorporatinga multiport network is presentdd incorporate the responses of TSV arrays

into the FDFD modeling of RDL traces. A dividedconquer approach is used to solve

the entire system matrix. The proposed approach has the advantage that tiseateulti
structuressuch as TSVsvhich require lage amount of mesh elements to approximate
using FDFD can be modeled separately and the complex system can be divided into
subdomains which can be solved simultaneously. The validation examples show good
correlation between the proposed approach anevimle EM simulations. The capability

to address a large number of RDL transmission lines and TSVs shows that the proposed
modeling appoach provides for a better modeling environmenteiectrical dsign of

the signal paths isilicon interposer for 3D sysies.
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CHAPTER 7
FDFD NON-CONFORMAL DOMAIN DECOMP OSITION FOR

MODELING OF INTERCONNECTIONS IN SILICON INTERPOSER

7.1 Introduction

The 3-D Finite-Difference Frequencipomain (FDFD) method based on the susceptance
elemat equivalent circuit (SEEChas been presented for \dsng a variety of
electromagnetic (EM) probleni§5]. The equivalent circuibased fulwave solver offers
several advantages: 1) use of SP[6H for full-wave simulationgand?2) use of circuit
based numerical techniqu¢S6]. However, as the problem sizacreases, the huge
requirement in terms of time and memory quickly bec®raebottleneck.Domain
decomposition is a technique tr@lows modeling each domain independently based on
its feature size. Using domain decomposition, the total number of unknowns can be
greatly reduced ansimulation effitency can be accelerategspecially when modeling
multi-scale structures. The equieat circuit based -B® FDFD method requires
conformal grids at interfacess described ICTHAPTER 6to approximate derivatives in
space The electrical fields on the interfaces are related to two domains armhlgalne
derived in equations with conformal mesh grids on the interfasgasy thefinite-
difference schemd herefore, ging different mesh grids in each domain which resolt
nortconformal gris at the interface betwedomains can be a difficult prtgm to solve
using the FDFD method

In the past, several finkelement based neconformal domain decomposition methods
have been presented for solving electromagnetic prodiegng4], DC wltage drop and
thermal problem$65, 66]. A finite-difference domain decomposition using characteristic

basis functions for solving electrostatic problems has been propo$éd. However,
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there is no previous work on naonformal domain decomposition of the SEEC based
frequency domain solver, which can genemtsusceptance eleant equivalent circuit
model whichcanthen be combined with mukipoint model order reduction technique
[56]. This chapterproposes a -B Finite-Difference Frequencipomain (FDFD) non
conformal domai deomposition method [68]. The nonconformal domain
decompositiorapproach allows nematching grids between neighboring domains, which
enabls modelng of individual subdomainsndepenéntly using dferent mesh grids
based on théeature sizeField continuity at interfaces between domains is enforced by
introducing Lagrange multiplisand vector basis functions at the interfadése domain
decomposition methois first applied to model RDL traces on silicomerposes. Later,

the formulation forincorporatinga multiport network into noftonformal domain
decomposition is presented to include the parasitic effects of TSV arrays into the system
matrix. The efficiency and advantgy using the proposed methaddemonstrated by

simulating interconnections in silicon interpasid9].

JZZ

RDL traces

=
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oxide

Decompose 'r
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—, RDL traces 0
5 RDL traces
TSVs
| | l
Non-conformal Domain Decomposition Integral equation based solver for TSV arrays

Figure 74. Decomposition of the interconnect problem into two problems
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7.2 Modeling of Interconnections in Silicon Interposer

A silicon interposer with RDL tracesnd TSVs is shown ifrigure 74. The FDL traces
abovethe silicon substrate are routed with different densities in different areas. The
interconnect problem is decomposed into two problems and can be modeled in three
steps: 1) Modeling of RDL traces ¢ime silicon interposer using neconforma domain
decomposition, 2) Modeling of TSV arrays, and 3) Incorporation of TSVs inte non

conformal FDFD methad

7.2.1 3-D FDFD Non-conformal Domain Decomposition

In this section, @ FDFD based nogonformal domain decomposition is presented and
utilized to modémultiple RDL traces omsilicon interposerThe FDFD formulation for
asingle domain is presented in ChapteFér a single domain, the system matrix can be

obtainedasin equation(55) as presented in Chagpt6.

(55)

(G +sC+2)E=KI
S

SEEC Model/Domain 2

Domain 2/Silicon

Figure 75. Two domains with norrmatching grids at interfaces
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A silicon interposer with multiple RDtrace routing is shown ikigure 75. Because of

the feature scale difference betweitie metal layer,the oxide layer, andhe silicon
substrate, the silicon interposer can be divided into separate subdomains inttteding
metal/oxide layer and silicon substrate. The metal/oxideado and silicon substrate
domain can be meshed independently using different mesh grids. Thus, the meshing grids
from the metal/oxide layer do not overlap with grids frahe silicon substrate domain

and therefore the required meshing cells are greatlyces.

At the interface, the continuity of electric field and magnetic field need to be

maintained. For two subdomains with a common interface, by asstfringy /1,

Gnter !
where /*denotes a function from Lagrange multiplipase, we have the relationship of

- /® =/@ =/ [70], where the weak continuity across the interface can be established

and the following equations for domains and interface can be derived:

(G' +C' +‘]Si)Ei -8t =K'l (56)
(Gj+51C"+l~JSj)Ej-aJ:K"Ij ®7)
i (E-Ed=0 (58)

where E* is the field in domairk and/ is the basis function for the Lagrange multiplier.

Because of the poiwise FDFD formulation in equation(56) and equation(57), a

continuous representation d¢iie Efield and j are required to compute the integral
equation. In additiorthe divergence conditio®® eE) = 0in sourcefree regios needs to

be satisfied. Therefore, vector Es$unctions are introducefV1] for representing the

E fields at the interfacesvhich are used as shownkigure76 and expressed as:
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1 = 59

Ny =5 v+ - WE 9

_ 60

N =2 (v 2HE (60)

1 DX .= (61)
NS_&(XC-'- > - x) ¥

(62)

N4 :é(x_ Xc +%)§
The electric fields on each rectangular element can be expressed as the combination of
the vector basis functiofs :a;E N. . The Lagrange multiplier on each rectangular

element can also be expressed as thombination of the vector basis

functions/® =é_i4:1bji, where/ ; is the vectorbasis function defined in equatig63)-

(66).
Ji= g e 2 nE (63)
/z=$(y— yc+%)E“ (64)
Jom o+ 9 (65)
(66)

. 1 Dx. =
=—(x- +—)¥
/ a Dx(X X 2)
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Figure 76. Vector basis functions for theE fields at the interfaces.

As a resultthe field and the Lagrange multiplier on the interface can be expressed as

.« inter

TdAin

E E and/ = a:':ler/ ¢ respectively. By multipiing both sides of equatiq®6) and

equation(57), integrating over the interface and after some mathematical manipulations,

the following equations can be obtained:

1 inter_1
(G1+SCl+§—)El- 1 AR/ b N =K (67)
s DxDy,Dz, & ..V
2 2,8\ 2 1 -2 ; 212 (68)
I | e N, =K~I
(G*+C% +3) Dx.Dy,0z, a VALY

Equation(69) can be derived frm equationg58), (67), (68) for the 3D problem with

two domains.

92



[N

e a ]

@1+$1+_ alBl l‘J‘ .

¢ S ) E'e eK'l'o

é GZ+SCZ+U— ) aZBZEEEZL‘JZg(ZlZg (69)
é s > U € u

¢ B - B? o ®by 80

é 0

e u

where a'=1/DxDy,Dz and a’=1/Dx,Dy,Dz,are scaling factors to maintain the
conservation of charge at interfacési*and K %I >are excitation vectors associated with
port excitations in domain 1 and domainéspectively.

To observe the field continuity between two domamsest case with two domains is
simulated as shown iRigure77. Each domain is meshed independently with mesh ratio

2:1 at interface. ThE, , E, E, fields distribution in two domains are shownHFigure78.

It can be seen from that thEfield is continuous between two domainsth non

matching grids.

<> .
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Figure 77. Two domains with norrmatching grid at interface.
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(c)
Figure 78. (a) Tangential Ex field distribution, (b) Tangential Ey field distribution,
(c) Normal Ez field distribution.
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For an integrated system, which is divided into subdomains, the generalized system

eguation can be written as:

(:;‘Al alBliﬂ‘?Elg (‘?Klll@
e 2 2 2£E2U g<2 2U
e A aBeEn &g (70)
é 6 4 Wau=¢ 4 U
e ue__u e u
An aan\,EnL\] é<n|nu

é
&' B* 3 B bl &0 Y

k
whereAk = G* +sC* + 2 denotes the susceptance elamequivdent circuit model
S

[59] in each domain.

7.2.2 Incorporating TSV s into Norrconformal Domain Decomposition

The cylindrical TSV structure requires a large number of mesh elements to approximate
due to the rectangular grid in FDFD. Therefore, TSV arrays are modeled separately using
the integral equation based solver atite responsds incorporated into the nen
conformal DDM as a multiport networlk.he formulation for incorporating multipogt
network into norconformal DDM is extended fro)€fHAPTER 6 As a result, the
systemlevel response of the silicon interposer with RDL traces and TSVs can be
obtained.The TS\Vtto-RDL coupling is negligible when the ratio of TSV length to TSV
diameter is larger than 5. Therefore the coupling between TSV and RDL traces has been
neglected in tis paper.This section presents details on incorporating multiport network

across mulple domains, as shown kigure79.
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Figure 80. Crosssectional view of ports in different domains. Ports representing

current sources occupy several FDFD grids.

For simplicity, we consider multiport network that crosselree domains, as shown in

Figure 80, where the pds are in domain 1 and domain 3héeFefore, the multiport
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network can be described using the current and voltage relation accdoditige

following equation:

Cah L - (71)
LViV3 V) =a, YV ta, o i 1=1=N

where indexi representsheport index of the multiport network and, , N, represents the

total number of ports in domain 1 and domain 3, ee8pely. Each port of the multiport
network may be in different domains and occupy multiple gridseriYee grid, as shown

in Figure 80, where porti is represented by a current sourgeflowing alongthe h-
direction. In the Yee grid, the voltagg can be written in terms @he h- component of

electric fieldg, as:

.. 72
Vk =a E:ref Ehm ( )

whereref represents the oltage reference node in the Yee grid. After substigut

equation(72) into equation(71), the current sourcé expressed as current density &n

obtained as:
IV,3V,) M  x Eph M _ k¥ EDh (73)
J(V,3V,)=-122 N =Ky T+ H Y h
Vi3 Area ket 'kh‘gef Area 2‘1 Ikh=aref Area

where Areais the crossectional area of the Yee cell. At each poof the multiport

network, the equivalent current sourde(V,3 V) must be applied to all thesFDFD
nodes from the reference nqdef (i)] to the port definition node[K(i)] along theh-
direction in the Yee grid in diffent domains, as shown figure 80. This can be
describe by the maix operation expressed Figure81, whereA _ s the overall system
matrix after the multiport network is incorporateB,, P,,P, is the total number of
unknowns in domain 1, domain 2, domain 3, respectiuaifi)+m|,

[K(i) - n]represents the column (row) number of the matrix where the current density
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J; must be stamped am], N,is the total number of ports in domain 1 and domain 3,

respectively.

[ref@) J.. frefym]... [K®-n].. [K@) ] [ref(].. [refyem| ...[KGal..[KQ) ]

\4 v v Vv v Voo
FelO> [, - g T ] A A R
A | R .
ARXR dBl [ref(]) + m}> J J J J = J J. J J
2 n? : R lretrm> o e ey

A;’xP aHBﬂ al : 'l 'l -l -l aE . . : : = A

s _I_ Z : : : : : : sys
g BB s 4t T R
B B B ’ '
: - R A AR sU e e il pp
11

Figure 81. Matrix operation for incorporating multiport network into FDFD non -
conformal domain decomposition.

7.3 System Matrix Solver

This section describes the details on applymgnonconformal domain decomposition
method for modeling RDL traces arsilicon interposer and approaches used to solve the

system matrix after TSVs are incorporated.

=

RDL traces

TSVs

oxide

silicon —|
oxide

Figure 82. RDL traces and TSVs in silicon interposer.

The RDL traces and TSV transih structure is shown ifrigure 82. Because of the
feature scale difference betwed#ime metal/oxide laye and the silicon substrate, the

interposer can be divided vertically into subdomains with different mesh gr&l Barea
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silicon interposer withanirregular RDL density, domains can also be divided akbeg

X- andy - directiorsto reduce the total numbef unknowns, as shown Figure83.

(PSP G AR P
/.

--—Smcoh Q —————————————

! S
--;4L:;4:4;4|/| : :
Domam,Q

Figure 83. Silicon interposer divided into subdomains inx- , y-, z- direction.

Ports in domain Q. ,,

Subgioma.ln X o . .Subd.omagn‘Q. o
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Ports in dﬁgzi )

Figure 84. Crosssectional view of subdomains with TSVs in the DDM. »haped
dots represents ports of TSVs stamped.

As shown inFigure 84, there are two types of subdomains after domain partitioning:

subdomains without current density representing the ports of TSVs stamped (denoted
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asW, /W, ) and subdomains with current density represerthegorts of TSVs stamped
(denoted agy; , /W, ), where there will be coupling between subdomaits, and
W, , due to the coupling between TSVs. The coupling is induced by the unknowns in

the nodes, wheréné current density has been applied. To utilize parallel computing to
solve subdomains simultaneously, there should be no coupling between subdomains.

Therefore, subdomains with ports of TSV array stamped are grouped into one subdomain

for parallel computig (for example, subdomaiy; , and subdomain\,, ,are grouped

into one subdomain). As a result, the system matrix can be reordered as:

Ay By ®e; o é,ku a
& Ax Bt g1y &Ka gy
€ 6 4®40eau
g Ay, Bu7v$Qi7v3 %g_vﬂ (74)
¢ : 14y g
g A B iem H gklM H
: Ao Bay ey U €y b
&, B, 3 B, B,, B B el §0 4

where A, /A,and Ay /A, is the matrix corresponding to subdomawy; /W, or
W; /W, ,.The vectore ,e,,2 e, ,e,, represents the field unknowns of subdomains.

The Schur complement system [22], [23] is given by

(75)
Se¢ =9
where
-1
. A, g eB, ,o
= M-M, _ = M, i _v < EE_vX
S=- aizl B-lr(Z)iAl(lz)iBl(Z)i - aizl[B;_v B;_v] e A u gB u and
e li_vU 2i_vUu
-1
i eA; o eB, ,o
- M-M, ) = M, S\ _v g S5 _v X
9=-a., BlayiAlziKiz - aizl[BI(z)i BI(Z)i] é A U % - It can be seen
e li_vy 2i_vU
that the subdomais; , A, and SA”—V A gare independent of each other, so that
é 2i_v[_]
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2 eB]J 9
A 0 € U in the summation

1|_vu 2i vu

T p-l T T
each termB,,;A,;By,; or[By , By ]

[ONONOZ
¥
I<

can be calculated simultaneously in a parallel manner. Once the Schur conigiamen

been solved, equatiqi@4) can be decoupled by solving the subdomain problem:

A€z =9 0r EA“ ! ﬂeeh Vu 9i (76)
é 2| v[@Zl vu
ek Vz eB, M
where g, =k, - B,; 65 Of g = g(“ "' (s~ The subdomain problems can be
2i vu 2i vu

li_v

4] :
gare independent of
2i_v(]

solved in parallel since the subdonmiA,,, and ¢
é

each other. Téa flow thatfor applying DDM and solving the siysn matrixin Figure82

can be summarized as follows.

(1) Partitioning the silicon interposer into three domains amnagdirection.

(2) Partitionng the metal/oxide layer into subdomains according to the RDL traces

routing densities.

(3) Reordering the system matrix according to domains where TSVs are stamped.

(4) Using parallel computing to calculate the summation

zeBL Vz

o M-M, _ o M, B
S=- ai=l BI(Z)iAl(lz)iBl(Z)i - a.izl[B;_v B; v] U 33 and  then
2i vu

D Q
.§’>
<

obtaining the Schur complement matfx

(5) Solving equation(75) for interface unknownsg;; .

(6) Solving subdomain&6) simultaneously.
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7.4 Numerical Examples

7.4.1 RDL traces on silicon interposes

The section applies the DDM method to model RDL traces on lossy silicon sustrate
The first example with dimensiongad@port setup is shown igure85(a). A 5/m thick
silicon dioxide layer (with dielectric constamt=3.9) is on a 200mnthick silicon
substrate (with dielectric constasf =119 and silicon conductivitys =10S/m). The
length, spacing and width of the RDL traces aman2 20/mand 20mm, respectively.

The entire structure is enclosed in a perfect electric conductor box with
dimensiongl00/m3 200am3 220rm. To applythe non-conformal domain decomposition
method, this structure is divided a8 domains as shown kgure85(b). Since the oxide
layer is thin and the width of RDL traces is narrow, weedto use fine mesh grids for
the oxide and metal lay®and coarse mesh grids can be used for the silicon substrate.
Therefore, each domain is discretized using different cell sizes, the cell size for domain 1,
domain 2 and domain 3 &em: 100/m3 50/m,  10/m3 100/mme 50/mand
10/m3 1000m3 5/, respectively. The parameters calculated using the +oamformal
domain decomposition method are compared with tBeFIDFD method (without DD)

ard CST Microwave Studio (MWS)29]. As can be observed frorRigure 86, the
insertion loss and return loss data from 4sconformal DD, FDFD and CST MWS show
good correlation over a bandwidth of 20GHz. The total unknowns, commatiatime

and memory consumption are reduced By, &3 and 3 using nonconformal DD
compaed to FDFD, as shown ifiable5. All simulations were pesfmed on a computer

with two Intel 2.4GHz CPWs with 48-GB memory.
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Figure 86. S-parameters of RDL transmission line pair, (a) Insertion loss, (b) Return
Loss.

Table 5 Comparison of non-conformal DD and FDFD

Example | Total unknowns / CPU time per freq. (sec) / memory (GE
Non-conformal DD FDFD

Case A: | 13,080/~11s/1.4GB 108,000/~40s/5GB

Case B: 19,800/~18s/2GB 162,000/~49s/7GB

In the second example, multiple RDL transmission lines with port dimensions and por
definition, as shown irkigure 87(a), is simulated. A Bm thick silicon dioxide layer
(with dielectric constarg =3.9) is on a 200mthick silicon substrate (with dielectric
constante =119 and silicon conductiwts =10S/m). The length and width of the RDL
traces are thmand 20mm, respectively. The entire structure is enclosed in a perfect
electric conductor box with dimensios@ym:3 20003 220m. Similar to the first

example, this structure is divided into 3 domainstaswn inFigure87(b). Each domain

is discreized using different cell sizesh& cell size for domain 1, domain 2 and domain
3 ares0rm3 100/m3 50/, 10/m3 100/m3 50/mand 10/m3 1003 5mm, respectively.
The Sparameters calculated using the fmmmformal domain decomposition method are
compared with the-® FDFD method (without DD) and CST MW@&s can be observed

from Figure88, the coupling and insertion loss data from4sonformal DD, FDFD and
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CST MWS show good correlation over a bandwidth of 20GHz. The total unknowns,
computational time and memory consumption is reduced3hy38 and 3 using non

conformal DD compied to FDFD, as shown ihable5.

20um
port2 H portd ,orte
V' & y ——5um
2m ~
200um
Silicon
(@)
Praiviaiidubuil el A A B
[ S R P e e Ao ok

-«-«--2. Domain3

Domain2

(b)
Figure 87. Multiple RDL traces, (a) Geometry (b) Norrconformal DD
'20 L L L - -
@ 40 —e— Nonconformal ||
= —v—FDFD
£ 60 s15 —csT 1
2 s —v—FDFD
© | —=— Nonconformal
-80 ——CST 7
_100 r r r
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Freq (Hz) 10
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_ _ (b)
Figure 88. Sparameters of multiple RDL traces, (a) Geometry, (b) Norconformal
DD.

7.4.2 RDL Traces Connected to TSVs in Silicon Interposer

This section appdis the proposed method to model several RISBV-RDL transition
structures in silicon interposer.

The first example with ichensions is shown iRigure89. Two 5um thick silicon dioxide

layers (with dielectric constde =4) are on both sides oh 200um thick silicon
substrate (with dielectric constamt=119 and silicon conductivitg =10S/ir). The

length and width of the RDL trace is 2.3mm and 20um respectively. The |eadths

and oxide liner thickness of the TSV is fixed at 200um, 15um and 1um respectively. This
structure is divided vertically into three domainghe z- direction as shown ifigure

89(b). Since the coupling between domains is captured using Lagrange multipliers, each
domain can be meshed independently. The cell sizes used to discretize each domain

arelOum? 50um? 5um, 50um? 10um? 40um and 10um? 50um? 5um, respectively.
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Figure 89. RDL-TSV-RDL transition structure, (a) Geometry, (b) Crosssectional
view of non-conformal DDM.

The Sparameters calculated using the fwmamformal domain decomposition method are
compared with CST Microave Studio (MWS)As can be seen frorigure 90, the
insertion loss and return loss data for this transition structure from the proposed modeling

approach and CST Microwave Studio shows good correlation over a bandwidth of

20GHz.
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Figure 90. S-parametersof RDL-TSV-RDL transition structure , (a) return loss, (b)
insertion loss.

In the second example, multiple RDitates and TSV arrays are considered. The five
RDL-TSV-RDL transition structure wht dimensions is shown ifigure 91(a). The
length, width and spacing of the multiple RDL traces are 1.2mm, 20um and 20um
respectivey. The length, radius, pitch and oxide thickness of 384 TSV arrays are
200um, 10um, 40um and lum respectively. Due to the scale difference beheeen
metal/oxide layer and silicon substrate, this structure is divided verticallythnée
domains inthe z- direction as showfrigure91(b). Since RDL traces are straight lines,
the metal/oxide layer is not divided ithe x- andy- directiors. Therefore, two
interfaces are needed to capture the coupling bettteemetal/oxide layer and silicon
substrate. In this example, the basis functions tfug Lagrange multiplies for
metal/oxidesilicon substrate interface are selected from the silgtdrstrate side. The

cell sizes used to discretize each domainlaxen® 50um? 5um, 50um?® 50um?® 40umand

10umB 50um? 5um, respectively. The total number of unknowns using DDM is 74.9K.
Compared with the FDFD method without using DDM whiequires 299K unknowns,

the number of unknowns is greatly reduced due to the-conformal domain
decomposition approach used. The computational time and memory consumption using

DDM are compared with FDFD and TSsimulation as shown iffable 6. All the
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simulations were performed on a computer with two Intel 2.4 GHezoi@ processors
with 48GB memory.

Table 6. Comparison of the proposed method, direct solver and CST.

Example| CPUtime perfreq.(sec.)) memory(GB)
ConformalFDFD | CST Proposednethod
Case2 | ~500s/20GB ~610s/6GB| ~230s/3GB
Case3 N/A N/A ~700s/11GB
e EHH s
RDL-Gnd o o iRDL fraces
ROL-5 !
RDL-4
RDL-3 ) .
RDL-2 L Subdomain 2
ROL1 A————— | [bdom [Silicon
5um :;1 —
200um oum | 400um o
5um :-.III-III.I\III|\\|III\rr.r
o Subdomain 3
P Euntesdantes onisnts et
(a) (b)

Figure 91. Five RDL-TSV-RDL transition structure, (a) Geometry, (b) Cross
sectional view of norconformal DDM.

The coupling between RDLSV-1 RDL-TSV-3 and RDLTSV-3 are compared with

CST simulations and show good correlation uR@&Hz as illistrated inFigure 92(a).

The correlation indicates that the proposed method captures all the coupling effects of the
TSV arrays and multiple RDL traces. The iniar loss illustrated ifrigure92(b) shows

good correlation with CST simulations up to 20 GHz. It can be seen that thad DL

RDL transition in the middle (S38) shows larger insertion loss compared to the RDL

TSV-RDL transition at the edge (S16) due to the enbdmoupling in the middle.
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Figure 92. Sparameters of five RDL-TSV-RDL transition structure. (a) Coupling
S12, S13, (b) Insertion loss S16 and S38.

This example conders a large silicon interposer with multiple long RDL traces with
different routing densities. The silicon interposer with RDL and TSVs with dimensions is
shown inFigure93(a). There are four TSV arrays in tlegample. For the TSV arrays,

the length, radius, pitch and oxide thickness of the TSV array are 200um, 10um, 40um
and lum respectively. This structure is first divided vertically into three domains along
the z- direction. Since there adifferent routing densities of RDL traces, the metal layer

is also divided alonthe x- andy - directions as shown iRigure93(b). This results in a

total number of 19 subdaams. Each subdomain can be meshed independently according
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to the feature scale in each subdomain. Therefore, the required total meshed cells and
unknowns are reduced dramatically as compared with conventional FDFD. For the initial
mesh without domain depwosition, the FDFD required ~10 million unknowns and
could not be solved due to memory limits. However, using the DDM, it required only
128K unknowns. The computational time and memory consumption using DDM are

compared with FDFD and Osimulatiors as slown in Table6.

RDL-5RDL-6RDL-[ROL-Gnd

2930um

RDL-
RDL,
RDL
RDKA1 5;":
" 1o0oumd- U 2830um %
3550um
oxide—>
silicon—
oxide
8.2mm

T
]
1
_______ -+ [P
]
!

(b)

Figure 93. RDL traces with different routing density and multiple TSV arrays, (a)
Geometry, (b) Norrconformal domain decomposition.

The insertion loss and coupling of this structure obtained from the mo@ugproach
are shown irFigure94. The insertion loss is very high since long lines are directly over

silicon. CST was unable to simulate this structure due to memory limigation
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Figure 94. Sparamters of RDL traces with different routing densities and multiple
TSV arrays, (a) Coupling between RDL1, RDL-2, RDL-3 and RDL-4, (b) coupling
between RDL-5, RDL-6, and RDL-7, (c) insertion loss.
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7.5 Summary

This chapter presents the formulationtbé 3-D FDFD based nceronformal domain
decomposition method and ugilized to model the RDL traces with different routing
densities on &con interposes. TSV arrays were modeled using an efficient integral
equation based solver without meshimond later incorporated intdhe domain
decomposition method. By usirtge non-conformal domain decomposition methau
complex system can be dividlento several subdomains and each subdomain can be
mesled independentlytherefore, system unknowns can be greatly reduchuk total
unknowns using nenonfomal domain decomposition ieduced 4 in case 1 and case

2 due to the fature scale difference between RDL layer and silicon substrate compared to
conformal FDFD methodsince RDL traces have different routing densities in case 3, the
domains can be divided according to the RDL trace routing densities to further reduce the
total unknowns.The totalunknowns reducedill depend on the routing of RDL traces
compared tdhe conformal FDFD methodn case 3, the total unknowns reduced %0

The efficiency and advantag using the proposed method wetemonstated by

simulating interconnections in silicon interpaser
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CHAPTER 8

FUTURE WORK

While the work in this dissertation fo@son modeling and simulation of sibn
interposers for D systems,tiprovides scope for future work in several aspects destri

as follows:

8.1 TSV-to-Wire Coupling

In the proposed modeling method for interconnections in silicon integpoter
responses of TSVs are stamped into the system matrix of RDL .tfHeescoupling
between TSVs and RDL traces are not considered irpttheosed modeling method.
However, the TSMo-wire coupling may not beeagligible when TSVs and RDLs fall
within certain dimensionghe ratio of TSV length and TSV diameter is less th§&0).
Therefore, TSMo-wire capacitance may need to be considered for accurate modeling
the interconnections ia silicon interposer. Figure 95 shows the interconnections i

silicon interposer and TSYo-wire capacitance.

TSV
RDL trace /

oxide

RDL trace

Figure 95. TSV-to-wire coupling.
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8.2 Non-conformal Domain Decomposition with Model Order

Reduction

The 3D FDFD nonconformal domain decomposition method has been proposed in this
dissertabn. The nonaconformal domain decomposition method allows modeling each
domain independently with nematching grids at the interfaces. This raamformal
domain decomposition method can be combined with model order reduction (MOR)
techniqgues MOR method an be applied tan individual domain, therefore, bbw-
dimensionareduced order model for each domain can be obtaM@&dR can reduce the
computational complexity of each domain and accelerate simulationByn@mbining

DDM with MOR, the total numbesf system unknownsan be reduced furthdfigure96

illustrates the basic idearfeystem level modelingsing DDM and MOR72].

________________

ROM For
Domainl

Domain 2/Silicon

Final
solution

ROM For
Domain2

ROM For

Silicon Interposer Domain3

Figure 96. Domain decomposition with model order reduction.
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CHAPTER 9

CONCLUSIONS

As the transistor stiag reaches its limits3-D integration is becoming a promising
technology to continue Mo r lawdirsthe futureTo enablebetter and faster desigr 3-

D systems, efiient and accurate modeling tools aededNew challengearisefor the
compuer-aided design and modeling 8D integratedsystems. As described in Chapter

1 and Qapter 2, thechallengescome from several aspects. (1) Midtiale dimension
structures in @ systems such as TSVE2) Interconnectionsembedded in a
semiconducting medium which is lossy and introddoss, coupng and distortion(3)

High density TSVs and RDL tcas in silicon interpossrcausingenhanceaoupling, and

(4) Responses ahe PDN become more complicated when a large number of TSVs are
included. To address these challenges, several analysis and modeling approaches are

developed in Chapter3.

9.1 Contributions

The contributions of this thesis are summarized as follows:

Major Contribution s:

9.1.1 Modeling and analysis of simultaneous switdhg noise in silicon and glass

interposers

An efficient approach for modelirthe power delivery network with througélicon vias
(TSVs) for 3D systens is proposed. In the proposed method, power and ground planes
are modeled usinghe multi-layered finitedifference method (M-DM). TSVs are
modeled separately using an integral equation based solver and later inconptoaied
FDM. Using the proposed method, the power/signal integrityaoPDN with

TSVs/throughglass vias (TGVs) im lossy silicon interposer and low loss glass
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interposer is investigated and compared. P/G plane resonances are suppressed in silicon

interposes and the benefits of usiragsilicon interposer is illustrated.

9.1.2 FDFD modeling of signal paths with TSVs in silicon interposex

An approach for modeling signal paths with TSVs basedthenFDFD method is
proposed. The proposed method utilizée 3-D finite-difference frequencgomain
(FDFD) method to model the redistribution layer (RDL) transmission lines to capture the
parasitic effects of multiple transmission lines aiossy silicon interposer. TSVs are
modeled using an integral equation baselyesowhich uses cylindrical modal basis
functions. A new formulation for incorporatirey multiport network inthe 3-D FDFD
formulation is presented to include the parasitic effects of TSV arrays into the system
matrix. The overall matrix is divided inte@geral subdomains and solved by a divide
andconquer approach in a parallel manner. The accuracy and efficiency of the proposed

method is validated by comparing witkD>Bfull-wave simulations.

9.1.3 3-D FDFD non-conformal domain decomposition

The 3-D finite-difference frequencgomain (FDFD) norconformal domain
decomposition method is proposed. The proposed method allows modeling individual
domains independently using the FDFD method with-mamching meshing grids at
interfaces. Field continuity at interfackgetween domains is enforced by introducing
Lagrange multiplies and vector basis functions at the interfaces. This domain
decomposition method has been applied to model RDL traces on silicon interpbser
formulation for incorporating multiport netwak into the FDFD norconformal domain
decomposition is derived to include the pztia effects of TSV arrays ithe system
matrix. The accuracy and efficiency of the proposed method has been validated by

comparing with commercial fulvave solvers.



Minor Contribution s:

9.1.4 Coupling analysis of throughsilicon via arrays

The coupling effects between TSVs in large TSV array structures are presented. The
coupling between TSVs in low resistivity and high resistivity silicon substrate
compared. It concludebsatthe slow wave mode exists in TSV structsirevhich induces

the long tail of the coupled waveforms. This long tail hadetrimental effect on the
signal integrity of the silicon interposer. It also concludes that coupling for low resistivity
substrateinduces variability in signal integrity across the silicon interposer which can be

a major problem.

9.1.5 Electromagnetic modeling of noruniform TSVs

A hybrid approach for electromagnetic modeling of qomiform TSV structures is
proposed. For neoniform TSV structures, TSVs are divided vertically into conical and
cylindrical sections. The modeling of conical TSVs is presented based on using conical
modal basis functions. By using the conical TSV modeling method combined with
cylindrical TSV modeling method;omplex TSV structures can be modeled efficiently.
The accuracy of this hybrid method is validated by comparison with f@ll-wave

simulations.

9.2 Publications
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