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SUMMARY

During the last decade, the trend in consumer electronics has been to develop
products with better performance, smaller size, lower, @&t enhanced functionality.
Convergent systems need technologies that can integrate digital, RF, amalcgnsor
functions with minimal interference. Muttunction integratiorcan be achieved by chip
stacking using 3D IC technologylhe 3D IC technology requires very higtensity chip
to-interposer interconnections. Organic interposers fail to achiege ttargets because of
poor dimensional stabilitypoor thermal performancehigh co-efficient of thermal
expansion (CTE) mismatch with silicon die, dmidh cost. Silicon and glagdsased 3D
interposers are potential candidates for fulfilling the requéreshof nexigeneration ICs

and 3D ICs.

The objective of thisdissertationis to electrically model through vias in 3D
interposers considering silicon biasing effects and, to address power anspéégh

signatintegrityissues in 3D interposers.

Accurae elestrical modeling of the throughapkagevia (TPV) ina 3D interposer
is very important. An equivalent circemtodel representation of the TPV enables
interposer design and analysis using circuit solvers which is much faster thevavall
3D electromgnetic simulationsTo generate an accurate cirenibdel of the TPVs in Si
interposers (Si TPVs), it is essential to model the MOS capacitance effast. Th
dissertationproposes for the first time an equivalent circuimodel of the Si TPV

consideringthe biasvoltagedependenimetaloxide-semiconductor NIOS) capacitance

XVii



effect. Important design guidelines and optimizationstha Si TPVs used in the signal
delivery network (SDN), powerdelivery network (PDN), and as varialdapacitor

elementsare prposed

Glass has excellent insulating properties (just like, 583 compared with the
semiconducting nature of silicon. isldissertationstudies and compares the advantages
and disadvantages of glass and silicon as electronic package substrate anate3l
interposers.The TPVs in glass interposers (Glass TPVs) are modeled, designdd
simulated by using electromagnetic field solvers. Signal and power integrity analyses are

performed for Si TPVssawell as forglass TPVs.

Power integrity playsin inportant role in drivingsystem performanc&herefore,
it is essential to acquire an-dlepth understanding of the issues that impact the power
integrity of 3D interposersTo provide clean power, decoupling capacitoegd to be
placed close to the chip$his dissertatiorpresents PDNlesign in silicon interposers by
usng the MOS capacitance & TPVs for decoupling. In this way, the Si TR/used
not only as an interconnection and wiring elemdnit also as an important passive

component irSi interposers.

High-speed signalintegrity is vital in any electrical system design. In 3D
interposers, the issue of crosstalk between -bghsity TPVs is a concergilicon
interposers suffer fronhigh substrate losand enhanced coupling betweesi TPVs
because ofthe finite conductivity of Si. This dissertationpresents the comparative
analysis of the signalelivery network in 3D interposers fohigh-speed signal

transmissions.

XVilii



The electrical parasitics of traditional soldersedflip-chip interconnetions (for
chip-to-chip and chipto-interposer applications) need to be reduced Hgamt an order
of magnitude considering the clock frequency, supply vojtagd signalto-noise ratio
of future RFandanalog mixeesignal systems. In addition, the $8s associated with the
chip-to-interpose interconnegon transitions needo be minimized.To address these
challenges, this dissertation presents theelectrical modeling, simulation, and
characterization o0& novelultra-fine pitch,nancstructuredcopper-basednterconneabn
techniqueNanostructurecelectroplated copper is chosen as the intercommmectaterial
because ofts excellent toughnesé$racture strengthgood electrical conductivifyand
resistance to electromigratiomhe electrical perfonance of thee interconnectionare
studied and compar@ with traditional Pkfree solder interconnaons for chipto-chip

and chipto-interposer applications.

The major contributions of this dissertatiare as follows

1. Accurate equivalentircuit-model of Si TPVs considering MOS capacitance effects.
Design guidelines for Si TPVs in (i) sigrdélivery network, (ii) powedelivery
network, and (iii) variabkeapacitor applications.

2. Powerdelivery network design isilicon interposerqusing Si TPVs as decoupling
capacitoryand glass interposers

3. Modeling, designcharacterizationand signaintegrity analysis ointerconnections
in glassand siliconinterposers.

4. Modeling design and characterizationf nancstructured coppebased (Nandu)

chip-to-interposer interconndons.
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CHAPTER 1

INTRODUCTION

Advancements in very large scale integration (VLSI) techngldglfowing

Mo o r e 0,%havd ladwto unprecedented transistor and intercoimnestaling. As a
result, interconnen delay in long global wires is an increasing problem in ICs relative
to delays in transistor switchifd, 2]. In the latesmicroelectronics technology nodes,
interconneabn delay has become the limiting factor in determining the speed of digital
systems[3]. Further, miniaturization by traditional IC scaling in future plaGMOS
technology faces significant challendds. Stacking of ICs using thredimensional (3D)
integration technology helps in significantly reducing wiring lengths, intercoionect
latency and power dissipation while reducing theesiaf the chip and enhancing

performancég3, 5-9].

Throughsilicon vias (TSVs), which are through vias in the IC, areey enabling
technology for 3D IC integration which helps in realizing highly miniaturized, complex,
nextgeneration system$4]. The 3D integration with TSVs [10-13] has everal
advantages over wirebonding such as shorter intercaondength, lower electrical
parasitics and latencgnd higher bandwidthThe TSVs can be formed as area arratys
contrastto peripheral wirebondg leading to greater verticalterconneabn density and
reduced form factof14]. The TSVs also enable heterogeneous integration by stacking
ICs with different technologies (e.g., digital IC, analog IC, power IC, MEMS, sensor

chips etc.).



The 3D ICs require large number of I/O connections from the chip stack to the
interposer (also knowas the package). There is a need to deviglapcostinterposer
technology which can support this huge I/O need for -gexeration 3D ICs. This
requires finepitch lines, blind vias, and through vias in the interposer. The through vias
in the interposer are known as through package vias (TRR¥E)The TSVs in stacked
ICs as well as TPVs in glass slicon interposers are important components of a 3D
system.Figurel shows the schematic view of a 3D system consisting of several ICs and
3D ICs assembled on a higlensity interposer which, in turn, is connected to the Printed

Circuit Board (PCB).

3DIC TSV
RFIC Digital IC
g Gl =1
2 as TPV
o — or Si
[0}
§ Core
Digital IC

Figure 1. Schematic view of a 3Dsystem (Source: 3D Systems Packaging Research

Center).

Interposer technology from the 1960s to the early 1990s was based on ceramic
substratesin the early 1990s, the high performance IC packaging indtastnsitioned

from thick-film-based ceramic substrates to tfilm-based organic interposers, primarily
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for cost and performance reasons. Since then, much progress has been madesimgncrea
the wiring density and high 1/O capabilitieend reducing theost of this technologjl6,
17]. The organianterposeris now the standard andore than a billion unitBavebeen

manufactured to package ICs.

Three major barriers are foreseeavith organic interposer$ (i) limitation in
supporting highl/O requirements(ii) thermal performance, an@i) cost All of these
barrierslimit the use of organiinterposerdo above 1Qum lithographytechnologiesat
about 50um pitch. In addition,as the number of layers are increaskd organic
interposer suffers from warpa@Es, 18]. The3D ICs require 1/0O pitch down to 180 um
with lithography ground rules around 1 pum. Therefore, the challef@e®rganic

interposersare twofold, as follows

0] Poor dimensional stability: 1@anic interposerssuffer from poor dimensional
stability which makes alignment of vias in one layer with vias in the next layer
impossiblewithout big capture paddhis prevents fronachievng the necessary
I/O densities

(i) High oo-efficient of thermal expansion (CTE) misntah: Organic interposes
suffer from high CTE of 18 ppi*€ as compared to silicon of $pmPC. This
large CTE mismatch leaslto ultralow k (ULK) reliability challenges within ICs
and 3D ICs Further, it creates a reliability concefar the interconnection

betweertheinterposerandthe IC or3D IC.



Silicon interposers overcome the above problems with organic interpdbess.
can achieve very high 1/0O densitibecause of their excellent dimensional stabdgityl
smooth surfacdinish [19, 20]. Other advantages of silicon interposers are the wide
availability of fabrication equipment for wafer processing, and perfect match between the
CTEs of the IC and the interpos&iablel compares the properties of organic and silicon

interposers.

Table 1: Comparison between oganic and silicon interposersin 2010,

Property Organic Interposer | Silicon Interposer
IC -to-Interposer Interconnection Pitch 60-100pm 40 pm
Interposer line width 20um 0.8um
3 ppmfC to 3 ppmfC to
IC-to-Interposer CTE match
17 ppmfC 3 ppmfC
Dimensional Stability Poor Good

Silicon interposersface a different set of challengehey suffer from high
electrical losbecause othe semiconductig nature of the substrate. Silicon interposer is
a costly technologpecause oéxpensive wafelevel back end of lineBEOL) facilities,

tools, materialsand processe3hese interposei@e limited to 300 mm wafer sizes.

Glass interposers a potential alternativéo overcome the abowaentioned
shotcomings of silicon interposeflass like SiG,, hasvery high electrical resistivity
(10'%-10' g -cm) andis dimensionally stable up to East 500°C The CTE of glass is
close to the CTE of silicon die. Additionally, glass is available in tiiira(less than 100

em t hi andultrekarge) (more than 1Gq. meter$ panelsby a new process called
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AFusi on Process 0 Glass[24.rLargedlasdpanet Qiged forhighg
definition liquid crystal displays (LCD) can be easily used for processing glass
interposers to achieve low cost and high throughpuailability of thin glass panels
eliminates the cost of thinning down the interposer which is required for silicon

interposer technology.

However, siliconhas some advantage over glasssuch assuperior thermal
conductivity. The semiconducting nature of the silicon substrate can also be used for
important and novel designs. For example, the voltegendent MOS capacitance
associated with TPVs in silicontarposers (Si TPVs) can be utilized for power supply

decoupling as well as for tunable capacitors and filters.

As mentioned earlier, 3D ICs require uifnae pitch interconnections between the
IC and the interposeReducing I/O pitch and interconnggst losses are the two key
technological barriers identified by the ITRE for micro/nano electronic modules. The
stateof-the-art chip-to-interposerflip-chip interconnetions have 360 pm diameters
(60-80 um pitch) whereas the substrate interconiewd have 50100 pum line width.
Solder based flgzghip interconneabns have parasitics (R, L, C) of 224 mq [22], 0.1
nH (approxmately), and0.1-0.5 pF[22]. The solder alternatives (ACA/ACF) suffer from

high crosgtalk between the particles beyond 20 Gi23].

The above parasitics should be reduced byeast an order of magnitude
considering the clock frequency, supply voltaged signakto-noise ratio of future RF
and analog mixeesignal systems. In addition, the losses associated wittchHipeto-

interposerinterconnedbn transitions should be minimizedo address these challenges,



this dissertationproposes a novelultrafine pitch chipto-interposerinterconneabn
technique based onancstructured copper. Nanostructured electroplated copper is
chosen as the interconniect material because ofits excellent toughnesdracture

strength[24], good electrical cauctivity, and resistance to electromigration.

1.1 Previous Research on Through Package Vias in Si Interposers

Electrical modeling ofSi TPVs is very important for 3D system design and
analysis, and consequentlgere have been several publications focusing inTPV
modeling and simulations. [25-27], two-port vector network analyzer VNA)
measurements were performed ®InTPVs. An equivalent circuitmodel of theSi TPVs
was proposed and its parameters were fitted to match the measured {28h. 2rport
VNA measurements were performed on a 8vd'PV chain. The S$arameters of th8i
TPVs wereobtained by dembedding the interconaton lines. An equivalent circuit
model was proposed and its parameters were fitted to teenbdedded measurement
data. However, in these studies, the Si substratdeitaffoating without any bias on it.
In [29], a simplified RL model of aSi TPV was extacted from VNA measurement

without biasing the Si substraias well

In [30], Si TPVs were analyzed as parallel rouwites. An equivalentircuit-
modelfor Si TPVs was proposed based on this analysis andethdts were compared
with full-wave electromagnetic (EM) simulah results. Thecircuit-model correlated
well with the simulation results only beyond 30 GHz. The Si substrate was not biased in
either the analysis or the EM simulation.[B1], an equivalentircuit-model of four Si

TPVs (in GSSG configuration) was proposed and its values were obtained by curve



fitting to simulation results. An analytical modeling of propagation del&i ilPVs was
presented if{32]. In [33], equivalentcircuit-modek of isolated and couplefi TPVs
were presented. The model parameters were expressed by empirical equations and

extracted using a quasiatic electromagnetic field solver.

All the aforementioned papers relatedSi TPV modeling have considered the Si
substrate as a lossy dielectric material and ignored its semiconducting properties. These
models neglect the voltagedependent MOS capacitance associated V@thTPVs.
Ignoring the semiconductor properties of tnbstrate and the resulting MOS capacitance

introduces significant inaccuracies in the modeling of the capacitance in these structures.

This dissertationpresents irdepth study of the semiconducting and biasing
effects in silicon interposer#. presents a more accurate electrical model 8f &8PV by
considering the MOS capacitance effedtbe results are correlated with measurement
data to validate the model. Design guidelines are proposed for desgnim)\s in the
signal and powedelivery networks as well as foSi TPVs in variablecapacitor
applicationsPowerdelivery network in siliconinterposerss designedising Si TPVs as

decoupling capacitors.

1.2 Previous Research on Through Package Vias in Glass Interposers

Glass as an electronmackaging substrate has been investigated in the recent
past. The research has mostly focused on the formation and metallization of
interconnedbns in glass interposers. Fraunhofer 1ZM has reported on through via
formation using different lasers and sudametallization in glass. Formation of optical

waveguides on glass using ion exchange methods have been studied for photonic
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applications[34-37]. The use of excimer laser machining for forming pads, traces, and

microvias in glass substrates have also been exfl88kd

Laminated glass substrates have bexeamined byoughborough Universityor
interconnecting ICs and photonic devi¢89]. The key challenges addressgeere via
formation in glass using lasers, direct metallization in glass usatiepssemblednono
layers (SAM), and glassto-glassbondingto from a multilayer interposerThe NEC
Schottcompanyhas demonstrated the use of glass wafers with metalized tungsten vias
providing electrical connection and hermetic sealq]. This approach is based on
flowing glass over tungsten plugs resulting in through vias (approximately 100 pum in

diameter) in glass substrate.

This dissertationfocuses on thenodeling, designsignatintegrity analysis and
characterationof TPVs in glass interposerSlectromagnetic modeling and simulations
are performed forglass TPVs with different dimensions to study the signal loss and
crosstalk.The electrical performance aflass TPVs is compared witlsi TPVs. Re
distributionlayer (RDL) line toTPV transition structureare designed and simulated to
estimate the loss and crea&. The effect of varying different material and physical
parameters of the interconnections in the glass interposer osighatintegrity is

studiad.



1.3 Previous Research on Nan&€opper Interconnections
Nanostructured metabased interconneohs have been developed and studied
[24, 41-43]. Most of the research in this area has focused on the fabrication and reliability
of these interconndons. Nanestructured nickel-based chipto-interposer
interconnections have been developed ati2@@itch[41]. Resistance andductance of
the Nanenickel interconnections were extracted from measured data and compared with

solder based interconnection.

It has been reported thaainostructured copper interconnections have enhanced
fracture toughness and fatigue resistance as compared with bulk ¢@gheNano
structured metals usually have higher resistivity than bulk mptdls45]. However, it
was shown that nargiructured copper with a high density of nanoscale growth twins
have enhanced tensile strength but similar electrical resistivity as compared to pure
copper [46]. The electrical parasitics of the Na@wol interconne@bns have been
extracted from EM simulationg!2, 43]. The sinulated response was curve fitted to an

equivalentircuit-modelto extract the electrical parasitics.

This dissertationstudies thehigh-frequency performancef nanccopperbased
chip-to-interposerinterconnedbns (with dimensions in the order of 15 to 0.5 um) for
chip-on-interposerand chip-on-chip configurations. Physicahnd material parametric
studies are performed on this interconiectiby means of fulwave EM simulations.
Important interconneictn and packge design guidelines (obtained from the parametric
analysis) are also presentedfor this nanocopperbased chip-to-interposer

interconnedbn.



1.4 Outline of Dissertation
The dissertationis broadly organized as followsChapter 2 describes the
modelingand design of TPVs in silicon interposers. Chapter 3 describesntueling
and design of TPVs iglassinterposers. Chapter 4 presents the design and comparative
analysis of powedelivery networks in Band glass interposer§he characterization of
interconneabns in Si and glass interposasspresented in Chapter Ghapter Gresents
the modelingand design of ultrine pitch Nano-Cu chip-to-interposer interconnections.

Chapter 7 concludes this dissertation and proposes future work.
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CHAPTER 2

TPV IN SILICON INTERPOSERS

Threedimensional (3D) integration of microelectronic systems reduces the
interconnedbn length, wiring delayand system size while enhancing functionality by
heterogeneous integrationhrough silicon vias (TSVs) are the vertical interconnections
in 3D ICs. Throughpackagevia in silicon interposergSi TPV) is a key building block
for high performance 3D systents. TPVs are sometimes referred as TSVs in published
literature. This chapterpresents accurate electrical modelingSf TPVs considering
metaloxide-semiconductor (MOS) capacitance effects. Parametric analysg oPV
capacitance is performed on several physical and material parameters. Design guidelines
are proposed foSi TPVs used in signal and powdelivery network as well as foSi

TPVs as variable capacitors.

2.1 MOS Capacitance inSi TPVs
Throughpackageviasin Si interposers (Si TPVs$)ave a cylindrical metadxide-
semiconducto(MOS) structure as shown iRigure2. The Si substrate has a layer of SiO
liner on its top and bottom surfaces. The through hole is lined with a dielectric material
(usually SiQ), and filledwith a conductive material (typically a metal). The Si substrate

is doped either4tiype or ptype and is biased (usually to ground potential).
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Figure 2. Structure of a through packagevia in Si interposer (Si TPV).

The inner conductor of th&i TPV acts as a metal electrode separated from the
biased Si substrate by the dielectric liresimilar to the metal electrode in a MOS
capacitor otthe gate in MOSFET.Figure 3 showsa typicalcapacitance (§ plot with
change in the gate voltagegMor a planar MOS structure in atppe doped Si substrate.

The GV plot for the MOS capacitance effect$h TPV also exhibits a similar trer{d 7].

Low Frequency Curve

Depletion|Region

Accumulation
Region

Inversion/Deep
Depletion Region

High Frequency Curve

Capacitance (C,)

Deep Depletion Curve

Ves V7
Gate Voltage (V,)

Figure 3. Capactance-Voltage plot for a planar-MOS capacitor in p-type Si. (Ves:

Flat band voltage, \4: Threshold voltage, Gy Oxide capacitance)
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As shown inFigure 3, at high gate voltages the MOS capacitahes three

possibilities- deep depletion, higfrequencyand low frequency

When the DC component of the gate voltage changes very fast (typically, > 5 V/s)
the generation of minority carriers cannot keep up with the rate of change of the gate
voltage[48]. Hence, no inversion region is formed. Any increase in the gate voltage is
matched by an increase in the width of the depletion region resulting in the deep
depletion mode of operatio®i TPVs in the sigakdelivery networkof digital systems
carry highfrequency signals with sharp rise and fall time, and therefore follow the deep

depletion GV curve.

When the DC component of the gate voltage changes slowly, an inversion region
is formed for high gate vtdage. The MOS capacitor behavior is determined by the
frequency of the small signal AC component of the gate voltage. The minority carrier
generation rate cannot keep up with kigkquency (typically, > 1 MHz) small signal AC
component of the gate voltagd8]. In this high frequency mode of operation, the
depletion width changes with any AC change in the gate vol&gePVs in the power
delivery networkof digital systems carry DC power along with higagquency noise
(such as simultaneous switching noise). ThHes&P\Vs follow the high frequency -

curve.
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When the gate voltage has a low frequency small signal AC component, the
minority carrier genation rate matches any change in the gate voltage. The width of the
inversion region changes with the gate voltage in this low frequency mode of operation.
Si TPVs in an ideal powedelivery network(i.e., without any higHrequency noise)

follow the low frequency €V curve.

2.2 Electrical Modeling
The MOS capacitance of & TPV is analytically modeled in this section. The
electric field, potentialand charge distribution around tBe TPV is obtained by solving
Poi ssonds equ at-ordinatesiThe chargels,iif prdsent, inahle Silder
and the SiSIO, interface are neglected. The Si substrate is modeled to be biased at
ground potentialThe analysis is performed for atype Si substrate but a similar analysis

can also be performed for artype Si substrate as well.

Three types ofSi TPV shapes are considered as showirigure 4. The MOS
capacitance analysis is performed at (i) the inner surface and, (ii) the outer surface of the
Si TPV. The cylindricalSi TPVs require only the second analysis while the annular and
co-axial Si TPVs require both the analységhe case of the cylindric&i TPV (i.e., the

analysis at the outer surfagds)presented first
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—De’pletlon region liner
(a) (b) (c)
Figure 4. Schematic crosssection diagram ofSi TPV (with SiO; liner) biased in the

depletion region of operation. (a) Cylindrical Si TPV. (b) Annular Si TPV. (c) Co

axial Si TPV.

2.2.1 Full Depletion Approximation Analysis

The analys is first performed with the full depletiomparoximation (FDA).The
FDA simplifies the analysis by assuming ththe depletion region (formed in the
semiconductor) is fully depleted (i.¢here are no mobile charge carriers in the depletion
region). The more detailed analysis is presente8eaation2.2.2

2.2.1.1 Quter Surface
The voltage on th&i TPV, V+py, can be expressed by the following equation:

where,

Qrpv = Charge on th&i TPV
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0  =SiQ liner capacitance

Ve = Flat band voltage

» = Surface potential at the-SIO, interface

For aSi TPV (as shown irFigure 4) with length L, theoxide layer capacitance at the

outersurface(0 ) can be expressed by the cylindrical capacitor forrasléollows

« ¢"- v
O ph 1 C

22

E

1 Evacuum
qlpy qe E
C
Erm IVFB Eg Er
EV

Metal Oxide Semiconductor

Figure 5. Energy diagram of a metaloxide-semiconductor (MOS) junction at flat

band condition. The semiconductor is doped{ype.

The flat band voltagéVeg) is the voltage that needs to be applied onShéPV
to obtain a flat band energy diagram as showrigure5. In a flat band condition, there
are no charges in the semiconductogs ¥ the difference between the Wwdunction of
the Si TPV metal ¢ ) and theslicon (¢ ). It can be expressed by the following

equation
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where,

{ = Electron affinity of Si (4.05 V)
'O = Band gap energy of Si (1.12 eV at room temperature)

q = Electronic chargel (6022 x 13° coulombs)

Y

0" A
T I AO T TH

K = Bol tz ma nliB803 x WFomf kgts’Kit t =

T = Absolute temperature

0 = Doping concentration of the aautor ions

ni = Intrinsic carrier concentration of Si (1.18 x*46m™ at 300 °K)

To calculate the surface potential §, the charge distribution around tBe TPV

can be represented by Poordhaesasfollowsequati on i

« and” are the potential and charge density at a radiusspectively, and is the
permittivity of Si. Due to geometrythe charge distribution is modeled to be

axisymmetric and not varying along the lengthhe Si TPV.
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Poi ssono6s endrivahcoardinates Equatian Y tan be solved with the
full depletion @proximation (FDA) to simplify the analysifn the FDA, the depletion
layer charge isapproximated to beentirely because ofthe ionized acceptor atoms.
Equation 4 can be reritten asfollowing:

pQ Q- nb
ol ol - v

The potential and the electric field at the edge ofotlterdepletion region (r =sr

in Figured) is zero. Integrating guation 5 from r (wherg,k r < I5) to Is,

Qe no
"o G- v ¢
Integrating from sto rs,
no [ |
. — 1 O &
C- | C X

wheres = Surface potential at the-SiO;, interface.

The charge on the metal;&) is equal to the charge in the depletion region.

~

¥ no

P W

Equation 1 can be +aritten wising Equations2, 3, 7, and8 as the following

0 O Qo o0
w . — * & — | Jd¢&
N & G l q
noi 1
Gili— w

The radius of the edge of the depletion regignisrcalculated froniequation 9 It is used

to calculate the depletion capacitance




The totalSi TPV capacitanc€Crpy) IS a series combination of tlexide and depletion

capacitance.

PP

At thresholdcondition the SiSiO, surface potentiab twice the bulkpotential »

. Ce coaae_ P C

The radius of theuterdepletion region edge at thresholgris calculated by equatn

Equation 7 toge

no . s s 1
— lpdg— —m—m ° o
- " C ¢ P

Using Eguations 9and 13, the threshold voltagen be calculated by the following

equation

. ) .V .
Wp . e —* O & a e PpT
¢n € l

2.2.1.2 Inner Surface

The inner surfaceanalysis is applicable for annular andaoal Si TPVs. The

voltage on thé&i TPV, Vrpy, can be expressed by the following equation:

where,

Qrpv = Charge on th&i TPV

0 | = SiQ liner capadiance
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Vg = Flat band voltage
» = Surface potential at the-SIO, interface

For aSi TPV (as shown irFigure 4) with length L, theoxide layer capacitance at the

inner layer ¢ ) can be expressed byetleylindrical capacitor formula.

Po

To calculatehe surface potentiat (), the charge distribution around tBe TPV
can be represent edin bylindricaodemdnates Owhich eanuba t
simplified with the FDA to obatirEquation 5.The potential and the electric field at the
edge of thennerdepletion region (r =pfin Figure4) is zero. Integrating guation 5 from

roto r(where p<r<n),

Qe Q0
oY c i i P X
Integratingfrom ro to ry,
no i i
. — I e
- c : Py

wheres = Surface potential at the-SiO, interface.

The charge on the metal;&) is equal to the charge in the depletion region.

0 no

i i p W
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Equation b can be ravritten wsing Equations3, 16 18, and19in the following way

, O A J 1 R A
w 4 e — . 0E— — | A&
cn S C l
not i
— e C T

C-
The radius of the edge of the depletion regignjsr calculated from uation 20 It is

used to calglate the depletion capacitance.

¢“-0
oF

0 n G p

The capacitancef an annulaiSi TPV is a combination of the innend outer surface

capacitances.

p p p p
0 0 | 0

Cq

Os

At thresholdcondition the SiSiO, surface potentials twice the bulk potentiad , as
expressed ifEquation 12 The radius of thennerdepletion region edge at thresholgl{r
is calculated by eaiting Equation 18 ta;e

RO 1 i
G- q

i(‘x(:»:— Ce Co

Using Eguations 20 and2, the threshold voltage is givenfaiows:

, .V |
AT oot GE a e CT

21



2.2.2 Exact Analysis
Thefull depletionapproximation(FDA) enables a simple analydisitit does not
provide the most accurateresito i ssonds e qu a t-drdnateJEquationy | i ndr

4) can beanalyzed rigorously without usirtge FDA toobtain a moreaccurate result

The charge distributioim the siliconis composed of fixed doping ion§ (), holes
(), and electrons ) in the semiconductor. The charge density can therefore be

expressed by the following equations:

" o p Q Q Q)

. O EU_ C
2 X
Equation 4 can be neritten usingequation26 asfollowing:

Qe Qe NO — _
P 2 p 07 ¢y

Qi 1 Qi -

There are no analytical solutions Eguation28. Hence, this equation is solved

numerically using the classicdl'#rder RungeKutta method49] in MATLAB.

The initial conditions are the surface potentta) &nd electric field ('Q <¥Q) at
the StSIO; interface (r = ). For a given surface potential, the electric field at th8iGh
interface is obtained iteratively such that the potential and electric field distributions

converge as shown Figure6 (a) and (b).
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Figure 6. (a) Potential and, (b) Electric field distribution in Si as a function of the
distance from the SiSiO; interface when Vtpy = 0.6V. Oxide liner thickness = 0.1

um.

The distance at which the potential and electric fields become zero represents the
edge ofthe depletion region. Equatid26 along with the potential distribution can be

used to plot the charge distribution in Si as showriguire7.
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Figure 7. Charge distribution in Si as a function of the distance from the S&iO;

interface when Vrpy = 0.6V.
The charge on th8i TPV (Qrpv) is equal to the total charge in the Si.
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In Equation 29 the value of the electric field at the-SiiO, interface (r = J) is
obtained from the numerical solutionBduation28. UsingEquations 1, 2, 3and @, the
voltage on theSi TPV for a given surface potential can be caladatTheSi TPV
capacitance for a givesi TPV voltage is also calculated from the potential and electric

field distributions in Si.

. Qb
0 a- oTl
. Q Q-
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The threshold point is reached wilre ¢+ . At this point, theSi TPV voltage

is called the threshold voltage{V

In low frequency operation, ti& TPV capacitace is obtained frorkquation 3.
In high-frequency operation, beyond the threshold voltage, Sh&PV capacitance
remains constant at the capacitance valeached atthreshold point In the deep
depletion mode of operation, the inversion regicomposed of minority chargedpes
not form due to the fast change in the DC component of the voltage cayidie Si
TPV. The capacitance in this mode, beyond the threshold voltage, is obtained by

neglecting the minority carrier densityifna ptype doped Si substrate Equation25.

The low frequency, high frequencgnd deep depletio®i TPV capacitance
voltage (GV) curves are shown iRigure8, Figure9, andFigure10 respectively. These
figures compare th8i TPV C-V plots obtained by this analysis withose obtained by
using the FDA. Thé&i TPV is modeledto befilled with copper.lt is 30 um in diameter
with 0.1 pum thick SiQ liner. The resistivity of the Si substrate  cm gesistivity.In
Figure8, Figure9, andFigurel0, t he term O6Bias Voltaged ref

between thé&i TPV and the Si substrate.

If the MOS capacitance effect is neglected therSihEPV capacitance is equal to
just the oxide capacitance. The solid blue curveBigure 8, Figure 9, and Figure 10
represents this plot. It is observed from these figures that neglecting the MOS effect
in Si TPV can lead to significant inaccuracies in calculating its capacitarsieg only

the oxide capacitance (by neglecting the MOS effect) results/ér estimation of the
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TSV capacitance. This can lead to errors while designing interconnections in 3D ICs and

Si interposers.
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Figure 8. Per unit length Si TPV capacitancevoltage plots for low frequency
operation in (a) ptype dopedsilicon, and (b) ntype dopedsilicon. Black solid curve
with dots: Exact C-V plot. Red dotted curve: GV plot assuming full depletion
approximation. Blue solid curve: Oxide capaciance (GV plot neglecting MOS

effect).
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From Figure 8, Figure 9, and Figure 10 it is observed that the FDA solution
results in considerable error near the flat band and threshold regions. The FDA assumes
that there are no mobile chargariers (holes or electrons) in the depletion rediorhe
low frequency operatio*DA approximates th&i TPV capacitance to be equal to the

liner capacitancen the accumulation and inversion regions

In reality, there are significant contributiongrin the mobile charge carriers near
the flat band and threshold points. This is the cause for the inaccuracies suffered by the
full depl etion approxi mati on. The numeri ca
the fixed and mobile charges in Si, as dié®d in this section, captures the act8al
TPV C-V relationship.This analysis considers uniform doping in the Si substrate. The
analysis for a nowiniformly doped Si substrate can be performed as a continuation of
this research work in the futur@he effect of generatiomecombination can also be

studied in detail as part of a future work.

2.2.3 Electrical Model
Modeling the MOS capacitance of tig& TPV is important in developing an
accurate electricatircuit-model Figure11 shows the equivalemircuit-modelof a pair

of Si TPVs.
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Figure 11. (a) Schematic viewand (b) Equivalent circuit-model of a pair of Si TPVs.

The frequencydependent parameters R(f), L(f), C(f), G(fe({}, and G(f) are
derived in[50]. R(f) and L(f) represents the resistance and inductance @ithéV.
C(f) is the coupling capacitance between $el'PVs while G(f) is the silicon substrate
conductance between ti& TPVs. G(f) and G(f) are thecapacitance and substrate
conductance to ground respectivelyuds(V) represents the voltagiependent MOS

capacitance of th8i TPV.
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Figure 12 shows the electrical pasitics of a paiof Si TPVs. The via diameter
was 30 pm, via pitctwas 60 pm, and via lengtvas 100 pum.Four models were modeled
T (i) 0.1 um thick SiQ liner and 10 S/m Si conductivity, (i) 0.5 pm thick Sifiher and
10 S/m Si conductivity, (iii) 0.1 pum thick SQiner and 100 S/m Si conductivity, and
(iv) 0.5 pm thick SiQ liner and 100 S/m Si conductivity. 10 S/m and 100 S/m

conductivity comrarsgnaasistity, tespectively. Y

The regstance and inductance varies with frequency, as shoviagure 12 (a)
andFigure12 (b), because of proximity and skin effects.Higure12 (b), L;; represents
the self inductance of the Si TPV. Mutual inductance between the Si TPVs isamec
by the terms Ly, L1z, and L4 The resistance and inductance plots are independent of the
SiO, liner thickness and the Si resistivibgcause these terms are dependent only on the

via (conductor) geometry

Figure12 (c) plots the equivalent conductance @+ 2G(f)) of the Si TPV. The
capacitance and conductance of the vias are influenced by thér@iChickness and Si
conductivity. The conductanceat high frequencies depends strongly on the Si
conductivity. The via conductance increases with increase in Si condudbeityeasing
the liner thickness increases the equivalent conductance of thecaaise of more Si

material between the vias
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Figure 12. Parasitic elements of a pair of Si TPVs. (a) Resistance, (b) Self and

mutual inductance, (c) Equivalent conductance, (d) Equivalent capacitance.
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Figure12 (d) plotsthe equivalent capacitancey(€ + 2C(f)) of the Si TPV. The
capacitance depends strongly on the liner thickness at low frequency and on the Si
conductivity at high frequency. At low frequency, the capacitance increases with
decrease in the liner thickse At high frequency, the capacitance decreases with

decrease in Si conductivity.

Figure13 compares the-parameters obtained from the circuit model of a pair of
Si TPVs with and without the MOS capacitance element.vih@iameter was 30 pum,
via pitch was 60 um, and via length svA00 um. The Si TPV was modeled with 0.1 pm
thick SiG:| i ner -@m Si redis@vityYlt is observed that when the MOS capacitance
is neglected it leads to higher insertion and return loss estimation of the Si TPVs because

of overestimating the via capitance.
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Figure 13. Sparameter comparison of Si TPV model with and without MOS

capacitance (a) Insertion Loss, (b) Return Loss.
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2.3 Parametric Study

The effect of differenSi TPV physicalparameters on itsapacitancevas studied
based on the MOS capacitance analysis described in the previous section. This section
discusses the results of these parametric stuhesylindrical Si TPVs. Similar trends
were observed for annulgi51] and ceaxial Si TPVs as well.The differentSi TPV
parameters that we studied ar¢i) Si TPV diameter(ii) Si TPV liner thickness(iii) Si
TPV liner material,(iv) Si resistivity, and(v) Si TPV metal. TheSi TPV capacitance
voltage curvedor high frequency operationre plotted for these comparisoris. this
section, 6Bias Voltaged refers to the dif

silicon substrate.

2.3.1. Si TPV Diameter

The effect of varying th&i TPV diameter on its capacitane&s studied. The Cu
filled Si TPVs were modeled with 0.1 um thick Sidiner. The Siwas modeled as a-p
type subst rca tesistivityi andhbiasedto ground potentiafjure 14 shows
the per unit lengtl8i TPV capacitance plotted as a function of t& TPV to Si) bias

voltage difference for differer®i TPV diameters.
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Figure 14. Per unit length Si TPV capacitancevoltage plots for different Si TPV

diameters.

It is observed fronfrigure 14 that theSi TPV capacitance decreases with decrease
in the Si TPV diameter. Further, the difference between $hed PV capacitance in the

accumulation and inversion regions decrease withedserin th&i TPV diameter.

The Si TPV capacitance is a series combination of the liner capacitance and the
depletion capacitance. In the accumulation region SithEPV capacitance is very close
to the oxide capacitance value. TBe TPV capacitance ithe depletion and inversion
region is influenced by the depletion capacitance. As compared to the depletion
capacitance, the liner capacitance reduces faster with reduction $1 TV diameter
because the liner thicknesgas considered to be constanthi§ results in smaller

difference inSi TPV capacitance between accumulation and inversion regions with

decrease ii5i TPV diameter.

In other words, &i TPV with asmalkr liner thickness t&i TPV diameter ratio
leads to a larger difference between 8ieTPV capacitance in the accumulation and
inversion regions.
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2.3.2. Liner Thickness

The effect of varying th&i TPV liner thickness on its capacitana@s studied.
The Cufilled Si TPVs were modeled with a diameter of 15 pm and l@er. The Si
was modeled asa pt ype s ubst r-ant esistvity tafd bidsed ta ground
potential.Figure15 shows the per unit lengthi TPV capacitance plotted as a function of

the Si TPV to Si) bias voltage difference for differedt TPV liner thicknesses.
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Figure 15. Per unit length Si TPV capacitancevoltage plots for different Si TPV

liner thicknesses.

It is observed fronfrigure 15 that theSi TPV capacitance decreases with increase
in the Si TPV liner thickness. Further, the difference betweenSh&PV capacitance in
the accumulation and inversion regions decreagglly with increase in th8i TPV liner

thickness.

A thicker Si TPV liner reduces the liner capacitance. A thickeTPV liner also
leads to a smaller electric field at theli@er interface. This creates a smaller depletion

region which leads to a Higr depletion capacitance. Due to these effects, the difference
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between theSi TPV capacitance in the accumulation and inversion regions rapidly
decrease with increase in the liner thickness.$torPVs with thick (>1 pm) liner the

MOS capacitance effe negligible.

2.3.3. Liner Material

The effect of using differenSi TPV liner materials on its capacitanaeas
studied. The Cidilled Si TPVswere modeled with a diameter of 15 um and 0.1 pm thick
liner. The Siis modeled as a-p y pe s ubst rcantresistiviiy antt biased to q
ground potentialFigure 16 shows the per unit lengt8i TPV capacitance plotted as a

function ofthe Si TPVto Si) bias voltage difference for differedt TPV liner materials.
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Figure 16. Per unit length Si TPV capacitancevoltage plots for different Si TPV

liner materials.

It is observed fronfrigure 16 that theSi TPV capacitance decreases with decrease
in the dielectric constant of ti& TPV liner material. Further, the difference between the
Si TPV capacitance in the accumulation and inversion regions decrease with decrease in

theSiTPVI i ner 6s dielectric constant.
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Decreasing the dielectric constant of 8i1eTPV liner material decreases the liner
capacitance but it has a negligible effect on tleetac field in the Siiner interface.
Thus, it has a negligible effect on the depletion capacitance. Due to these reasdins the
TPV capacitance in the inversion region is almost unaffected by the change in the
dielectric constant of th&i TPV liner akthough it drastically changes tH& TPV

capacitance in accumulation.

2.3.4. Resistivity of Silicon

The effect of Si substrates with different resistivity on 8ieTPV capacitance
was studied. The Cdilled Si TPVs were modeled with a diameter of 15 um and 0.1 pm
thick SiQ, liner. The Siwas modeled as a-fype substrate biased to ground potential.
Figure 17 shows the per unit lengthi TPV capacitance plotted as a function of tise (

TPV to Si) bias voltage difference for different Si resistivity.
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Figure 17. Per unit length Si TPV capacitancevoltage plots for different Si

substrate resistivity.
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It is observed fronfFigure 17 that theSi TPV capacitance in the depletion and
inversion regions decreases with increase in the Si resistivitySiThEV capacitance in

the accumulation region remains unaffected by Hange in the Si resistivity.

The liner capacitance depends only on the liner dielectric constant, the liner
thicknessand theSi TPV diameter. It is unaffected by any change in Si resistivity. Due
to this reason, th&i TPV capacitance in accumulation ismaffected by change in Si
resistivity. Increase in Si resistivity implies a lower doping level in the Si substrate. This
leads to the formation of a wider depletion region aroun&ifidV for the same voltage

difference between thei TPV and the Si. Tis reduces the depletion capacitance.

2.3.5. SITPV Metal

The effect of using different metal$or filling the Si TPV) on the Si TPV
capacitancavas studied. TheSi TPVs were modeledwith a diameter of 15 pm an@ 1
pm thickSiO; liner. The Siwas modeled as a-p y pe s u b st rcantesistiviyi t h
and biased to ground potenti&igure 18 shows the per unit lengthi TPV capacitance
plotted as a function of th&s{ TPV to Si) bias voltage difference for differest TPV
filling metals. Table 2 lists the work function values of the fifent metals thaivere

considered for this parametric study.
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Figure 18. Per unit length Si TPV capacitancevoltage plots for different Si TPV

filling metals.

Table 2: Work function of metals.

Metal Work Function (V)

Aluminum 4.1

Nickel 4.55
Copper 4.65
Tungsten 4.67
Gold 5
Silver 5.1

It is observed fronfFigure 18 and Table 2 that theSi TPV capacitanceroltage
curve shape remains unchanged by the chan@e TPV filling metal. Changing thé&i
TPV filling metal offsets the @ curve.Lower work function metals move the curve to

the left whereas higher work function metals move the curve to the right.
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The liner and depletion capacitances are independent of ttkefuaction of the
Si TPV metal. However, the flatband and threshold voltages are directly related with the
Si TPV metal work function. Hence changing tBe TPV filling metal offsets the &/

curve without changing the capacitance values in accumulationesion.

2.4 Design Guidelines
Based on the results of the parametric study asribed in the previous section

some design guidelines f8i TPVs are proposed in this section.

2.4.1 SiTPVs in SignalDelivery Network (SDN)

In the SDN it is advantageous to haesver Si TPV parasitic capacitance to
obtain a faster signal response amalle signal distortion.To reduce theSi TPV
capacitance, th8i TPV must be biased in the deep depletion region. This condition may
be satisfied by applying an appropriate negative bias voltage eype [5i substrate or
an appropriate positive bias voltage on atype Si substrate. Alternatively, ti$ TPV
can be filed with a low work function metal for-fype Si (high work function metal for

n-type Si) such that it is biased in the deep depletion region by the given signal range.

The diameter of thé&i TPV and the thickness of the Si substrate should be
reduced toeduce thesi TPV capacitance. A thick liner should be used to reduce the liner
capacitance. An appropriate liner material should be selected with a low dielectric
constant for the same reason. Finally, a high resistivity Si substrate should be used to

redwce the depletion capacitance.
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2.4.2 Si TPVs in PowerDelivery Network (PDN)

Unlike the SDN, the objective di TPV design in the PDN is to increase its
capacitance tamprove thedecoupling behavior of th8i TPV. To increase th&i TPV
capacitance, th8i TPV must be biased in the accumulation region. This condition may
be satisfied by applying an appropriate positive bias voltage ely@eSi substrate or an
appropriate negative bias voltage on atype Si substrate. Alternatively, tise TPV can
be filled with a high work function metal for-fype Si (low work function metal for-n
type Si) such that it is biased in the accumulation region by the given voltage on the

power plane.

The diameter of thé&i TPV and the thickness of the Si substrate should be
increased to increase t&e TPV capacitance. A thin liner should be used to increase the
liner capacitance. An appropriate liner material should be selected with a high dielectric
constant for the same reason. Finally, a low resistivity Si substrate dheulded to

increase the depletion capacitance.

2.4.3 Si TPVs as Variable Capacitors

Si TPVs can be designed and used as variable capacitorsiryy the MOS
capacitance effect. For an effective variable capacitor design, the ran§e T&?V
capacitance must be increased. BieTPV must be operated in the depletion or deep
depletion regions. This may be ensured by applying an appropriate bias voltage on the Si
substrate such that ttf8 TPV operates in the depletion or deep depletion retporthe
range of voltages carried by t&e TPV. Another way to meet this objective is to use an

appropriate metal for filling th&i TPV.
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The difference between the accumulation and inversion capacitance must also be
increased by increasing the diametérttee Si TPV. A thin layer of a high dielectric
constant liner material should be used to increase the accumulation capacitance. Finally, a
high resistivity Si substrate r e si st i vi t y -conyskeoald ke used th reducel 0 O

the depletion capacitance

2.5 Electromagnetic Simulation

2.5.1 Depletion Region Modeling

The importance of accurately modeling the depletion region in 3D
electromagnetic EM) simulations ofSi TPVs is shown in this sectiorCylindrical,
annular and ceaxial Si TPVs were studied for their electrical signal loss characteristics
by means of 3D fullvave EM simulations. CST Microwave Studio (CSWS) [52]
was used as a 3D fullvave EM simulator to study the system response up to 10 GHz.
Figure19 shows the via model simulated with twaorts in CSTMWS. The sigal via is
in the middle with aground via on either side. The viagre excited with discrete

(lumped) ports otits top and bottom surfase

Figure 19. Two-port Si TPV model in CST Microwave Studio (CSTMWS) [52].
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The Si TPV length, diameter and pitchwere 100 um, 15 um and 30um
respectively.The Si TPVs were modeled with 10 ohrem resistivity Si substrate. The
silicon substrate had 1 um thick layer of Si@n its top and bottom surfaces as shown in

Figure2.

Two Si TPV models with 0.1 pm Si@liner were simulated and comparetdhe
first Si TPV modelwas simulated without any depletion region in the Si substrate. In the
second model, a depletion regimas modekd around th&i TPVs. The thickness of the
depletion regionwas determined analyticallfusing the analysis presented in Section
2.2.2. The depletion region in the Si substrate was modeled a$réesSi in CST MWS
because it is mostly devoid of any mobile charge carriBth the modelswere

simulated ad the results are presentedrigure20, Figure21, andFigure22.
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Figure 20. Simulation results (Insertion loss) obtained from CSTMWS for Si TPVs

with and without depletion region.
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Figure 21. Insertion loss comparison of annularSi TPVs. The outer and inner

diameter of the annular Si TPVs

pitch i

Figure 22. Insertion loss comparison of ceaxial Si TPVs. The ceaxial Si TPV had a
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It is observed fromFigure 20, Figure 21, and Figure 22 that neglecting the
depletion region while simulating tt#& TPVs resulted in a difference of 0.08 to 0.3 dB
(cylindrical Si TPV), 0.1 to 0.3 dB (annul&i TPV), and 0.3 to 0.6 dB (caxial Si TPV)
in the insertion loss plot up to 10 GHEhe depletion region is mostly devoid of any
mobile charge carriers and thus, acts as a region of very high resistivity Si. The change in
the Si resistivity around th8i TPV reaults in this difference in # insertion loss plot.

This difference in the insertion loss will be more pronounced for signal paths passing
through multipleSi TPVs (for example, communication between chips in a rfaytred
chip stack and/or between chips on a Si interposer).

Co-axid Si TPVs can be designed using the low loss depleted Si region. In ICs,
co-axial Si TPV can be designed such that the Si (between the core and shell) is
completely depleted by the signal voltage on the Si TPV. In Si interposers, a negative
bias (positivebias for ntype Si) can be applied on the Si substrate to completely deplete
the Si between the core and shell. The result of such a design is showgdre®?3. It
compares two caxial Si TPVs with identical dimensioiisone with completely depleted
Si and, the other with the Si only partially deplet€de Si TPV hd 3 um core diameter,

9 um inner shell diametegand 15 um outer shell diameter.
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Figure 23. Insertion loss comparison of caxial Si TPVs with the Si (between core

and shell) either completely or partially depleted.

It is seen that completely depleting the Si reduces the signal loss by more than 0.2

dB. This effects significant for signal paths through multi@eTPVs (e.g., in 3D stacks

with multiple chips).

2.5.2 TPVs in Wafer-Si and PaneiSi Interposers

In this section, electromagnetic modeling and simulation results are presented to

compare the electrical performance oTPVs in panetsilicon and wafersilicon

interposersThe TPV model is shown irFigure 24. The model comprises of two signal

vias (markeda s

0 Bigure 24)n

surrounded

by

four

ground

Figure 24). The vias were excited with discrete (lumped) ports on their top and bottom

surfaces.
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Figure 24. Si TPV model in CST Microwave Studio for loss and crosstalk studies.

The insertion loss and crosstalk between the widawo types of Si interposers is
compared irFigure25 andFigure 26, resgectively. The TP\6 in polycrystalline panebi
( 0. ZicBiregstivity)arecompared with TWs i n wafer based- CMOS
cm resistivity). The thickness of the Si substrate was 220 um. The diameter and pitch of
these Ctilled vias were 30 um and D2um, respectively. The PVs in waferSi
interposemwere modeled witd pm thick sidewall Si@liner, while the TPVsn paneiSi

interposemwere modeled with 5 um thick sidewall polymer liner.
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Figure 25. Insertion loss comparisonbetween TPVs in panelSi and waferSi
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Figure 26. Far-end crosstalk comparison between TPVs in pan&i and waferSi

interposers.
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It is observed that the TPVs in pai&linterposerhave lower loss (till 10 GHz)
and crosgalk (till 8 GHz) as compared to thePVs in wafer-Si interposer The better
electrical behavior of the TPVs can be attributed to the thicker sidewall and surface liner

in these interposers. This helps reduce the substrate loss and coupling isulbstr&ie.

The equivalent conductance of a Si TPV increases with increase in frequency as
shown inFigure 12 (c). Beyond 8 GHz, the higher conductance of the TPVaimefSi
(high conductivity Si) as compared to that in waBernlow conductivity Si) offsets the
reduced crosstalk betwe@anelSi TPVs due to thick sidevall liner. Designing a TPV
with thicker liner in paneSBi interposer will increase the frequencywich the crosstalk

between the vias in pan8l interposer become same as that in w&ienterposer.

2.5.3 Effect of TPV Liner Thickness

The effect of the sidewall liner thickness on the insertion loss and crosstalk in
TPVs is studied irFigure 27 and Figure 28, respectively The TPV diameter and pitch
was 30 um diameter of the Cu filled region) and 120 um respectively. The Si substrate
resistivity and -ciland@2num gespecivaly. It 3 sekrb thagthe

insertion loss and crosstalk can be reduced by using a thicker sidewall liner.
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Figure 27. Insertion loss plots for TPVswith different liner thicknesses in paneiSi

interposer.
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Figure 28. Far-end crosstalk plots for TPVs with different liner thicknesses in panel

Si interposer.
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2.5.4 Effect of TPV Diameter
The effect of TPV diameter on its loss and crosstalk is studie#&igure 29 and
Figure 30, respectively The vias wex modeled in 220 pm thick par8li (Gcml5 q

resistivity) with 5 um thick polymer sidewall liner. The TPV pitch was 120 pm.
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Figure 29. Insertion loss plots for TPVs with different diameters in paneiSi

interposer.
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Figure 30. Far-end crosstalk plots for TPVs with different diameters in panelSi

interposer.

The loss in SITPVs decreasg with decreasen its diameer. SmallerSi TPVs
have smaller sidewall capacitance (due to smaller diameter) and smaller substrate
conductance (due to larger spacing between the TPVs). This helps in reducing the loss.
Due to the greater spacing between the smaller TPVs, their tkosstéower as

compared to the larger TPVs.

2.5.5 Microstrip Line to Si TPV Transition

This section presents modeling and simulation of Si TPVs connected with re
distribution layer (RDL) wiring on the silicon interposer. The RDL winmgs modeled
asmicrostriplines (MSL) on the top and bottom surfaces of the silicon interposer. These
lineswere connected by Si TPVs as showrFigure31. The MSLs on the top surface of
the silicon interposemvere excited in CST MWS by discrete (lumped) ports with respect

to the ground (top) plane.
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Figure 31. Schematic diagram of microstrip line (MSL) to TPV transitions in a four

metal-layer silicon interposer.

The TPVs were 3Qum in diameter.The Si core was 26Qm thick. The MSLs,
TPVs, and the planes were made of copgéree types of silicon interposers were
modeled: (i) Pane®i interposer with 2%im thick via liner, (ii) PanelSi interposer with 5

pum thick vialiner, and (iii) WafefSi interposer with 2im thick via liner.

In paneiSi interposers, ZIF polymer (10m thick) was used for laminating the
silicon surface (between the silicon core and the metal plane), as aupulldiectric
layer (between the madtplane and the MSLjand as the via lineEach of the microstrip

lines were 1jumwide and 2 mm long. Thepar8li had a resenstivity o

In waferSi interposers, Si9(2 um thick) was used as RDL buHap dielectric
(between the silicon core and the metal plane, and between the metal plane and the
MSL). Each of the microstrip lines were 34 wide and 2 mm long. The via liner was

made of 2 um thick Si@ The resistivity othe waferSi wa<sm.1 0 ¢

Figure 32 shows the insertion loss comparison of the signal path (as shown in
Figure31) in different silicon interposerdt is observed that the par8l interposer with

thicker via liner has lower loss. As the thickness of the via liner is increased, it decreases
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the substrate loss in Si, thus decregsire total loss in the signal patthe glitch (below
5 GHz) in the insertion loss plot for the paflinterposers occur due to powgrmound

plane resonances.
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Figure 32 Insertion loss plots of MSL-TPV transitions in different silicon

interposers.

It is observed that the loss of the pa8elnterposers is less than that of the wafer
Si interposer. The wafe®i interposer has higher loss because of higher substrate loss
(caused by the thinner via liner) and higher condulttss in the MSL (caused by the
smaller line width) as compared to the paBeinterposer. From a cost and practicality
point of view, the BEOL processing technique used in wafenterposers limits the
SiO, thickness (in the buildip layer and the viarier) to, typically, less than 2 um. The
smallerbuildup | ayer thickness | eads to smaller |
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All the three insertion loss plots have a smooth characteristic because the power

plane resonances are suppressed in Si interposers.

2.6 Conclusion

Modeling the voltagelependent MOS capacitance effect is important for accurate
electrical modeling ofSi TPV. The MOS capacitancés accurately modeled by
numerically solving Poi sesdnates.Paramefric sttdie® n 1 n
demonstate that theSi TPV capacitance can be tuned by varying different physical and
material parameters. The parametric results hrelgevelopng design guidelines foBi
TPVs in 3D systemsSi TPVs can be used as a useful variable capacitor in 3D system
desgn by wsing the MOS capacitance effetbw-lossSi TPVs can be designed bging
the concept of depleting the Si to reduce the dielectric 8is§PVs can be utilized as

decoupling capacitors in 3pbwerdelivery networks by biasing thailicon substrate.

The performance of TPVs in panel based polycrystalline Si (with thick polymer
liner) is better as compared to that of wafer based CMOS grade Si (with thilireiQ
The electrical performance of tt& TPVs can be improved by decreasing iiagnteter

and by increasing the sidewall liner thickness.

Powerground plane resonances are suppressed in Si interposers because of high
substrate conductivity. This causes a mostly smooth insertion loss curve for signal paths
passing through microstrip liseand TPVs. A higispeed digital signapropagating

throughsuch pathss expected to have smaller distortion and jitter.
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CHAPTER 3

TPV IN GLASS INTERPOSER

Glass interposers are a potential lowst, lowloss alternative to silicon
interposers. This chapter presents the electrical modeling, design, and simulation of TPVs
in glass interposers (Glass TPVs). Glass TPVs are compared with TPVs in silicon
interposes (Si TPVs) for loss and crosstalk analysis. @lass TPV parasitics (resistance
and inductance) are extracted from electromagnetic (EM) simulations. The effect of via
diameter on its parasitics, loss, and crosstalk are studied. Transition modgblah&o
waveguide (CPW) line tglass TPV to CPW line are modeled and simulated to study the

effect of via diameter and line width on signal loss.

3.1 Electromagnetic Modelingand Simulation

TPVs were modeled and simulated by means of 3D-fudlve electromagnetic
(EM) simulations. CST Microwave Stud{CSTMWS) [52] was used as a 3D fulvave
EM simulator to study the system response of these vias up to 10 GHz. Borosilicate glass
(BSG) with 200 um thicknessvas modeled as the substratgith 20 um thick organic
dielectric liner onits top and bottom surface§he TPV pitch wa 250 ym and its
diameterwas 35 pm.Figure 33 shows theTPV modd simulated withfour ports in CST
MWS. Thee are twosignal vias( mar k e d a saresu8dundedvoyour ground
vias mar k e d). The viasn&dexcited with discree (lumped) ports on their top and

bottom surfaces.
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/G/S/G

Figure 33. Glass TPV model in CST Microwave Studio for loss and crosstalk

studies.

The model for the Si TPVs waalso similar (same via diameter and pitcig
shown in Figure 24. The substrate material wachanged from glass to silicon. In
addition, the Si TPVsvere modeled with a sideall liner (which acts as an insulation
layer). The TPV sidewall liner and the surface liner (on the top and bottom surfaces of

the Si substratayas the same material used in thi@ss TPV model.

3.1.1 TPVsin Glass and Silicon Interposers

Figure 34, Figure 35, and Figure 36 compares the insertion loss, nead
crosstalk, and faend crosstalk of TPVs in diffent interposers respectively. The glass
interposer is compared with high resistivity, and low resistivity silicon interposers. The
effect of TPV sidewall liner thickness on the loss and crosstalk is also studied in these

figures.
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Figure 34. Insertion loss comparison between TPVs in glass and silicon interposers.
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Figure 35. Near-end crosstalk comparison between TPVs in glass and silicon

interposers.
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Figure 36. Far-end crosstalk comparison between TPVs in glass and silicon

interposers.

From Figure 34, Figure 35, and Figure 36, it is observed that TPVs in low
resistivity silicon interposer with a thin liner haweuch higher loss and crosstalk as
compared withglass TPVs. This is primarilpecause ohigher coupling and substrate
loss in the low resistivity semiconducting silicon substrate. Glass, on the other hand, has
very good insulating propertieghis leadsa lower loss and crosstalk giass TPVs. The
loss and crosstalk in silicon interposers can be reduced by using a thigkadlitieer in
the TPV structures. The liner material has low loss. A thicker liner reduces the field
penetration in the lossy siba substrate, thereby reducing signal loss. The liner also
reduces the substrate conductance between adjacent signal vias. This helps reduce the

crosstalk.
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The loss and crosstalk in Si TPVs can also be reduced by using a high resistivity
silicon substrateas the interposer material. High resistivity silicon has lower doping

concentrations and substrate loss as compared to low resistivity silicon.

3.1.2 Effect of TPV Diameter

The effect of theylass TPV diameter on the signal loss and crosstalk is studied in
this section. The diameter of tiglass TPV (as shown iRigure 33) was varied from 35
pm to 150 pum.Figure 37, and Figure 38 shows the insertion loss and-famd crosstalk
variaions in the TPVs as the diameter is varied. It is observed that the insertion loss
varies inversely with thglassTPV diameter. The resistance and inductance of TPV

decreases with increase in its diameter. This results in lower loss for the larger TPVs.
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Figure 37. Insertion loss plots forglass TPVs of different diameters.
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Figure 38. Far-end crosstalk plots forglass TPVs of different diameters.

In this study, the TPV pitch was kept constant while ti/ Tdiameter was
varied. Therefore, the spacing between the TPVs is larger for the design with smaller
TPV diameter. This increased spacing between the smaller TPVs results in the reduced

crosstalk as observea Figure38.

3.1.3 Effect of Glass and Polymer Choice

This section presents the effect of different glass and polymer materials on the
insertion loss of the TPV. The conceptual TPV model is shovwkigare 33. The TPVs
were 30 pum in diameter and 60 um in pitch. The TPVs were modeled as completely
filled with copper.Four types of glass interposers were simulated: (i) 1®0thick
ENAL glass lamin@d with 20um thick RXP4 polymer, (ii))180 um thick ENA1 glass
laminated with 17.%um thick ZIF polymer,(iii) 180 um thick ASO1 glass laminated with
20 pum thick RXP4 polymer, and (jv180 um thick ASO1 glass laminated with 17.8n

thick ZIF polymer.
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Figure39 shows the insertion loss comparison for the TPVs in different glass and
liner material combinations. It is seen that changing the glass or liner materiatlbas lit

effect on the TPV loss.
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Figure 39. Insertion loss plots of TPVs in different glass interposers.

3.1.4 CPW Line to Glass TPV Transition

This section presents modeling and simulatioglaés TPVs connected with-re
distributionlayer (RDL) wiring on the @lss interposer. The RDL wiring wanodeled as
co-planar waveguide (CPW) lines on the top and bottom surfaces of the glass interposer.

These linesvere connected bglass TPVs as shown Figure40.
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Figure 40. Model of coplanar waveguide (CPW) line to TPV to CPW line transition

in CST Microwave Studio.

This modelwas excited by discrete (lumped) ports at the far ends of the CPW
lines. The effect of varying the TPV diameter on the insertion loss is shokgure41
(a). The CPWine width was fixed at 15 um in this study. Reducing the TPV diameter
increases the TPV resistance and inductance which results in higher insertion loss as seen
in Figure41 (a). Figure41 (b) shows the effect of changing the CPW line width on the
insertion loss. The TPV diametess fixed at 35 um in thistudy. The size of thePV
pad wa 55 um. As the CPW line width is reduced, the dimension mismatch between the
line and the via pad increases. This results in increased losses at the line to via pad
transition. The conductor loss also increases with decrease in line width. Dihes®

reasons, thasertion losss higherfor smaller line widths as seenkigure41 (b).
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Figure 41. Insertion loss plots for CPW line to TPV to CPW line transition in glass
interposers. (a) Effect of TPV diameter, (b) Effect of CPW line width (LW).
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3.1.5 Microstrip Line to Glass TPV Transition
This section presents modeling and simulatioglags TPVs conraed with re

distribution layer (RDL) wiring on the glass interposer. The RDL winag modeled as

microstrip lines (MSL) on the top and bottom surfaces of the glass interposer. These lines

were connected bglass TPVs as shown figure42. The MSLs on the top surface of

the glass interposevere excited in CST MWS by discrete (lumped) ports with respect to

the ground (top) plane.

Gnd Plane

TPV

Pwr Plane

MSL

Figure 42. Schematic diagram of microstrip line (MSL) to TPV transitions in a four-

metal-layer glass interposer.

Three types of glass interposers were modeled: (i)ub8@hick ASO1 glass (i)

180 um thick ENAL glassand (iii) 75 pum thick 0211 glassZIF polymer (LO pum thick)

was used for laminating the glass surface (between the glass core and the metal plane),

and also as a buHdp layer (between the metal plane and the MSkgri microstrip
lines wasl5 um wide and 2 mm long. The TPVs were @fh in diameter. ie MSLs,

TPVs, and the planes were made of copper.
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Figure43 shows the insertion loss comparison of the signal path (shofrigune
42) in different glass interposers. It is observed that all three types of glass interposers
have several notches in their insertion loss plot. The notches occur due tegpowet
plane resonance$he 0211 glass interposer has the smallest notches. It has the smallest
thickness which leads to increased capacitance and lower PDN impedance between the
power and ground planes. The notches in the ENAL glass interposer are the largest. The
higher thicknes (as compared to 0211 glass) and lower permittivity (as compared to

ASO01 glass) of ENAL glass leads to higher PDN impedance in ENA1 glass interposer.

The notchesause distortion and jitter in higdpeed digital signalsThe sharp
notches in the insertioloss of the signal path lead to worsening of the signal eye diagram
as shown and explained [iB3]. Careful power delivery design in glass interposers using

appropriate choice and location of decoupling capacdishelp in solving these issues.
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Figure 43. Insertion loss plos of MSL-TPV transitions in different glass interposers.
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It is observed that in glass interposers, sigraahs comprising of CPW lines and
TPVs (Figure 41) have better electrical behavior than those comprising of MSLs and
TPVs (Figure 43). The difference ismainly caused by the powground plane

resonances in the latter scenario.

3.2 Parasitic Extraction of Glass TPVs
The electrical parasitics (resistance and inductancglpe$ TPVs were extracted
from simulation resultsFigure44 shows the top and side viewf the structure used to
extract the resistance and inductance of the TPV.TR\é in the center of this figure is
the TPV under test. The metal pad on top of this TPV is excited at its either end (marked
by 6S6) with respect to the outer met al p a
of the TPV under test connect the outeetal pad to the bottom plane. All the TPVs are

connected to each other by the bottom metal plane.

69



TPV

(@)

Cu

TPV
Glass

Liner —___

(b)

Figure 44. Structure for extracting resistance and inductance off PV. (a) Top View,

(b) Side view.

The structure shown iRigure44 was excited withtwo discrete (lumpedports on
either end of the top signal metal pad. An equivalemotel (as shown ifrigure 45)
was obtained from the simulatedp@rametersThe component Z1 represent the signal
test pad (from the probing point marked as
Figure 44). The component Z2 represent the signal TPV under Tdst. real and
imaginary parts of the component Z2 yields the resistance and inductance of the TPV

regectively.
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Figure 45. Equivalent T-model of the structure shown inFigure 44.

The extracted resistance and inductance of the TPVs are shdwgune 46 and
Figure 47, respectively. It is observed that the resistance and inductance of the smaller
TPVs are higher than those of the bigger TPM resistance of the TPV with 35 um
diameter is approximately three times that of the TPV with 150 um dianmger.

resistance increases with frequency because of skin effects.

012 TPV (35 um
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Frequency (GHz)

Figure 46. Resistance plos for glass TPVs with different diameters.
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Figure 47. Inductance plotsfor glass TPVs with different diameters.

3.3 Current Density Simulation
Current density in the interconnections is an important parameter that needs to be

carefully considered while designing electronic systems and mod@epper
interconnedbns beginto heat excessively when tleirrent densityincreases beyond
approximatef 2x10° A/m?. Electromigration in coppebegirs when the current density

in the copper interconnéch is above 18 A/m? (approximately). In this section, the
current density in the copper lines and vias are simulated and stlldesgimulations are
caried out in CST MWY52]. The models used in these simulations are similar to that

shown inFigure40.
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The glass interposer consisted of 180 ik ENA1 glass laminated with 20 pm
thick RXP4 polymer. Similar results were seen with ZIF polymer and other glasses, as

well. The Cu thickness (in the CPW lines) was 5 {iime CPW lines were 1 mm long.

Table3 shows the peak current densities in the CPW line at different frequencies.
The width of the CPW lingvas varied in the simulations to study the effect of line width
on peak current densitfhe TPV diameter wea30 pum on top and 20 pum on the bottom.
The TPV pitch was 60 unit is observed that the peak current density in the CPW line
increases as the line width is decreased. The current density increases with increase in
excitation frequency due to skin effeétowever, the maximum current density in the

lines iswell within the current carrying limits of copper traces.

Table 3: Current density in CPW lines.

CPW line CPW line CPW line
Frequency (GHz) _ _ .
(5 um wide) | (10um wide) | (15 um wide)

0 0.003 A/nt 0.002 A/nt 0.001 A/nt

0.1 358 A/nf 342 A/nf 209 A/nt

1 3616 A/nf 3394 A/nt 2081 A/nf
5 18452 AInt | 16702 A/n 10269 A/n3
10 37090 A/nf | 32981 A/nf 20337 A/ni

Table4 shows the peak current densities in the TPVs at different frequencies. The
TPV diameter was varied in the simulations to study the effect of TPV diameter on peak
current density. The CPW lisewere 10 um wide. It is observed that the peak current
density in the TPVs increase as the diameter is decreased. The current density increases
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Table 4: Current density in TPVs.

with increase in excitation frequency due to skin effect. However, the maximum current

density in the TPVs is &ll within the current carrying limits of copper traces.

TPV TPV TPV
Frequency (GHz) | (30um diameter, | (60um diameter, | (100um diametet,
60 um pitch) 120um pitch) 200um pitch)

0 0.8mA/m? 0.2mA/m? 72 pA/m?
0.1 94 A/nt 50 A/nf 30 A/nf

1 941 AInt 502 A/nf 333 A/nf

5 4711 Aint 2516 A/nt 1669 A/nt

10 9438 A/nt 5045 A/nt 3347 Aint

To improve the thermonechanical reliability of the TPVs, law-modulus metal
(like palladium) can be used as a TPV sidall liner, as shown irFigure 48. The
diameter of the TPV (including the Cu and Pd) was 30 um on the top and 20 um on the

bottom. The CPWines were 10 um wide.

Glas
Cu

Pd liner

Figure 48. Crosssectional schematic of a Pdined TPV in glass interposer.
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Table5 shows the peak current densities in the TPVs at different frequencies. The
Pd liner thickness was varied in the simulations to study the effect of liner thickness on
peak current density. Theeak current density was observed in the Pd liner due to skin
effect. It is observed that the peak current density in the TPVs increase as the liner
thickness is decreased. The current density increases with increase in excitation
frequency due to skin fefct. However, the maximum current density in the TPVs is well

within the current carrying limits of palladium.

Table 5: Current density in Pd-lined TPVs.

Pd-lined TPV Pd-lined TPV
Frequency (GHz) ) )

(1 um liner) (5 um liner)
0 0.17mA/m? 0.26mA/m?

0.1 131 A/nf 85 A/nt

1 1314 A/nt 845 A/nt
5 6587 A/nt 4230 Alnt
10 13203 A/nt 8476 Alnt

Figure 49 compares the insertion loss plots of theliRdd TPVs and Cdilled
TPVs (without any Pdiner). It is observed that the los§ the Pdlined TPVs is slightly
higher than that of the TPV without fider. The increase in loss can be attributed to the
higher resistivity of Pd (approximately 0 5 -m) ag compared to Cu (approximatély
n gm). There is almost no variation in the émgon loss with change in the Pd liner

thickness.
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Figure 49. Effect of Pd-lining on the insertion loss of TPVs.

The thermemechanical reliability of TPVs in glass interposers can also be
improved by using conformal metal fillinghstead of completely filling the TPVFigure
50 shows the crossectional schematic of a fully filled TPV and a conformally filled
TPV. The conformal TPV was model with 5 um thick Cu layewhere the TPV outer

diameter was 30 pum. The filled TPV was also 30 um in diameter.
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Figure 50. Crosssectional schematic of TPV in glass interposer. (a) Filled TPV, (b)

Conformal TPV.

Table6 shows the peak current densities in the TPVs at different frequencies. The
conformal TPV has higher peak current densities as compared to the filled TPV. The
current density increases with increase in excitation frequency due to skin effect.
However, the maximum current density in the TPVs is within the current carrying limits

of copper.

Table 6: Current density in filled and conformal TPVs.

Frequency (GHz) Filled TPV Conformal TPV
0 0.8mA/m? 1.4AIm?
0.1 94 Aint 138 A/nt
1 941 Alnt 1476 A/nt
5 4711 A/nt 7209 Aint
10 9438 Aint 11873 A/nd
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Figure51 compares the insertion loss plots of the filled TPV and the conformal
TPV. It is observed that the loss of the conformal TPV is slightly higher than that of the
filled TPV, although the diffieence is negligible. This is because most of the current is

carried by the conductor surface (skin effect).
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Figure 51. Effect of conformal via filling on its insertion loss.

3.4 Conclusion
TPVs in glasdnterposerhaveapproximately0.5 dBlower electrical signal loss
andapproximately 14 dB lowetsrosstalkas compared with AVs in silicon interposerat
10 GHz The insertion losses of smaller TPVs are higher than those of largerimPVs
glass interposersThe inductance aneksistance of the TPVs increases with decrease in

the TPV diameter.
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Signal paths comprising of CPW lines and TPVs have better electrical behavior
than those comprising of MSLs and TPVs in glass interposEns. signal path
comprising of CPW lines and TP\@® not have return path discontinuities (RPDs). The
MSL-TPV signal path has RPDs. The presence of RPDs and the-goowerd plane
resonances in glass interposers make the-MIB\. signal path to suffer from worse eye
diagram as compared to the CPM?V sigral path.Careful power delivery design in
glass interposers using appropriate choice and location of decoupling capacitors will help
in solving the poweground plane resonance issaes improve the eye diagram of the

MSL-TPV signal path

The current deriges in the TPVs and interconnection lines are well within the
current carrying limits of the interconnemt material The TP\ designed for better
thermemechanical reliability (like Pdined TPVs and conformally filled TPVs) have
almost similar electdal performance (loss and peak current density) as fully filled TPVs.
The different glass and polymers that were considered had little effect on the insertion

loss of the TPVs.
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CHAPTER 4

POWER DELIVERY NETWORK DESIGN

Power integrity playan important role in drivingystem performancd herefore,
it is essential to acquire an-depth understanding of the issues that impact the power
integrity of 3D interposersTo provide clean power, decoupling capacitoegd to be
placed close to thehips. Ths chapterstudiesthe powerdelivery network PDN) in
silicon and glassnterposersin silicon interposerghe MOS capacitance of Si TPV&s
utilized for decoupling.A 3D powerdelivery network(PDN) is simulatedusing the
proposedSi TPV circuit-model (Section2.2.3 to show the effect and importance of the

voltagedependensi TPV MOS capacitance.

4.1 Power Delivery Networkin Si Interposers
Modeling the voltagelependent MOS capacitance is important for accurate
electrical modeling o8i TPV, as discussed iBection2.2 To study the effect of th8i
TPV MOS capacitancenia practical application, theowerdelivery network(PDN) in a
3D system is modeled and simulated in this seckagure52 shows the schematic view

of the PDN that is studied.
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Figure 52. Schematic view of the powedelivery network of a 3D systemwith Si

interposer.

Power is supplied from the Voltage Regulator Module (VRM) which is placed on
the Printed Circuit Board (PCB). Multiple decoupling capacitors (Decap) are placed on
the PCB. The parasitics of the decoupling capacitors on the PCB were 0.23 nF
capacitance, 0.Y resi stance, and 0.2 nH inductance
(within 4 mm) the interposer. The dielectric material between the PCB power and ground
planes was modeled as 100 um thick standard FR&Si TPVs in thesilicon interposer
supply pover from the PCB to the IC. The IC is assembled on the interposer by solder
ball connections. The interposer is assembled on the PCB with solder ball connections.

Figure53 shows the model of the PDN.
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Figure 53. Conceptual model of powerdelivery network of a 3D system.

The PCB power and ground planes along with the decoupling capaeies
simulated in Sphinx a frequencydomainsignal andpower co-simulator[54]. The solder
balls were represented by lumped inductances. The equivalentircuit-model of
the Si TPV, as shown irFigurel11 (b), was used to model the power and gro@d PVs.

The circuit wa simulated in Agilent AD$55].

The simulatedi TPVswere 30 um in diameter and 100 um in length. Theye
filled with copper and ha@®.1 pm thick SiQ liner. The Si wasddopedp-type andits
resistivitywas1 0 -cm. The solder balls connéag the PCB and the interposer nwe
modeled af250 pH inductance. The solder balls conimgcthe interposer and the IC

were modeled aS0 pH inductance. The erhip decoupling capacitor wemodeled by a

series RLC circuit with 2 q resistance,

PCB powerground planesvere 10 cm by 1@m in size.
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Figure54 shows the simulated impedance plots at the poweofpthe IC. Three
cases wee simulatedi (i) Si interposer biased witlbi TPVs operating in the
accumulation region, (i) Si interposer biased WBhTPVs operating in the inversion
region and, (iii) Si interposer floating. Small impedance is desitalbieduce thgpower

supply noise in the system.

0.4
i Si Floating
_ 03— | Z
E -
= — |
o i
8 02 ’
|
© 11 i
5] |
D‘ n )
£ 01— Si TPVs in Inversion
i Si TPVs in Accumulation
L L B B B N L

0 1 2 3 4 5 6 7 8 9 10

Frequency (GHz)

Figure 54. Simulated impedance plots at the IC power pin (as shown irigure 53) of

a 3D system.

It is observe from Figure54 that the plots where the Si interposer is biased (i.e.,
Si TPVs in inversion andaccumulation regions) la lower impedance than the plot
where the Si interposer is floatin§i TPV MOS capaitance is absent when the Si
interposer is floating. When the Si interposer is biased SthEPV MOS capacitance
effect adds a decoupling capacitance to the p&verPV. This helps in reducing the
impedance. The MOS capacitance is higher in accumulegigion than in the inversion
region. This is the reason for the accumulation mode impedance being lower than that in

the inversion mode.
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For a Si interposer which is biased, if the MOS capacitance effect is neglected it is
equivalent to modeling the PDWNith the assumption that the Si is floatifilack curve
in Figure54). This leads to overestimation of the impedance and can lead to inaccurate

system performangerediction.

As discussed in Sectidh4.]1, TPVs in the signatlelivery network(SDN) should
have small capacitance to improve the signal integrity of-bpged djital signals.
However, TPVs in the PDN need high capacitance to enhance its decoupling behavior. In
a real situation, it is difficult to have different physical designs in the same interposer for
TPVs in SDN and PDNTo understand the impact of differdniasing conditions (i.e.,
different TPV MOS capacitance values) on its insertion loss, the Si TPV model was
simulated. Figure 55 shows the insertion loss of Si TPVsider different biasing
conditions. The dimensions of the TPVs were the same as mentioned earlier in this

section.
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Figure 55. Insertion Loss of Si TPVs under different biasing conditions.

It is observed that the loss of the TPVs biased in accumulation and inversion
regions is lower than that of the TPV with the Si substrate in floating condition (unbiased
state). Thdoss ofthe TPV biased in inversion region is lower than that of the one i
accumulation region because of lower capacitaridbe former (smaller Gos(V) in the
circuit model ofFigure11 (b)). However, the difference in loss betwettiesetwo cases

is less than 0.1 dB DC-10 GHz frequency range

A signal path in Si interposer comprising of two CPW lines (each 15 um wide and
2 mm long) connected by TPVs was also modeled and simukatpae56 compares the
insertion loss of this signal path under different biasing conditions. It is observed that the

difference in loss is insignificant in the BID GHz frequency rangelhe MOS
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capad@ance of the Si TPV in inversion and accumulation regioB.2sg= and1.04 g,
respectively. The signal path comprisesAainm of CPW line and 100 um of Si TPV.
Theinsertion loss of the signal path is dominated by the CPW lines, and the difference in

Si TPV capacitance has a small role.

| 0
n o5 = Si Floating
s = Sj TPVs in Accumulation
e Si TPVs in Inversion
‘
L 15
0
n 2
L '25
0
s -3
S

-3.5

(dB)
0 2 4 6 8 10

Frequency (GHz)

Figure 56. Insertion loss of CPWTPV-CPW signal path in Si interposer under

different biasing conditions.

From the above results, it can be concluded that the Si TPV capacitance has a
more impotant role in the performance of the PDN as compared to the SDN of a Si
interposer. To enhance the decoupling behavior of tAd’Ss, they should be biased in

the accumulation region.

86



4.2 Power Delivery Network in Glass Interposers
The powerdelivery network of a 3D system with glass interposer is modeled and
simulated in this section. The results are compared with those of the Si interposer
(Sectiond.1). Figure57 shows the schematic view of the PDN in a 3D system with glass

interposer.

IC Glass TPV

Solder ball ~
Glass
VRM Decap | Interposer

PCB

/
Power plane Ground plane

Figure 57. Schematic view of the powedelivery network of a 3D system with glass

interposer.

Power is supplied from theoltageregulatormodule (VRM) which is placed on
theprintedcircuit board (PCB). Multiple decoupling capacitors (Decap) are placed on the
PCB. TheTPVs in theglassinterposer supply the power from the PCB to the IC. The IC
is assembled on the interposer by solder ball connections. The interposer is assembled on
the PCB with solder ball connectioi®e conceptual circuit model of the PDN is similar

to that shown irFigure53.

The PCB power and ground planes along with the decoupling capawsies
simulated in Sphinx a frequencydomainsignal andpower co-simulator[54]. The solder
ballswere represented by lumped inductancasqg). Theglass TPVavere modeled and
simulated in CST Microwave Stud{®2]. The complete PDNcircuit was simulated in

Agilent ADS[55].
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The simulatd TPVs weae 30 um in diameter. Theyere filled with copperThe
glass interposer consisted of ENAL glass laminated on both surfaces with ZIF polymer
The solder balls connecting the PCB and the interposee modeled by 250 pH
inductance. The sold&alls conneting the interposer and the IC meemodeled by 50 pH
inductance. The eohip decoupling capacitavas modeled by a series RLC circuit with
2 q resistance, 110 pH induct a+roundpaned, 1

were 10 cm by 1@min size.

Figure 58 shows the simulated impedance plots at the power pin of thEhk.

glass interposer consisteti576 power and 576 ground TPVs.

= Glass Interposer

= Si Interposer without biasing
¥ Si Interposer in Inversion
= Si interposer in Accumulation

w

N

Impedance (Ohms)

I

freq, GHz

Figure 58. Simulated impedance plots at the IC power pin of a 3D systerihe glass

interposer PDN consists of 1 pF ofthip decoupling capacitor.
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It is observed that the PDN impedance of the glass interposer is higher than that

of the Si interposeThe PDN impedancplot of the glass interposer changed little when

the number of power and ground TPVs was increased to 1000Téeclconductivity of
silicon is much higher as compared to gld3ee to this reasonhé equivalent dielectric
constant of the Si interposer (consisting of S8»SiO, layers)is much higher as
compared to that of glass interposer (consisting of pohgtesspolymer layers).The

high conductivity of Si helps in damping the povgeound plane resonancgs3]. This

leads to smaller impedance in doublded Si interposers as comgearto doublesided

glass interposers.

The PDN of glass interposer with-egial TPVs was also modeled and simulated.
Figure 59 shows the samatic crosssection view of a caxial TPV.Two types of ce

axial TPVs were studied’he physical dimensions of these TPVs are outlinddhbie7.

Figure 59. Schematic of a ceaxial TPV.
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Table 7: Physical dimensiors of co-axial TPVs in glass interposer.

Co-axial TPV rq(um) ro(um) r3(um)
TPV A 15 20 30
TPV B 5 10 15

The PDN impedance of the glass interposer witkaxial TPVs is shown in
Figure 60 (a) and (b). It is observed that the impedancehef glass interposer with
smaller TPVs (TPV B) is lower than that of thee withlarger TPVs (TPV A). However,

the impedance of the glass interposer with thexdal TPVs is higher as compared to the

Si interposer.

IN
I

N
I

Impedance (Ohms)
i

[ERY
I

= Glass Interposer

=== S| Interposer without biasing

= Si Interposer in Inversion

= Si interposer in Accumulation
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Figure 60. Simulated impedance plots at the IC power pin of a 3D system. The glass
interposer PDN consists of caxial TPVs and 1 pF onchip decoupling capacitor. (a)

Glass nterposer with TPV A, (b) Glass nterposer with TPV B.

To improwe the PDN of glass interposers, theatip decoupling capacitance was
increased from 1 pF to 100 pFigure 61 shows the PDN impedance plot of glass
interposer with glindrical TPVs and 100 pF echip decoupling capacitance. The Si
interposer PDN impedance plots assume 1 pfhiym decoupling capacitance. It is
observed that the PDN impedance for the glass interposer is significantly rédyoed

2.5 GHz(as comparetb the glass interposer plot kigure58).
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Figure 61. Simulated impedance plots at the IC power pin of a 3D system. The glass

interposer PDN consists of 100 pF eohip decoupling capacitor.

The PDN impedance of the glass interposeFigure 61 is still high between 1
and 4 GHz. The oghip decoupling capacitance was increased to 2 nF to bring the glass
interposer PDN impedance to the levels of that of the Si interpgeigeire 62 shows the

PDN impedance plot for glass interposer with 2 nfeloip decoupling capacitance.
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Figure 62. Simulated impedance plots at the IC power pin of a 3D system. The glass

interposer PDN consists of 2 nF eohip decoupling capacitor.

It is observed fronfFigure 62 that the PDN impedance of the glass interposer is
similar to the PDN plot forhe Si interposewith the Si TPVs biased in accumulation
region. The impedance peaks below 1 GHz can be reduced by using discrete PCB

decoupling capacitors.

4.3 Conclusion
In this chapter the PDN in 3D systems (with Si interposers and glass interposers)
wasmodeled, simulated, and compar#ds important to model the MOS capacitance of
Si TPVs for PDN simulations in 3D systemBhie MOS capacitance of Si TPVs helps in
decoupling the PDN. @ achieve lower power noise, the Si substrate should be biased

with the Si TPVs operating in the accumulation region.
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TPVs in glass interposers lack the MOS capacitance of Si TPVs. The PDN
impedance of glass interposers can be made similar to that of riposees by increasing
the onchip decoupling capacitancar by addig decoupling capacitors in the glass

interposer

To achieve the target PDN impedance for a particular system, the decoupling
provided byonly the MOS capacitance of the Si TPV may not be sufficient. In such
scenarios, additional decoupling capacitorstha interposer are required to meet the
performance standards. This chapter showed that while comparing silicon and glass
interposers for PDN performance, the Si TPV biased in accumulation region provides
additional useful decoupling capacitance. The difiee in the available decoupling
capacitance between Si and glass interposers was 2 nF for the studied via geometries (30

pm diameter, 120 um pitch, and 100 pum height).
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CHAPTER 5

ELECTRICAL CHARACTERIZATION

Fabrication and electrical measurements are important in validating the electrical
models and simulationg his chapter presentsectrical characterization results of the
interconnedbns in silicon and glass interposef$ie measured and simulated resualte
compared to establish confidence in the simulatiSeseral test vehicles were designed
and fabricated for this purpose. Tygort vector network analyzer (VNA) measurements
were performed using microprobafter shoropenloadthrough (SOLT) calikations.

The simulations were performed using CST Microwave Sti&#h

5.1 Si TPV MOS Capacitance
Measurement results of Si TPV MOS capacitance has been repoftad, ifb6],
[57], and[58]. High frequency Si TPV capacitance measurement has been presented in
[56] and [57], while [47] has measured boththe high and low frequency Si TPV
capacitanceThe Si TPV GV curves as obtained from the analysis in thésearch

matches well with the trends in these measured results.
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Figure 63. Model-to-Measurement correlation of the Si TPV capacitance based on

measured data from[58].

Modelto-measurement correlation is performed with measured data [B58m
and the result is shown Figure63. The Si TPV was 5 pm in diameter, 20 yum in length,
and filled with copper. The thickness of the via sigdl SiO, liner was 118.2 nm. The
doping concentration of the-tgpe Si substrate was 2X16m>. It is observed that the
modeling result matches closely with the measurement data. The differencetimies
fF in the inversion region and less than 10 fF in the accumulation region. The modeling
result also correlate closely with the device simulation result presentgsB]inThis

validates the Si TPV capacitance modeling present&edtion2.2

5.2 Interconnection Wiring
Co-planar waveguide (CPW) lines were designed, fabricated, and measwared in
SiO,-coatedSi interposef{Wafer-Si interposer) The CPW lines were 1 mm long and 125
pum wide. The gap between the signal and ground was i80The resistivity and

thickness oftte Si was2 7 -crgp and260 um respectively.The SiQ coating was 2um
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thick. Figure 64 shows the insertion loss comparison between measurement and

simulation for thisCPW line. The simulated results match well with measured data.
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Figure 64. Insertion loss plot of a ceplanar waveguide (CPW) line inSiO,-coated, Si

interposer (Wafer-Si interposer).

CPW lines were also designed and fabricated a polymerlaminaed,
polycrystalline Si interposefPaneiSi interposer) The fabricatedCPW lines were 160
pum wide. The gap between the signal and ground was|86.5The resistivity of the Si
was 0.15q-cm. Thethickness of the Si and th#F polymercoating wa220 um and40
um, respectively Figure 65 shows the insertion loss comparison between measurement

and simulation. The simulated results match well with measured data.

97



I
"
S
¢ 2
i
b3
|
o}
N4
L -5
o 6.2 mm line (Measurement)
s B8 T 6.2mm line (Simulation)
s = 11.2 mm line (Measurement)
7| === 11.2 mm line (Simulation)
(dB)
-8
0 2 4 6 8 10

Frequency (GHz)

Figure 65. Insertion loss plos of CPW lines in polymerlaminated, polycrystalline Si

interposer (PanelSiinterposer).

CPW lines were designed and fabricated in several polan@naed, glass
interposers. Three types of glass interposer test vehicles were fabricated:im @6k
ENAL glasslaminatedwith 20 um thick RXP4 polymer, (ii) 180 um thick ENAL glass
laminatedwith 17.5um thick ZIF polymer, and (iii)75 pum thick O211 glassaminated
with 20 um thick RXP4 polymer. The CPW lines were 6.2 mm long and ué®wide.
The gap between the signal and ground was @@.5Figure 66 shows the insertion loss
comparison between measurement and simulation. The simulated results match well with

measured data.
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Figure 67 compars the measured insertion loss of CPW linegliass,panetSi,

and wafetSi interposes. The CPW line in glass interposer has the lowest loss

(approximately 0.06 dB/mm at 10 GHz) because of the very high resistivity of glass,

which leads to lower substrate loss as compared to silicon interpdser<CPW line

insertion loss is higher (approxately 1.16 dB/mm at 10 GHz) in waf8i interposer as

compared to that in pan8i interposer (approximately 0.1dB/mm at 10 GHz). The

lower insertion loss in the par8Ii interposer is due to the thick polymer surface coating

which reduces the substrdbess.
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Figure 67. Comparison of measured msertion lossof CPW lines in glass, panelSi,

and wafer-Si interposers.

Figure 68, Figure69, andFigure 70 showthe eye diagram of a 1 mm long CPW
line in waferSi interposerpanelSi interposg and ENAL glass interposer (laminated
with 20 um thick RXP4 polymey)respectively. The lines were excited b6 V, 5
Gbps pseudoandom bit streams (PRBS)able 8 summarizes the eye diagram

parameters.
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Figure 68. Eye diagram of CPW line (1 mm long) in wafefSi interposer when

excited by a 5 Gbps pseudoandom bit stream (PRBS).

Figure 69. Eye diagram of CPW line (1 mm long) in panel-Si interposer when

exdted by 5 Gbps pseuderandom bit stream (PRBS).
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