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1 

CHAPTER 1 

INTRODUCTION  

1.1 Background  

Three-dimensional (3-D) system integration is believed to be a promising technology and 

has gained tremendous momentum in the semiconductor industry recently. The concept 

of 3-D integrated circuits is shown in Figure 1. In 3-D ICs, multiple dies are stacked, and 

vertical interconnections between dies are realized by through-silicon vias (TSVs). These 

TSVs are the core technology that replace long interconnects in 2-D ICs with short 

vertical interconnects. The shortened wire can result in low wire delay, less parasitic 

effects and higher clock frequency [1-3] than 2-D ICs, thereby improving the overall 

system performance. In addition, it is possible with 3-D heterogeneous integration to 

stack different functional modules, including memory, MEMS, antenna, RF, 

analog/digital blocks into a package. Among all the components in the 3-D system as 

shown in Figure 1, the silicon interposer with TSVs and redistribution layer (RDL) traces 

is a key enabler and thus needs to be carefully designed to achieve optimal system 

performance [4].  As a result, the fast and reliable simulation of the interconnections in 

the silicon interposer is a necessity to speed up the design cycle time, while maintaining 

accuracy of the results.  

1.2 Motivation   

The silicon interposer is expected to have high input/output counts, fine wiring lines and 

many TSVs. Modeling and design of the silicon interposer can be challenging due to the 

following reasons: (1) Silicon substrate is not an ideal medium for signal transmission 

since the interconnections and TSVs are exposed to additional losses due to leakage. (2) 

TSVs are multi-scale structures with oxide thickness less than one micron and aspect 
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ratio of 1:20 or higher. (3) Hundreds of interconnects routed with fine pitch on silicon 

substrates will cause enhanced coupling between signal lines, which can introduce 

distortion. (4) The insulating oxide layer around TSVs and below the RDL traces also 

influence the characteristics of interconnections, causing frequency-dependent parasitic 

effects. (5) The resistance and conductance of TSVs is temperature dependent because of 

the temperature-dependent conductivity [5]. Moreover, TSVs connected to multiple long 

RDL transmission lines will lead to frequent signal-via transitions in the silicon 

interposer, which results in combined signal and power integrity issues. As a result, 

modeling the interconnect response of high-density signal paths with TSVs in the silicon 

interposer is becoming a critical task. 

 

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

1.3 Contributions 

  This dissertation mainly focuses on developing an efficient modeling approach for 

silicon interposers in 3-D systems. The contributions of the research are listed as follows: 
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1. The investigation of the coupling effects in large TSV arrays. The importance of 

coupling between TSVs for low resistivity silicon substrates is quantified both in 

frequency and time domains. This has been compared with high resistivity silicon 

substrates. The comparison between the two indicates the importance of jitter and voltage 

analysis in TSV arrays for low resistivity silicon substrates due to enhanced coupling. 

2. The development of an electromagnetic modeling approach for non-uniform TSVs. To 

model the complex TSV structures, an approach for modeling conical TSVs is proposed 

first. Later a hybrid modeling method which combines the conical TSV modeling method 

and cylindrical modeling method is proposed to model the non-uniform TSV structures. 

3. The development of a hybrid modeling approach for power delivery networks (PDN) 

with through-silicon vias (TSVs). The proposed approach extends multi-layer finite 

difference method (M-FDM) to include TSVs by extracting their parasitic behavior using 

an integral equation based solver. Using the proposed modeling technique the 

power/signal integrity of the PDN with TSVs/through-glass vias (TGVs) in lossy silicon 

interposers and low loss glass interposers is investigated and compared. 

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

silicon interposers. The proposed method utilizes the 3-D finite-difference frequency-

domain (FDFD) method to model the redistribution layer (RDL) transmission lines. A 

new formulation on incorporating multiport networks into the 3-D FDFD formulation is 

presented to include the parasitic effects of TSV arrays in the system matrix. 

5.  The development of a 3-D FDFD non-conformal domain decomposition method 

(DDM). The proposed method allows modeling individual domains independently using 

the FDFD method with non-matching meshing grids at interfaces. This non-conformal 

DDM is used to model interconnections in silicon interposers. 
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1.4 Organization of the Dissertation 

This dissertation consists of nine chapters. In Chapter 1, the background and motivation, 

contributions, and the organization of this dissertation are introduced. In Chapter 2, the 

research problem to be addressed and prior arts that have been developed are 

investigated. In Chapter 3, the coupling effects in large TSV arrays are investigated, and 

the coupling effects in low resistivity and high resistivity silicon substrates are compared.  

In Chapter 4, a modeling approach for non-uniform TSVs is proposed. In Chapter 5, a 

modeling approach for the power delivery network with TSVs is proposed and the 

simultaneous switching noise (SSN) in silicon and glass interposers are analyzed. In 

Chapter 6, an efficient approach for modeling the signal paths with TSVs in silicon 

interposers is presented, this approach uses finite-difference frequency domain (FDFD) 

technique coupled with an integral equation based method where the latter is applied to 

TSVs. In Chapter 7, the 3-D FDFD non-conformal domain decomposition method is 

proposed and used to model the interconnections in silicon interposers. Chapter 8 

presents the possible future work. Finally, the conclusion and summary of the research 

work in this dissertation are presented in Chapter 9.   
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CHAPTER 2 

ORIGIN AND HISTORY OF THE PRO BLEM  

2.1 Introduction  

To design high-speed signal paths with TSVs in silicon interposers and perform 

signal/power integrity analysis for 3-D systems, the electrical model of TSVs must be 

obtained using design parameters such as material and geometric information. Then, this 

electrical model can be used to obtain overall system performance. Therefore, many 

approaches have been proposed for modeling and analysis of TSVs. In this chapter, the 

prior research for electrical modeling of TSVs is introduced.  

2.2 Lumped Element based TSV Modeling 

Figure 2 shows a typical structure of TSVs [6]. The conductor core of TSV usually is 

made of copper or tungsten. A thin oxide liner layer is deposited around the conductor.  

For the lumped element based TSV modeling, an equivalent circuit model can be 

constructed from physical intuition using an RLCG element [7]. The model contains 

series resistance and inductance of copper conductors, shunt oxide capacitance, and shunt 

silicon admittance. The value of each component is found by tuning the circuit element to 

fit its frequency response with measurement data using the parameter optimization 

method. Since this model is not tied to the geometrical and physical parameters of TSVs, 

several approaches are presented to obtain the closed-form formulae for the RLCG 

elements in the equivalent circuit model [7-11]. The p-type equivalent circuit is shown 

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

of the TSV, oxC  denotes the p.u.l. capacitance due to the oxide liner, and siC  and siG  

denote the p.u.l. capacitance and conductance of the silicon substrate. However, these 

resistance-inductance models were not rigorously derived and did not consider the non-
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uniform current distribution in TSV conductor caused by adjacent TSVs, therefore it can 

not capture all the semiconductor effects. This equivalent circuit model was again 

investigated in [12], where rigorous closed-form formulae for the resistance and 

inductance of TSVs are derived from the magneto-quasi-static theory with a Fourier-

Bessel expansion approach. This equivalent-circuit model can capture the important 

parasitic effects of TSVs, including skin effect, proximity effect and lossy silicon effects. 

It can generate accurate results comparable to 3-D full-wave solvers. The equivalent 

circuit model is extended in [13] to consider all the parasitic components of the TSV, 

where a scalable electrical model of TSVs including bump and RDL traces was proposed. 

Although lumped element modeling can provide reasonable good results for the insertion 

loss, it becomes difficult to extend this method to model large TSV arrays since the 

current distribution in one TSV conductor will be affected by all the other adjacent TSVs 

and becomes non-uniform in high-density TSV arrays, it is difficult to use analytical 

equations to accurately account for the complex current distribution in TSVs and capture 

all the coupling effects between TSVs. Hence a full wave analysis method is required that 

is scalable to multiple TSVs as in arrays. Because of the multi-scale dimensions of TSVs 

(oxide thickness and aspect ratio), this becomes a very challenging task and is a major 

bottleneck for commercially available EM solvers where large arrays of TSVs must be 

modeled. 

 

(a) 
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(b) 

Figure 2. Typical TSV structure (a) Cross-section SEM image of TSVs (b) cross-

section and top view of a single TSV.  

 

(a) 

 

(b) 

Figure 3.  A signal-ground TSV pair (a) Cross-section view (b) -p type equivalent 

circuit model 
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2.3 Electromagnetic Modeling of TSVs 

To address the problem of modeling large TSV arrays, a modeling method based on 

solving Maxwellôs equations in integral form is proposed in [14-16]. In this approach, 

specialized basis functions which approximate the current and charge in the TSVs are 

derived. Using these basis functions, the electrical response of the structure can be 

extracted by solving Maxwellôs equations. The modeling flow is shown in Figure 4. This 

proposed method can generate equivalent RLCG parameters of TSVs that represent the 

following parasitic elements. 

(1) Conductor series resistance and inductance: This represents the loss and inductive 

coupling in copper conductors, which are due to the volume current density distribution. 

The conductor series impedance can be extracted by solving the electric field integral 

equation (EFIE) with cylindrical conduction mode basis functions (CMBFs) [14]. 

(2) Substrate parallel conductance and capacitance: This represents the loss and 

capacitive coupling between conductor and insulator surfaces, which is produced by the 

surface charge density distribution on the conductor and dielectric surfaces. The parallel 

admittance can be extracted by solving the scalar potential integral equation (SPIE) with 

cylindrical accumulation mode basis functions (AMBFs).  The conductance terms can be 

computed by using the complex permittivity for silicon defined as in equation (1) [17]: 

)tan1(
,0

,0

isi

si
isisi jj

ewe

s
deee --=  (1)   

where sie is the dielectric constant, sis is the conductivity of silicon and dtan is the 

intrinsic loss tangent. 

(3) Excess capacitance in oxide liner: This represents the effect of the insulator between 

conductor and silicon substrate, which originates from polarization current in the 

insulator. The new basis functions, called polarization mode basis functions (PMBFs), 
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[15] are proposed to capture the polarization current density distribution. The excess 

capacitance is extracted by solving EFIE with PMBFs. 

 

Figure 4. Modeling procedure for 22³  TSV arrays [16]. 

  All of these elements can capture the non-uniform effect of charge and current 

distribution in the TSVs, which depends on the proximity of the neighboring TSV 

interconnections. As illustrated in Figure 4, the extracted individual elements are 

combined to generate the complete equivalent circuit model of the entire TSV structure. 

A major challenge in modeling TSVs arises from the multi-scale dimensions of TSV 

structure due to the thin oxide thickness, aspect ratio and the need for modeling multiple 

TSVs.  Using the specialized basis functions described above eliminates the need for 

meshing the structure and therefore is computationally less expensive and memory 

efficient. 

2.4  MOS Capacitance in TSVs 

To obtain a rigorous model of TSVs, the voltage-dependent MOS capacitance of TSVs 

should be considered. The TSV shown in Figure 5(a) consists of a cylindrical conductor 

surrounded by an oxide liner embedded in a silicon substrate, which is a cylindrical 
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metal-oxide-semiconductor (MOS) structure. Such a TSV under bias condition exhibits a 

capacitance behavior similar to a planar MOS capacitor [18]. Figure 5(b) shows a typical 

capacitance ( gC ) plot with change in the gate voltage (gV ) for a planar MOS capacitor. 

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

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

 

(a) 

 

(b) 

Figure 5. (a) Schematic cross section of a TSV biased in the depletion region (b) 

Capacitance-voltage plot for a planar MOS capacitor. 
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  The first analytical model of the MOS capacitance effect is proposed in [19]. This 

analysis is performed by analytically solving Poissonôs equation assuming full depletion 

approximation (FDA). The FDA simplifies the analysis by assuming that the depletion 

region (formed in the semiconductor) is fully depleted (i.e. there are no mobile charge 

carriers in the depletion region).  

  The full depletion approximation enables a simple analysis but it does not provide the 

most accurate result. A more accurate electrical model of a TSV is presented in [20]. This 

method performs exact analysis by solving Poissonôs equation numerically in cylindrical 

coordinate using the Runge-Kutta method [21].  

2.5 Modeling of RDL traces on silicon interposer 

  In the silicon interposer, signal paths often consist of TSVs and RDL transmission lines. 

When designing the signal paths with TSVs in a silicon interposer, the RDL is an 

essential component that should be considered with the TSV. Therefore, modeling and 

analysis of RDLs is also important for 3D system design. An analytical model for a RDL 

is proposed in [13]. In this approach, RDL traces are modeled using analytical equations. 

A RDL structure on a dielectric layer with structure parameters is shown in Figure 6 and 

the proposed equivalent circuit model is shown in Figure 7.  An electrical model of the 

signal paths in the silicon interposer can be obtained by combing this analytical model of 

RDLs with the analytical model of TSVs discussed in the previous section. However, this 

model is mostly analytical and limited to a few interconnects. Efficient approaches for 

modeling a large number of RDLs and TSVs therefore need to be investigated.  
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Figure 6. RDL structure on dielectric layer with its structure parameters 

 

 

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

The investigation of the prior arts for TSV modeling provides the understanding of the 

advantages and limitations of existing modeling techniques.  With the evolution of 3-D 

integration, efficient modeling tools are needed to facilitate 3-D IC designs. The technical 

focus of this dissertation is summarized as follows: 

1. The investigation of the coupling effects in large TSV arrays. The importance of 

coupling in large TSV arrays is quantified in both time domain and frequency domain. 

2. The development of a modeling approach for non-uniform TSVs 

3. The development of a hybrid modeling approach for a power delivery network with 

TSVs. 

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

silicon interposers. 

5. The development of the 3-D FDFD non-conformal domain decomposition method and 

its application for modeling interconnections in silicon interposers.  

2.7 Summary 

This chapter introduces the origin and history of the research. It reviews previous 

modeling approaches for the interconnections in silicon interposer. Several lumped 

TSV/RDL modeling approaches are briefly introduced and later an electromagnetic 

modeling approach for TSVs arrays is investigated. The advantages and limitations of 

these previous modeling approaches are also provided.  The limitations of existing 

modeling approaches for the interconnections in silicon interposer motivate the technique 

research in this dissertation.     
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CHAPTER 3 

COUPLING ANALYSIS OF LARGE TSV ARRAYS  USING 

SPECIALIZED BASIS FUNCTIONS  

3.1 Introduction  

A TSV pair with dimensions is shown in Figure 8. Unlike vias in packages and PCBs, 

TSVs are embedded in a lossy silicon substrate and surrounded by a thin oxide liner. 

Therefore, the TSV-to-TSV coupling path will include the TSV conductor, oxide liner, 

and silicon substrate, which is more complicated and significant than traditional wire 

coupling [22]. The coupling of the TSV pair shown in Figure 8 is examined and Figure 

10(a) shows the coupling S-parameter of this TSV pair. We use this TSV pair to perform 

transient simulation and obtain the coupled noise at the victim TSV.  The configuration 

of the transient simulation is shown in Figure 9 and the simulation results show that the 

coupled noise can reach up to 150mV, which can not be neglected, as shown in Figure 

10(b).   

 

Figure 8. TSV pair with dimensions 
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Figure 9. Transient simulation setup for TSV pair. 
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(a)                                                                (b) 

Figure 10. (a) Coupling for TSV pair, (b) Coupled noise obtained at TSV-2. 

Because of the high integration density of interconnections in 3D stacked ICs, a large 

number of TSVs need to be used in the silicon interposer package. The coupling between 

TSVs in TSV arrays become more complicated since one victim TSV is surrounded by 

many aggressor TSVs, therefore, it is very difficult to estimate the coupling in large TSV 

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

coupling effects in large TSV arrays [23, 24]. 
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3.2 TSV Modeling With Cylindrical Modal Basis Functions 

  This section describes the TSV modeling method used in TSV array coupling analysis. 

This method can generate equivalent RLCG parameters of TSVs by classifying TSV 

structures into the following three parts: (1) Conductor series resistance and inductance: 

this represents the resistive loss and inductive coupling of the copper conductor, which 

can be extracted by using the electric field integral equation (EFIE) [3] with cylindrical 

conduction mode basis functions (CMBFs) [4], (2) Substrate parallel conductance and 

capacitance: this represents the resistive loss and capacitive coupling in the substrate, 

which can be extracted by using the scalar potential integral equation (SPIE) with 

cylindrical accumulation mode basis functions (AMBFs) [5], (3) Oxide liner excess 

capacitance, this represents the capacitive coupling between the conductor and substrate, 

which can be extracted by using the EFIE with new basis functions called polarization 

mode basis functions (PMBFs). 

Since the details of the modeling are discussed in previous work [2], we briefly describe 

the three parts of the extraction procedure using different basis functions. 

3.2.1 Conductor Series Resistance and Inductance Extraction 

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

),(),(),(
4

),(
ww

p

w

s
rVdrJrrG

u
j

wrJ

V

F-Ð=¡¡¡+ ñ
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 (2)   

The current density of a conductor segment j can be approximated using the following 

equation 
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After inserting the approximation (3) into the current density term in (2) and applying the 

inner product (4) based on Galerkinôs method,  
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the following equivalent voltage equation (5) can be obtained. 
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In the above equations, dmi ,, represent the index of the inductive cell, the order of 

CMBF and the orientation of CMBF, respectively. ),( wiimd rw  is the cylindrical CMBF 

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

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

expressed as: 
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By inserting the charge density distribution function ä=
=

0n knqknqvQq and applying the 

inner product 
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the following equation (8) can be deduced from the SPIE (6). 
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Here, dmk ,, represent the index of the conductor number, modal order and orientation, 

respectively. DC

qkmdP ,

ln, is the partial potential coefficient between the ),,( dmk -th and 

q)n,l,( -th order modes. The superscripts C and D represent the conductor surface and 

insulator surface of the TSV, respectively. 

3.2.3 Oxide Liner Excess Capacitance Extraction 

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

given by 
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Using a similar process as for inductance and resistance extraction, the following 

equation (10) can be deduced from (9), expressed as 
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Here, dmk ,, also represent the index of conductor number, modal order and orientation 

respectively.  

Equations (5), (8), and (10) can be combined into a large matrix equation, which relates 

the terminal currents and nodal voltages to the modal circuit elements consisting of the 

conductor R-L elements, the parallel conductance and capacitance in the substrate, and 

the excess capacitance in the oxide liner. Since this TSV modeling method uses a small 

number of global modal basis functions, it is more efficient than the full wave 

commercial EM solvers available and has been correlated with other results in [16]. 

Moreover, since this method is scalable, it can be easily extended to arrays of TSVs. In 

the following section, the TSV modeling method described is used to obtain the model 

for a large TSV array, which has then been used for coupling analysis in this chapter. 
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3.3 Characteristics of Coupled Waveform in TSV Array  

The flow of the proposed transient coupling analysis approach is shown in Figure 11. 

This method starts by obtaining a TSV array frequency domain model. Once the model is 

obtained, it is converted to a Spice sub-circuit model which can be used for time domain 

simulation in Hpsice. This is done using Idem [25] which enables the development of a 

macromodel by preserving passivity and causality. After generating the Spice sub-circuit 

model, the effects of waveform coupling in the TSV array can be obtained by performing 

time domain simulation. All transient simulations are performed using Hspice. 

 

Figure 11. Modeling flow for coupled TSV analysis. 

  The structure for TSV coupling analysis is shown in Figure 12. To perform coupling 

analysis, a TSV array model is first generated using the integral equation based TSV 

modeling method described in Section 3.2 [16]. In this example, we generate a 55³ TSV 

array model of the structure shown in Figure 12. The dielectric constants of silicon and 

silicon dioxide used were 11.9 and 3.9, respectively. The copper conductivity used is 

mS/108.5 7³=s . The TSV diameter, substrate thickness and oxide thickness are 20mm , 

200 mm and 0.1 mm , respectively. Before performing the transient analysis, the S-

parameter model of the TSV arrays obtained using the modeling approach is examined. 

Step 1: Generate TSV array model using 

the integral equation based TSV modeling 

method described in Section 3.2. 

Step 2: Convert the TSV array model to a 

Spice sub-circuit model using Idem for t ime 

domain simulation. 

 

Step 3: Excite a pulse waveform at the 

ñaggressor TSVò and observe the coupled 

waveform at nearby ñvictim TSVsò 
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Figure 12. 55³ TSV array structure . 

The coupling between TSV-1 and other TSVs (TSV-2, TSV-3, TSV-5, TSV-25) is shown 

in Figure 13. The frequency range is from 1000 Hz to 10 GHz. It can be seen that the 

isolation is high and the coupling has a sharp slope at low frequency. As frequency 

further increases, it shows a positive ramp, indicating that the coupling increases with 

frequency.   

 The insertion loss of TSV-1 is shown in Figure 14. It illustrates that there is significant 

signal loss and the insertion loss increases rapidly to 1.1 dB at 1 GHz. The sharp slope of 

the insertion loss at low frequency is due to the small oxide liner thickness resulting in a 

larger oxide capacitance, which provides a leakage path to the silicon substrate [26]. As 

frequency increases, the insertion loss shows a negative slope, indicating the signal loss 

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

The structure for TSV coupling analysis is the same as shown in Figure 12. The 

configuration of TSVs in the coupling analysis is shown in Figure 15. In the TSV array, 

TSV-1 is defined as ñaggressor TSVò, which is excited with one pulse with 2 V 

magnitude and 10 ns width. The pulse rise and fall times are both 0.1 ns. All the other 

TSVs other than ground TSVs in the array are defined as ñvictim TSVsò, which are 

terminated with 50 Ohm resistors on both sides, as shown in Figure 15.  

Pulse amplitude: 2V

50 Ohm 

resistor

50 Ohm 

resistor

ñAggressor TSVòñVictim TSVò

11

Terminated 

to ground

Terminated 

to ground

ñGround TSVò
 

Figure 15. Configuration of TSVs in coupling analysis. 

Three different test cases are simulated and compared: (a) silicon substrate conductivity 

is 10 S/m and no ground TSV is used; (b) silicon substrate conductivity is changed to 
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0.01 S/m and no ground TSV is used; (c) silicon substrate conductivity is 10 S/m and 

ground TSVs are used, as shown in Figure 16. 

 

Figure 16. Positions of the ground TSVs in Case (c). 

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

from aggressor TSV-1. The coupled waveform results are shown in Figure 17. As can be 

observed from Figure 17, with substrate conductivity of 10 S/m, the peak amplitudes of 

the coupled waveform at TSV-2, TSV-7 and TSV-25 are 95 mV, 35 mV and 7 mV, 

respectively. The coupling is more obvious at the adjacent TSVs (TSV-2 and TSV-7) of 

the aggressor TSV-1 due to shorter distance. Most importantly, it is observed that all 

these coupled waveforms have a very long tail, and the farther the TSV from the 

aggressor TSV-1, the longer is the tail. Hence, the time constant of the coupled waveform 

increases with the distance to the ñaggressor TSVò which is due to the conductive and 

capacitive nature of silicon. The long tail of the coupled waveforms can have a 

detrimental effect on the signal integrity of the silicon interposer, since the effect of 

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

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

printed circuit boards.  






































































































































































































