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ABSTRACT

To ensure maximum circuit reliability it is very important to estimate the circuit
performance and signal integrity in the circuit design phase. A full phase simulation for
performance estimation of a largeale circui not only require a massive computational
resource but also need a lot of time to produce acceptable results. The estimation of
performance/signal integrity of suianometer circuits mostly depends on the interconnect
capacitance. So, an accurate modelifderconnect capacitance can be used in the circuit
CAD (computeraided design) tools for circuit performance estimation before circuit
fabrication which reduces the computational resource requirement as well as the time
constraints. We propose a new aejpance models for interconnect lines in multilevel
interconnect structures by geometrically modeling the electrical flux lines of the interconnect
lines. Closedorm equations have been derived analytically for ground and coupling
capacitance. First, theapacitance model for a single line is developed, and then the new
model is used to derive expressions for the capacitance of a line surrounded by neighboring
lines in the same and the adjacent layers above and below. These expressions are simple, and

thecalculated results are within 10% of Ansys Q3D extracted values.



Through silicon via (TSV) is one of the key components of the emerging 3D ICs.
However, increasing number of TSVs in smaller silicon area leads to some severe negative
impacts on the perfmance of the 3D IC. Growing signal integrity issues in TSVs is one of
the major challenges of 3D integration. In this paper, different materials for the cores of the
vias and the interposers are investigated to find the best possible combination thdtican
crosstalk and other losses like return loss and insertion loss in the TSVs. We have explored
glass and silicon as interposer materials. The simulation results indicate that glass is the best
option as interposer material although silicon interpbser some distinct advantages. For
via cores three material€opper (Cu), tungsten (W) and ®u bimetal are considered. From
the analysis it can concluded that W would be better for high frequency applications due to
lower transmission coefficient. Cu eff higher conductivity, but it has larger thermal
expansion coefficient mismatch with silicon. The performance e\Chimetal via would be
in between Cu and W. However, W has a thermal expansion coefficient close to silicon.
Therefore, bimetal GMV basedl'SV with W as the outer layer would be a suitable option for
high frequency 3D IC. Here, we performed the analysis in terms of return loss, transmission
coefficient and crosstalk in the vias.

Signal speed in current digital systems depends mainly oretag df interconnects.

To overcome this delay problem and keep wup
(vertical integration of multiple dies) with througilicon via (TSV) has been introduced to

ensure much smaller interconnect lengths, and lowerydated power consumption
compared to conventional 2D IC technology. Like 2D circuit, the estimation of 3D circuit
performance depends on different electrical parameters (capacitance, resistance, inductance)

of the TSV. So, accurate modeling of the eleatrarameters of the TSV is essential for the



design and analysis of 3D ICs. We propose a set of new models to estimate the capacitance,
resistance, and inductance of a-ffled TSV. The proposed analytical models are derived
from the physical shape anietsize of the TSV. The modeling approach is comprehensive
and includes both the cylindrical and tapered TSVs as well as the bumps.

On-chip integration of inductors has always been very challenging. However, for sub
14nm onchip applications, large area emhead imposed by the -@hip capacitors and
inductors has become a more severe concern. To overcome this issue and ensure power
integrity, a novel 3D ThrougBilicon-Via (TSV) based inductor design is presented. The
proposed TSV based inductor has theepbal to achieve both high density and high
performance. A new design of a Voltage Controlled Oscillator (VCO) utilizing the TSV
based inductor is also presented. The implementation of the VCO is intended to study the

feasibility, performance, and reaforld application of the proposed TSV based inductor.
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CHAPTER 1

INTRODUCTION

1.1 Interconnect Modeling

To keep wup wi t[Hl, theloumber ®fs transistons is increasing to
accommodate more functionality into a fixed size chip. Only way to achieve that is to scale
down the physical dimensions of devices and wires that connects the devices in a chip. In the
deep sub nanometer tedhogy, the wire connecting the devices (also known as
i nterconnect) plays a vital role of the <chi
devices are becoming faster in every new generation, but the interconnects are getting
narrower, so the performnce of the interconnects getting worse. We now reach such a point
where the interconnect delay is more prominent compared to gate delay and interconnect

delay determines the chip performance.
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Figure1.11: IRDS prediction of (a) device scaling down (b) increasing interconnect length
and (c) increasing interconnect defady3].

Figure1.11 shows the roadmap for device scaling and path to overall interconnect

performance[2, 3]. With aggressive scaling down of the device, more interconnect is



required to tie them all. Thus, the interconnects are placed very compactly, reducing their
pitch (spacing between neighboring interconnect). As the width of interconnect also scaled
down with device sizes, to keep up with device performance and redti@ngverall

resistance of the interconnect, height of the interconnect is increasing with every successive

generation increasing their aspect ratio (height/widéhdhown irFigurel.1.2.

Interconnect Pitch & AR
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c 80 ©
= 2.15
21 O
o 60 1=
e 2.05 O
T 40 2 8_
2 19 <
= 0 1.85
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Figure 1.1.2: Prediction for interconnect aspect ratio and pitch.

As the interconnect performance becoming dominant, it is very important to predict
the effect of the interconnect performance before chip fabrication. The interconnect
performance depends on the resistance and the capacitance of the interconnectgRhelictin
resistance of an interconnect is straight forward and depends on the dimension and material

of interconnect. Contrary to that predicting the capacitance of an interconnect is very



complex procedure and often depends on different factors. iISwery important to havera

accurate model of inteonnect capacitance to correctly predict the interconnect performance.

1.2 3D Integration
The demand for integrating more functionality into a single chip leads to technology
scaling so that the number of traters in a chip can be increased without increasing the
chip area. But according taternational Roadmap for Devices and Systems (IRDS) technology

scaling may not be possible for 2D technology after 2@24Several leading chip manufacturing
|l abs also known as foundries namely O0GlI obal Foun

cost of building and maintaining new manufacturing facilities are beyond anticig&for3D
integration can be a possible solution of this problem as 3D integration promises more
functionality and better performance on a s
than Moored era.

In general 3D integration means stacking up two or more 2Bgrated chip
vertically with the througtsilicon vias (TSV), interposers, bumps, and micro bumps as
shown inFigure 1.21. 3D integration promises impre performance, low power, smaller
chip area, and reduced manufacturing cost compared to 2D integration. 3D integration
comprises technologies such as d6system i n peé

monolithic 3D integration etc.
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Figure 1.21: 3D Integrated Circuit with TSVs, bumps and mitnamps[2]

TSV based 3D integrated circugslve one of the biggest problems of 2D integrated
circuits currently facé ever increasing interconnect length. Throwglton via (TSV) is a
potential solution to the long interconnect problem as they are connected vertically and much
shorter in lendt. Though shorter in length but their other dimension is large compared to
nano scale interconnect, often having radiugimd r ange. This | arge
introduces several other problems. So, when one uses TSV based 3D ICs it is important to
make sure about the material of the core, material of the insulation layer that surrounds the

TSV and characteristics of the interposer through with the TSV goes from one layer to the

s



next. As TSVs are responsible for supplying the power and signal, krgsvidabut their

electrical and thermal characteristics are also very important.

1.3 Organization
This dissertation consists of seven chapters. Chapter 1 provides a general introduction
and overview also layout of the dissertation. Chapter 2 provides the backgof current
state of interconnect capacitive modeling. Chapter 3 discuss about the capacitance modeling
of multi-level interconnect structure. Chapter 4 introduces the performance of TSVs based on
the material composition and Chapter 5 tackles withpétormance of TSV based on its
shape and size. In Chapter 6 electrical characterization of TSVs are discussed and finally

Chapter 7 presents the optimization of TSV based inductor for VCO design.

1.4 Dissertation Objective
The main objectives of the dissaibn are summarized as follows:
1 To provide an accurate capacitance model for sub 22nm technology node.
1 Investigate the performance dependence of TSV on its material composition
and structure.
1 To develop an RLC model of the TSV for the electrical chanzetigwn.

1 Optimize TSV based inductor for high frequency application.



CHAPTER 2

BACKGROUND OF CAPACITANCE MODELING OF ORCHIP INTERCONNECT

2.1 Introduction

In the CMOS integrated circuit technology, the wires that connects all the transistors
in a system are known as interconnect. In the modern system interconnect plays a very
important role and every so often interconnect performance determines the pertowhan
the whole system. In the early ages of VLSI (very lesgale integration), the performance
of OnChip interconnect is mostly overlooked because the performance of the overall
integrated system mostly depended on the performance of the transie®tsansistors are
very slow compared to modern VLSI technology and the interconnect used to connect all
those transistors are wide and thick thus results in very low resistance and they are placed
moderately far apart from one another. So, the intercésmneere treated as ideal

equipotential nodes with lumped capacitaj@ie

In the modern deep suhicron technology, the interconnects are narrower and
densely populated. So, the resistance goes high and introduce othercpeffasits such as
coupling capacitance between neighboring interconnects which leads to a point where the RC
delay of the interconnect line exceeds the gate delay of the transistors. Therefore, when
designing a system with modern smiicron technology naa&l it is very important to have
knowledge about the characteristics of the interconnect and their behavior and impact on the

performance of the system.



2.2 Interconnect Geometry
Figure2.21 shows two interconnects are placed side by side over a ground plane as
in modern CMOS technology. The width of the interconnectvis height'Q, length0, the

distance from the ground toghnterconnect (also known as oxide thickné¥ahd distance

between two interconnects (spacifiy) The term o6pitchd is known
spacing and the heighttowidth- r at i o0 i s known as Oaspect rat
L
w
H s

Figure 2.21: Geometry of Interconnect

In early VLSI technology only a single layer of interconnect was used to connect all
the transistors. Up until 1990s a maximum of two to three metal layers can be found on a
system. But modern V&I systems uses nined> or more metal layers because of the number
of transistors in the system to connect and the advancement of cheradanical

polishing to fabricate several metal layers.



Figure2.22 shows Intekw Tandt unm process, where the Thm process has sixp
metal layers and uvnm process has nines metal layers. The metal layers those are closed
to the transistors (layer M1, M2) are densely packed and narrow in dimension (high pitch).
The upper metal layers wider and offer great piicible 1 shows different dimensions of

intel 45nm process.

Tablel

Dimensions of different metal layers in Intel 45nm techndépy

Layer "0 ¢ a W & a Y& & 0 Q0 & a
M9 X' a PR & pa & om' a
M8 XQqrm T TPpT Yypm
M7 UTTT YT YT VT
M6 oCT puyTt puyrTt oQT
M5 CULC pPT T pPT T YT
M4 CPpo pQm pQm CT ™
M3 PTT Y 1t U pom
M2 PTT Y 1T U pom
M1 PT T g1 W pOT



M6

1 um

Ms i

M4
m3
m2
M1

Transistors

(@) (b)

Figure2.22.Met al stack of I ntel ds[6](a) 90nm ar

2.3 Interconnect Model
An interconnect can be treated as a distributed circuit with resistanoapacitance
per unit length[6]. The behavior of interconnect can be approximated by the number of
lumped elements. Emo d e 1 model and T- model are the three standard approximations.
Among the three approximation the fe@mance of Li model is worst because to achieve
accurate resul't numer ous | umpierdodet bng/riheeat s ar

segments are sufficient to achiesex kaccuracy. The accuracy ofiTmo d e | itls 1ike
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model but it is much slower cgma r e di mibdel. Spto use any of the standard model

first the model for resistance and capacitance are required.

R R R/2 R/2
M J_ ) J_C/;M, J_Cﬁ AN J_ CM
R

L i model " T model T71 model

Figure 2.3.1: Lumped approximation afistributed RC circuif6]

2.4 ResistanceModel
The model for the resistance of an interconnect is more straight forward compared to

capacitance. The resistance of a uniform rectangular interconnect can be formulated as Eq.

().

Where ” is the resistivity of the interconnect material,is the length of the

interconnect is the width of the interconnect aitdis the thickness of the interconnect.

Eq. (1) can also be expressed as Eq. (2).

11



Y M 0
h(b C
In Eq. (2)Y, "] O is the sheet resistance and has thergisijuare.
2.5 CapacitanceModel

The classical formula for calculating the capacitance of a rectangular interconnect

over a ground plane is expressed as Eqg. (3) also known as parallel plat@napaci

P w0
- o
Y
Where - is the dielectric constant of the oxide material used between the

interconnect and the ground plane. Considering only the capacitance in Eg. (3) for the
interconnect model is not sufficient for saficron technology ashe aspect ratio of the
interconnect is higher than previous generations and the interconnect are densely packed. The
higher aspect ratio introduces fringing capacitance and the reducing spacing between
interconnects produces coupling capacitances becdominant over parallel plate
capacitancg3], [2], [7]. The fringing capacitance is very complicated to compute and to get

an accurate result a numerical fieddlver is required. Over the decades, there have been
numerous models proposed in the literature to capture interconnect capacitances of high

speed integrated circuits based on empirical, numerical, and analytical methods.

12



A method is proposed if8] based -@amea&dulmet hod. I n t
calculation error was eliminated by divide the system inteamra. By using this method,

the capacitance of a single interconnect over a ground plane is expressed as Eq. (4).

0 W 0 8
BT U M= T
_— PP v 8 v

Capacitance of three interconnect over a ground plane is expressed as Eq. (5).

0 . B W O B 0 8 "y 8
3 0 ¢ O"Y TtEqJG.,Y X"Y ~ V]
The relative error of this model is less thamt BvhentT® — pTUm® - p 1T
andit® - p T

The model proposed {®] where a conductor with a rectangular middle part and two

hemispherical end section was placed over a ground plane. Eq. (6) shows the expression for

the capacitance when —and in Eq. (7) whey  —.
~, 0 r'l
o 2< : ; 0
Vo T g, SY Yoy ow
u 0O "0 O Y,
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The model is accurate withm 1t vhen the aspect ratio is less tlggand™yY O

A computationally efficient modevas proposed ifil0] which is accurate withip b

for aspect ratio less tha®. The proposed capacitance model is shown in Eqg. (8).

(':') 38 "08

@ &1 ¢ 81
—5 W &KX pBLem,  p8lon, U

Although trosemodelsdiscussed abovare stillextensivelyused,but they dorit take
into account th aspect ratio of modern interconnect technol@gyere the height is greater
than the width, as a result lacking thaccuracyrequired for current VLSI interconoe
capacitance calculatiof8]. A two-d i mensi onal numer i cal sol utio
used in[11] to calculate the capacitance of a single interconnect in a homogeneous medium.
Boundaryelement method (BEM)L2] [13] [14] [15] [16], finite element methofl7], finite

difference method18], and semanalytical approachefl9], [20] are also used in the

14



literature for capacitance modeling of complex interconnect structu®al, these
approaches areomputationally expensivend notsuitable toimplementin CAD tools. A
number of empirical models are proposed [A1] [22] [8] [23] for a specific set of
interconnects geometridaut these modelsare complicated andstrictly limited to a small
number of interconnect configurations. Thmodel proposedin [23] considers fringing
capacitanceriginate from topwall to ground planeparallel plate approximatiois used to
estimate the sidevall fringing capacitanceThese modelsare simple and works well for a
conductorwith aspect atio less than 1the accuracy is noacceptablen the currentVLSI
technology nodesAnalytical expressions are given [@4] and [9] by modifying the
thickness of aectangulainterconnecto a circular crossection Expressionsn [9] closely
follow two-dimensional simulation results, bomodel is only valid for aspect ratless than
hdf. Thecapaciance modetliscussedn [24] is based on thapgoximation that the heigh of
a interconnect is equab a diameter of circulatinterconnectcrosssectian. It reduces the
effective width by half of its thicknes$he model is not valid \Wwen the aspect ratio of the
interconnecis equal to 1, in that case modklo e sanéetge Both models irf24] and[9]
do nottake into accounthe fringing electic field coming from the top surface of the
interconnect A fringing capacitance model is proposed [Bb], which considersthe
nonlinearities of secondrder effects of field interactions. Althoughe modelprovides a
closedform solutionwith good accuracythe expression isomple to be usedn regular

circuit analysis.A numberof experimentalmocels for capaciance calculatiorhave been

15



proposed in26] [27] [28] [29] that estimate ofchip wiring capacitances he modelsare
based on fAchar ge b as e dAlthouglptlaesei nmethodspeovide digheru r e me
accuracy compared toempirical or analytical mods, they are usefulonly for post

manufacturing stages.
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CHAPTER 3
ACCURATE MODELING OF INTERCONNECT CAPACITANCE IN MULTILEVEL

INTERCONNECT STRUCTURES FOR SUB 22NM TECHNOLOGY

3.1 Introduction

The increasing demand for higher performance and multiple functions lead to smaller
devices and increasing chip density, @thmakes the interconnect role dominant over device
performance in nanoscale integrated circuits. Therefore, it is essential to accurately model
different capacitive components of interconnect lines to estimate delay and crosstalk noise in
early design prses. With continuous scaling, the aspect ratio (height/width) of interconnect
has become more than unity. As a consequence, the fringing and the coupling capacitances
are becoming dominant over paralidhte ground capacitand8d], [2], [7]. Moreover, the
total overlap capacitance between interconnect lines in the adjacent layers are also getting

stronger due to a higher number of metal lay@0$.

3.2 Analyzing Electric Field Distribution in Multi -Layer Interconnect Structure
3.2.1 SingleInterconnect Line Over A Ground Plane
We haveanalyzed the electric field distribution of interconnects over the ground
plane. We started with a simple structure where there is one interconnect line placed on the
ground plane. We observed how electric fields originate from the interconnect andpends u

on the ground plandzigure 3.21(a) shows an interconnect line over a ground plane where
17



the interconnect line is surrounded by an insulating matéN& . In the figure the height

"O of the interconnect isg®* & width () isT8t 0 ¢ |l ength of the inte
and the thickness'Y of the oxide layer (distance between the bottom of the interconnect line

and the top of the ground plane) 1 & Figure 3.21(b) shows the electric field
distribution in xzplane for the structure showigure3.21(a). The applied voltage is 1V. It

is observed fronfrigure3.21(b) that electric field lines are coming not only from the bottom

wall to the ground plane but also from the sidewall as well as from the top to the ground
plane. The electric field tends torukclose to the corner of the interconnect line. The electric

field line those are originated at the bottom plate and terminate to the ground plane in a

straight line are less compared to the lines those are bend at the corner.

3.2.2 Capacitance Modelfor A Single Interconnect LineOver the Ground Plane

The basic idea behind the seHpacitance model of a single interconnect is
effectively analyzing electrical flux lines coming out of that line. From a quick observation
of the electric field distribution shown Figure3.21(b), it is concluded that setfapacitance

has mainly three components:

a. Capacitance due to line to ground field.
b. Capacitance due to side wall and top wall fringing field.

c. Capacitance due to corner fringing field.
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Figure 3.21: (a) Single interconnect line over a ground plane. The interconnect line is
surroundedY(. (b) Electric potential (Contour) and Electric filed distribution for a single
interconnect line ovea ground plane.

3.2.2.1 CapacitanceDueto Line to Ground Field.

The capacitance due to line to the ground field can be easily modeled by the-parallel
plate capacitance approximation and can be expressed as Eq. (1jwisettee width of the
interconnect; Yis the distance between the interconnect and the ground plane (also known as
the dielectric thicknessl) is the length of the interconnect (not shown in the figures) asd
dielectric constant.

5

&)
-0 Y Y
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3.2.2.2 CapacitanceDue To Side Wall And Top Wall Fringing Field

The capacitance due to the fringing field between the sidewall of the interconnect and
the ground plane can be approximated by assuming that the electric field originating from the
sidewall of the interconnect follows a circular p&dhthe ground. The electric field lines are
originating from “Y(at the bottom of the interconnect) t® Y (at the top of the
interconnect). If the length (distance) of the electric field that originates from the bottom of

the interconnect to the grounu;i" iC (assuming the radius ig, we can approximate the

capacitance due to the fringing fields using Eq. (2).

0 0 Q@O
20 QO 0HE OO G
. Qi ¢, . O
o] R —— ol Ip B o
C
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Figure 3.22: (a) Fringing field lines originating from the sidewall of the interconnect line (b)
approximate fringing field lines originating from the top wall of the interconnect line.

The capacitance due to the fringing field originating from the top of interconnect can
be formulated the same way as we formulate sidewall fringing field capacitance. For
simplicity, a portion of the fringing field is not considered (indicated by the dieerin

Figure 3.22(b)) so that the electric field approximated to have a circular path starting from

the top of the interconnect{ O to the ground, extending to heigfiY( 'O —). Using

Eq. (2) to approximate the top wall fringing capacitangde, can be expressed as
Eq. (4).
¥
) Qi ci ; w
o h TT 1 p C "C) . Y T
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3.2.2.3 CapacitanceDueto Corner Fringing Field

Finally, 6 is the capacitance due to the point charge located at the corner

of the bottom of the interconnect. Unlike R or 0 the electric field

¢

lines foro are originated from a single point. So instead of circular electric field
approximation, we havi® use elliptical field line approximation (as showrFigure3.2.3).
Assuming the first electric field is very close to the origin (1), we can approximate the

capacitance due to the corner fringing filed as Eq. (5).

»~
A 4

[

<
T \g\/m

Figure 3.23: Approximated electric field lines originating from the corner of the
interconnect.

Qw olg. . _
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From Eqg. (5) we observe that IS constant, but observation from the

simulation data indicate that it should increase with decreasing the oxide thickreSo

0 can be expressed as Eq.. (6)
. ong. . .—
6 | =1 1p WQ ¢
Where| — . As the top corners of the interconnect are far away from the ground

plane, they are not considered for the capacitance calculation.

So, thetotal capacitance between the interconnect and the ground plane is the

summation of parallel plate capacitanée (), two sidewall capacitanced R ),
top-wall capacitanced R ) and two bottontorner capacitance ( ).
0 i .
T 5 0 Co R co A Co X
0 i W T, . O 1. . @ 0[S
= - - | ™~ 1 —1 |
- U Y 1] p Y 1] p C O Y | 1] p I/lc l‘IJ
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3.2.3 Three Interconnect Lines Between Two Ground Planes

Figure3.24(a) shows three parallel interconnect lines between two ground planes. In
the figure the height’'O of the interconnect is®’ & width @ is 8t 0 ¢ length of the
interconnect ip' & the distance between the bottom of the interconnect line and the top of
the ground plane”Y is T ¢hand the separatioi’Y between two interconnect lines is
@i

To capture the influence of the distance between the bottom plate to the ground plane
(insulator thickness4) and separation between neighboring interconnecs lifgh we
analyze the dif f"%r at®Bguwed.BAshowsatwoi sach comlonations
where (@)Y 1@ &Y md8rc'ug (b)Y Tm8rguehY T® & It has observed
t hat "Whenmn & mablye fyhtherieldhoriginating from the sidewall of the
interconnect no longer ended up on the groplaghe. Still, some of the electric field lines
that originate from the bottom plate end up on niegghboring bottom plate, as shown in
Figure3.25(a). The electric field lines from the sidewall end up on the ground plane occurs
when insulator thickness is greater than interconnect separation "Yhas showrin Figure
3.25(b). Sgt here is a transition point "YwhaMd tdhi s
from 8t p ato T & and analyzed each combination and found that electric field lines
from the sidewall Bd up in ground plane whelY  p&“Yand electric field lines from the
bottom plate of one interconnect lines to the bottom plate of the neighboring interconnect line

happens wheiY p&"Y
24
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Figure 3.24: (a) Three interconnect lines sandwiched between two ground planes. The
interconnect lines are surrounded®#E . (b) Electric potential (Contour) and Electric filed
distribution for three parallel interconnect lines betwa®o ground planes. Here insulator

thickness”Y  m@®' d&and separation3 between adjacent interconnectip’ &

3.2.4 Capacitance Model of Multiple Lines Between Two Ground Planes

In this subsection, we formulate the expressions of capacitance fapletiles
running in parallel between two ground planes by using the concept developed in the
previous subsection. We consider only three lines between ground planes, as dfigurein
3.24(a), where the middle line (the line of interest) is sandwiched between two neighboring

lines.
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Figure 3.25: Electric field distribution of two parallel interconnect lines over a ground plane
for various combination of insulator thickned$ énd separatior8}. (@)Y 1@ 'Y
v (b)Y mdrguohY 1 «

Since capacitive coupling is a shoainge phenomenon, we do roansiderthe next
order neighboring lines beyond the immediate left and then immediately right neighbors
while calculating the coupling capacitance of the middle line. We assume that two
neighboring lines are grounded to ignore electric flux originating from them since it
simplifies the flux distribution of the structure. However, if these two neighboring lines also
carry signals (driven by a driver), the effective coupling capacitance witiudgple of that

when connected to ground depending on the switching activities of the coupled lined, as

discussed in the subsequent section.
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Based on the electric field distribution observeéigure3.25(a),(b) depending on

oxide thickness4 and spacing between neighboring interconn8ctwe can separate the

capacitance formulation into two part, a. wh¥n - “Yand b. wheflY -"Y

3.2.5 Whenthe Spacing Betweetthe Interconnect Is Greater Thanthe Oxide

Thickness { -4

3.2.5.1 CapacitanceDueto Line to Ground Field

Bottom side field lines form a paraHlplate capacitanced  with the ground plane like the
single line.

8

w
T w
-0 Y

3.2.5.2 CapacitanceDueto Corner Fringing Field

There will be fringing capacitance between the corners of the neighboring intercdrmesct.
corner fringing capacitance will contribute to tleéal capacitance depending on the insulator
thickness and separation between two neighboring intercanfide O A can be
evaluated as same procedure as Eqg. (6). Eq. (10) shows the resulting formula for

0 A
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3.2.5.3 CapacitanceDue to Side Wallto Ground Fringing Field

Fringing fields from the smaller segméft form capacitance with the ground. We model
this componentd M ) like what we have done for the single interconnect case.
Unlike the single interconnect case rait the side wall electric field contribute to the
sidewallto ground fringing capacitance. A smaller portion of the side i@ll, the value of
which depends on the separation between interconiéeind the oxide thicknesSY. The
electric field lines at the edge of parallel plates are not preciselghdtiaes.Figure 3.2.6
shows the electric fieltines originated from the segmef of the side wall. The electric

field approximated to have a cilau path starting from the bottom of the interconnéttto

the ground, extending to heiglity O .0 R can be expressed as Eq. (11).
Qi ¢, . O
0 ﬁ —— ol 1Ip B pp
G
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Figure 3.26: Approximated electric field lines originating from a portion of the sidewall of
the interconnect.

3.2.5.4 Capacitance Due to Side Wall to Bottom Plate Fringing Field

A small portion of electric field from the side of the interconnect ends up on the bottom of
the neighboring interconnect. We assume thatsegment of the electric field originating
from thesidewall that ends on the bottom of the neighboring intercansawt more than

p 1t PFigure 3.27 shows the electric field that originated from the segnfent 10O .

To formulate thiscapacitancewe divide the electric field into two parfhe first section of

the electric filed that originate from the sidewall and ends in between the two interconnects
at3¥¢ . The electric filed in this section assume to have elliptical shape. Eq. (12) skows th

capacitance due to the elliptical portion of the electric field.
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Figure 3.27: Approximated electric field lines originating from a portion of the sidewall of
the interconnedhat ends up on the bottom portion of neighboring interconnect.

In the second section we have a circular electric field patEne. inner circle

assumes to have a diameter. Eq. (13) shows the capacitance due to the circular portion of

the electridield.
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Sa the total capacitance due to the circular and elliptical field can be represented as

Eq. (14).
o} R i Qi WQi ho B
0 h
i i dailp
o
o oic.. 0 © o o
VO' N - ~ o~
C"Y h“clf‘Y E——— g pI1
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3.2.5.5 Capacitance Due to Side WalParallel Plate Field

The remaining electric field thatiginatesfrom the sidewall ends up on the sidewall
of the neighboring interconnect, creating a parallel plate equivalent capacitance as shown in

Eqg. (15).

0 h O ¢O ¢O

pu
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In summary, the total capacitance of an interconnect line between two neighboring

interconnect line and between two grounds can be formulated as Eq. (16), when the

separation between the interconnects is greater than the oxide thickhessY.
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3.2.6  When the Spacing Betweerthe Interconnect Is Less Than The Oxide Thickness

3.2.6.1 CapacitanceDueto Line to Ground Field

When the oxide thicknessY is greater than the spacing betwedba interconnect
“Y, not all the electric fields originating from the bottom of the interconnect ends on the
ground plane. A portion of the electric field also ends up on the bottom of the neighboring

interconnect as shown Figure3.25(a) andFigure3.28. We assume the electric field lines
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originate from the portionw | w terminate on the ground. The valug ofdepends on
the oxide thickness "Y and the separation™Y. | increases fi the spacing between
neighboring interconnect decreases or the oxide thickfi¥sdecreases. Save can express

the capacitance due to the line to ground field as Eq. (18).

F 3
A J

J 3
h 4

NS [

Figure 3.28: Approximated electric field lines originating from the bottom of the

interconnect. A portion of the electric field lines ends up on the ground and the remaining part

ends up on the bottom of the neighboring interconnect.

3.2.6.2 Capacitance Due to Bottom Plate to Bottom Plate Fringing Field

The remaining section of the electric field originates from the middle interconnect

ends up in the neighboring interconnect creating a circular path. Eq. (19) shows the

capacitance formula far R
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3.2.6.3 Capacitance Due taCorner Fringing Field

When corners of the neighboring interconnsmineclose they generates capacitance

depending on how close the corners are. Eq. (20) shows the model.

A

CL
>

T

h 4

Figure 3.29: Electric field generates from the cornerirterconnect.
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0 R depends on the spacing between two interconnects but the dusdel

notreflect that. So, we add a depending variablevhose value depends on the interconnect

spacing Y.

3.2.6.4 Capacitance Due to Sidewalto-Sidewall parallel Field

Capacitance due to sidewd#dsidewall electric field is basically the parallel plate
capaciance where the width equivalent@(height of the interconnect) and oxide thickness
equivalent is spacingY

O
~ cp

In summary, the total capacitance of an interconnect line between two neighboring

interconnect line and between two grounds can be formulated as Eq. (16), when the

separation between the interconnects is smaller than the oxide thickhessY.




3.2.7 Capacitance Model of Multiple Lines Over a Ground Plane (Special Case)

A special case of the previous section is when multiple interconnect lines placed over
a single ground plane. The electric field distribution on the bottom half of the interconnect is
exactly same as the previous section, but on the top section as there is no ground plane, we
only have corner fringing capacitance and topsm@topwall fringing capacitance as shown

in Figure3.2.10.

A
v

Y

A

Figure 3.210: Electric field distribution of multiple interconnect line over a single ground
plane.
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The corner fringing field and theopwallto-topwall fringing field can be formulated

as Eq. (24) and Eq. (25).

Qi ¢ —
0 R —Ip UC | CT
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So the total capacitance whéNM -"Yis the summation ofb , O R :
o M , 0 M , 0 R , and 0 R as
shown in Eq. (26).
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3.3  Model Validation
An extensive comparative study is done in this section to check the accuracy of the
derived analytical expressions. To justify the accuracy of the proposed model for all
capacitance components, we calculate capacitamiag our model and Ansys Q3D field
solver for various interconnect dimensions. In the calculation, we consider local interconnect
(where the capacitive coupling is prominent) of length pn&t and relative dielectric
constant-  T.

From the comparison iffigure 3.31, it is observed that the proposed model for
interconnect configuratiomn Figure 3.21, closely matches Ansys Q3D results having a
maximum error of less than 10%. To vertfye results for multiple interconnects between
two ground planes we varied the spacing between interconnect drant to v TiEna
keeping the oxide thickness fixed at h@@ We compare both the coupling capacitance and
the ground capacitance with the values obtained from Q3D and maximum error when
compared is about 6% as shown Higure 3.32. In Figure 3.33 ground and coupling
capacitance is compared with the values extracted from Q3D and here also the error margin

is less than 8%.
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Figure 3.3.1: Total capacitance of single interconnect over a ground plane
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Coupling Capcitance of Multiple Interconnect
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Figure 3.3.2: (a) Ground capacitance and (b) coupling capacitanceuttiple interconnect
line between two ground planes.
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Coupling Capcitance of Multiple Interconnect
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Figure 3.3.3: (a) Ground capacitance and (b) coupling capacitance of multiple interconnect
line over a ground plane.
3.4 Summary

Novel analytical models for interconnect capacitance are developed by geometrically
modeling electric flux lines between interconnect linea multilayer interconnect structure.
The derived expressions are simple and show excellent agreement with the extracted
capacitances by Ansys Q3D extractor field solver. While most existing capacitance models
are constrained by a specific range of intarert dimensions, the proposed models can be
applied to any VLSI interconnect configurations and thus can be embedded as a quick tool in

CAD circuit programs.
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CHAPTERA4
ANALYSIS OF DIFFERENT MATERIALS AND STRUCTURES FOR THROUGH

SILICON VIA AND THROUGH GLASS VIA IN 3D INTEGRATED CIRCUITS

4.1 Introduction

To incorporate more functionality into the traditional 2D chips different methods like
transistor scaling and systemn-chip (SoC) implementation have been adopted. However,
increasing density of deces leads to increasing lengths of interconnects to a great extent.
Increasing interconnect resistance, capacitance, inductance, and other parasitic effects with
the increasing lengths lead to higher power consumption, signal delay and noise. Signal
speed in current digital systems depends mainly on the delay of interconf3dgtsTo
overcome these problems and keep up with th
integration of multiple dies) with throuegilicon via (TSV) has been introduced to ensure
much smaller interconnect lengths, and lower delay and power consumption compared to
conventional 2D IC technolodg2]. 3D TSV also offers higher system integration at lower
cost[33]. But for high performance system signal integrity in these TSVs is one of the most
critical issues. The number of TSV is continuously increasing with integration dgswjity
Many TSVs placed close tach other result in higher crosstalk and other switching noises.
In this paper, we plan to investigate the material combinations for TSV cores and interposers
best suited to overcome the signal integrity problem in 3D TSVs. In recent research an
alternatve of TSV is being explored, where glass could be used as interposer instead of
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silicon. The concept has become known as thraglgbs via (TGV). Here, we focus on both
glass and silicon as interposer materials. For the via core we plan to explore €pper (
tungsten (W) and CMV bimetal. We have also investigated the performance of TSVs
depending on their size and relative spacing, the effect of bumps and their dimensions, and

the stacking of TSV layers in 3D IC.

) © 0 0 0 0 ¢

Package Substrate

Figure4.11: 3D IC with package substrate, TSVs and different bumps.

In 3D IC technology two or more layers of active elements are connected vertically to
form a single IC environment as shown kigure 4.11. The 3D ICs promises better
performance over conventional 2D ICs because of their reduced interconnect length,
heterogeneous integration capability, higher packing density and smaller footprint.
Monolithic 3D IC and stacked 3D IC are two main categorieS IC technology. In
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monolithic 3D IC, different active layers are fabricated sequentially whereas in stacked 3D
IC the layers are fabricated separately and then connected vertically together using various
bonding technologyB35]. A typical 3D IC consists of BGA (ball grid array) to connect the IC
with the power line, package substrate, C4 bumps, interposer to route the power and signal
vias between C4 bumps and the micro bumps, and micro bumps (usually SnAg solder) that
are sed to make connection between two dies or between a die and a s{BSjrdtethe
interposer it is possible to integrate multiple dies. TSV based 3D integration technique is
very promising because it offers high densityeftical interconned36].

The TSVs can be classified as o6via first
when the vias are formed. I n ovia firsto me
fabricated; and itbvi a mi ddl ed and o6via | astd met hods
fabrication process. The chips in a 3D IC can be connected to each obaakibg-backor
back to face or fact-face configuration.

Figure 4.1.2 shows the simulation setup for measuring different performance
matrices. The pitch (distance between two TSVs) used in the experimprité& The
diameter of the TSV conductor is & when single material (Cu or W) is used as the core
material and théY({2 layer has a diameter @f & . The height of the TSVs is ¢AA (as
shown inFigure4.1.3). The interposers (silicon or glass) hgvet t Aof length and width
and o ¢ A of height. Air is used as the surrounding material (not shown in figure). When
bimetal (CuW) TSV is used the diameter of the Cu viaig and for W it isu & . Other
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sizes remain the same. Cu and W are the most common materials used for vias. The
resistivity of Cu p& A L1 9 is very low compared to Wt @ A LI & §. But the biggest
problem with the C4&ISV is that the coefficient of thermal expansion (CTE) of Cu is

X p X p T 0, which is nearly six times of the CTE of Siq® p 1 70 [37]. This large
difference in CTE value exerts a large negative themschanical stress (compressive)
followed by a positive stress (tensile) in the active Si doSESV at room temperatuf{a8].

Cu-TSV also suffers baeketal contamination, which reduces the device performg@je

The CTE of WX 1& p 1 70) is close to the CTE of Si, so-WSV can beaused for signal
lines[40]. W-TSV induces much less stress thanT3V. To utilize both the advantages of

Cu and W a bimetal GW TSV can be used with W as outer layer and Cu as inner core.

Ansoft HFSS 3D field solver softwaleas been used to carry out the simulation.
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Figure4.12: Simulation setup to measure return loss, transmission coefficieriemnear
crosstalk (NEXT) and faend crosstalk (FEXT). The distanisetween the signal TSV and the
ground TSV is 10um (pitch).

f
I I
$i0, lui.etposa
l Slf(flass
v

a b c

Figure4.13: a. TSV of height 32um and diameter 5pum with 6um\af2 layer (thickness
0.5um) b. cross sectional view of Cu/W TSV (top) and bii(&@e-W) TSV (bottom) as the
core surrounded by ({Q insulating layer and Si/Glass interposer ¢c. TSV of heightd, Cu
core with diameter & and W layer with thickness® A .
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4.2 Result andAnalysis

4.2.1 Return Lossin TSV For Different Materials

Return loss is defined as the effectiveness of the power delivery from a transmission
line [41]. Figure4.21 shows the eflection coefficient Y ) for TSVs in silicon interposer
with different materials. The large negative number in decibel scale indicates the magnitude
of the return signal is low (Pr/Pi ratio is low) so the return loss is low. It is observed that at
lower frequencies (<1GHz) all TSVs showed almost same reflection coefficiént (

¢ @ §. At higher frequencies (>5GhHz) theé varies from-3dB to-2dB where W coated

Cu TSV showed highest return loss (highér) and Au TSV showed the lowest return loss
(lower "Y ). According to the simulation result W TSV had lower return loss than Cu TSV.
Though the loss in Au is lower than conventional metals like Cu and W and it is not
economically feasible to use Au as aecmaterial for mass scale production Au may not be a
practical choice for TSV core material.

In Figure4.22 the reflection coefficient of Cu, W ar@u-W bimetal TSV buried in
glass interposer is measured. Like silicon interposer here also the low frequency all three
TSVs showed identical loss pattern but at higher frequencies W TSV showed better
performance than GW and Cu alone TSV. But the differees between the losses between
them are minimal.

Discontinuities in the structure or impedance mismatch are the major reason for
return loss to occur. As the impedance of core is function of frequency at higher frequency

48



the impedance of the core changamificantly and that creates mismatch with the core of

the TSV and source resulting higher return loss in high frequency.

Table2

TSV parameters and their values

Geometrical parameters Typical value
Radius of TSV 2.5um
Radius of SiO2 layer 3um

SiO2 thickness 0.5um
Height of the TSV 10pm

Pitch 10pm
Number of TSV used 2

Pitch 10pm
Relative permittivity (Cu) 1

Relative permittivity (W) 1

Relative permittivity (Si) 11.9
Relative permittivity (Glass) 5.5

Relative permittivity (Si02) 4
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Bulk Conductivity (Cu) 58%x106S/m
Bulk Conductivity (W) 18.2x106S/m
Bulk Conductivity (Si) 0

Bulk Conductivity (Glass) 0

Bulk Conductivity (SiO2) 0

2204 4 W e
: CUW e
2500 Cu
’ A'Ll —
3000

000 500 1000 1500 2000 2500 3000 3500  40.00

Frequency (GHz)

Figure4.21: HFSS simulation for reflection coefficienty( ). Blue curve showdy values
for Cu TSV. Green curve is for @ bimetal (overlapping in main figure with Cu TSV), Red
is for W TSV. Silicon is used as an interposer material in the simulation.
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Figure4.22: HFSS simulation foreflection coefficient{Y ) with Glass as an interposer
(TGV). (Red curve is for W via, Green curve is for-@lvia and Blue curve is for Cu via).

Figure 4.23: Comparison between theflection coefficients (S11) of GW bimetal vias
when glass is used as an interposer (Green) and silicon is used as interposer (Red).
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