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Abstract

which is under 100 μm, it brings a lot of advantages in
the system performance which can keep up with the

In this paper, key design issues and considerations
for Signal Integrity(SI) and Power Integrity(PI) of a

increased functionality and performance demands of the
customer.

TSV-based 3D IC are introduced. For the signal inte-

As the paradigm of the system package and archi-

grity and power integrity of a TSV-based 3-D IC chan-

tecture shifts from 2-D to 3-D, a lot of researches are

nel, analytical modeling and analysis results of a TSV-

focusing on signal integrity(SI), power integrity(PI), and

based 3-D channel and power delivery network (PDN)

electro-magnetic interference (EMI) issues of a 3-D IC

are presented. In addition, various design techniques and

design. The big difference of a 3-D IC compared to the

solutions which are to improve the electrical perfor-

2-D IC is that TSV is the main chip-to-chip inter-

mance of a 3-D IC are investigated.

connection method of a system. Thus, the electrical

Ⅰ. Introduction

performance of a 3-D IC system is greatly affected by
the electrical behavior of a TSV. Since TSV has a 3dimensional structure passing through the lossy silicon

Recently, 3-dimensional(3-D) integration of homo-

substrate whose conductivity is about 10 S/m in general,

geneous and heterogeneous chips in one package is

there is an insulation liner surrounding via which is to

highly welcomed as it enables smaller form factor,

electrically isolate metal via from the conductive silicon

lower power consumption, and higher system bandwidth

substrate. As a result, the electrical behavior of a TSV

compared to 2-dimensional(2-D) integration. For the 3-

is quite different from the general transmission lines on

dimensional integration, chips have to be integrated in

PCB. Thus, the electrical modeling and characterization

z-axis by stacking chips vertically as shown in [Fig. 1].

of a TSV channel have been done for SI analysis of a

In order to connect the stacked chips, the vertical

TSV-based 3-D IC [1]～[5]. In addition, silicon inter-

interconnection method is necessary. Thus, through-

poser is the cost-effective 2.5-D IC integration substrate

silicon via (TSV) becomes one of the key 3-D IC

and carrier, as well as 3-D IC integrator, thermal mana-

technologies as for the vertical interconnection method.

gement tools, and reliability buffers. Therefore, the

TSV is a via hole passing through the silicon substrate

electrical behavior of the re-distribution layer and in-

vertically which is filled with metal to provide electrical

terposer channel design can be dominant in the overall

connection from the top to the bottom of the chip. Since

system performance. For the advanced 3-D IC design

TSV provides a greatly reduced interconnection length

with TSVs and an interposer, various signal integrity
3
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strate with thin silicon dioxide film presenting capacitive characteristic. Therefore, it is necessary to analyze
the electrical behavior of a TSV. In addition, horizontal
interconnection on silicon interposer which is another
essential interconnect included in TSV channel has a
capacitive loading due to the conductive silicon sub[Fig. 1] Conceptual figure of a TSV-based 3-D IC system

strate underneath the metal lines. In order to guarantee

with various functional dies and the SEM picture

signal integrity of a TSV channel, there have been a lot

of the stacked chips with TSVs and bumps.

of works which are related to the electrical modeling
and analysis of a TSV-based 3-D IC channel[1]～[5].

issues and design techniques have been investigated
[6]～[11].

In [4], the electrical modeling and characterization of
a TSV channel which includes TSV, bump and re-

Furthermore, power has to be delivered from the

distribution layer (RDL) have done and are verified by

bottom to the top in a 3-D IC system. Thus, hierarchical

measurements. In this paper, high-frequency scalable

3-D PDN which consists of on-chip, on-interposer and

model of a TSV channel is proposed and experimentally

on-PCB PDNs has to be designed, and PDNs have to be

verified up to 20 GHz as shown in [Fig. 2]. The

connected with TSVs. For the power integrity of a 3-D

proposed equivalent circuit model consists of RLGC

IC system, the impedance profile of a 3-dimensional

lumped elements whose equations are derived as closed

hierarchical PDN has to be estimated. In order to reduce

form equations and they are presented as the function

simultaneous switching noise (SSN), it is necessary to

of the structural and material parameters. Thus, it can

control PDN impedance by decoupling capacitor design.

estimate the electrical behavior of a TSV channel by

Thus, there have been many researches related to im-

varying physical or material parameters. Based on the

pedance control techniques using on-chip, on-interpo-

proposed scalable model, high-frequency analysis of the

ser, and on-PCB decoupling capacitors based on analytic
modeling, simulation and measurements [12]～[15].
In this paper, various electrical design issues and
considerations of 3-D ICs are discussed. In chapter 2,
SI issues and various design techniques to improve SI
of a 3-D IC channel are discussed. In chapter 3, PI
issues and various solutions for better power delivery
network are introduced.

Ⅱ. Signal Integrity(SI) Issues of a 3-D IC

(a)

(b)

[Fig. 2] (a) The proposed equivalent circuit model with
lumped RLGC components and (b) the experimental verification result with S parameter mea-

TSV has to be electrically isolated from silicon sub4

surement up to 20 GHz [4].
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(a)
(a)

(b)

[Fig. 5] (a) Single TSV FIB image and (b) Sdevice TSV
C-V simulations versus measurements [5].

insertion loss of a TSV channel is conducted depending
(b)

(c)

on design parameter variations as shown in [Fig. 3]. In
addition, time-domain eye diagrams are measured with
the input PRBS signal of 1 Gbps and 10 Gbps. As
shown in [Fig. 4], eyes are clearly open even with 10
Gbps signal since TSV is electrically very short which
can support high speed signaling.
Since TSV is a Metal-Insulator-Silicon (MIS) struc-

(d)

(e)

ture, if the substrate is biased, TSV capacitance varies

[Fig. 3] (a) The cross-sectional view of the TSV channel

depending on the bias voltage between TSV and the

and the simulated S21 magnitudes of the TSV

silicon substrate. In order to analyze this characteristic,

channel varying, (b) insulator thickness of a TSV,

modeling, measurement and Sdevice simulation are con-

(c) TSV-to-TSV pitch, (d) RDL length, and (e)
silicon conductivity [4].

(a) 1 Gbps

(b) 10 Gbps

[Fig. 4] Measured eye diagrams of a TSV channel which
consists of two pairs of signal/ground TSVs,
bumps and RDLs with the data rate.

[Fig. 6] Ring oscillator (RO) delay (in microseconds)
with varying RTSV and CTSV [5].
5
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/cm3, and tox = 118.20 nm with varying fixed oxide
charges were compared with the TSV high-frequency C
–V measurements, as shown in [Fig. 6](b) [5]. In the
desired operating voltage region from 0 to Vdd(∼1 V),
the TSV has the minimum depletion capacitance. The
total capacitance would be determined by considering
two capacitances which are oxide capacitance and depletion capacitance which is a function of the TSV voltage. With this voltage-dependent capacitance, a simplified lumped TSV model is proposed which can be
used to simulate TSV channels with other circuits. For
the application, a 41-stage ring oscillator (RO) with
inverters in alternate tiers connected by TSVs is simulated using Spectre. [Fig. 6] shows the resulting RO de(a)

lay based on the TSV resistance and capacitance models.
In this result, we can be noticed that changes in RTSV
show minimal impact on the delay, while the impact of
CTSV is not negligible.
TSV capacitance also affects to TSV noise coupling
through the silicon substrate. In order to characterize
noise coupling between TSVs or TSV-to-active circuit
coupling, In [6], the authors have studied noise coupling
characteristics based on the analytical modeling. As

(b)

shown in [Fig. 7](a), noise coupling of a TSV in the

[Fig. 7] (a) Measured noise transfer function (S21) bet-

silicon substrate is characterized depending on the fre-

ween TSV and substrate contact with TSV DC

quency range. Under 1 GHz, the most dominant parasi-

bias voltage variation and (b) measured fre-

tic capacitance of a TSV, oxide capacitance, determines

quency spectrum of the injected original signal

overall behavior of the noise transfer function. As fre-

and the coupled signal [6].

quency increases over 1 GHz, the impedance of the
oxide capacitance is lowered enough so that the impact

ducted with the fabricated test sample in [5]. [Fig. 6](a)

of the silicon conductance or resistance on the impe-

shows the cross-section of a single TSV, indicating the

dance of the noise coupling path becomes dominant.

resultant effective oxide liner thickness on the top and

Over 10 GHz, the noise transfer function is dominantly

bottom of TSV. The Sdevice simulation results of a

determined by the silicon capacitance which is the smal-

TSV considering εox = 3.9, φm = 4.7 eV, Na = 2×1,015

ler parasitic capacitance compared to other parasitic

6
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capacitances in a TSV structure. As introduced previ-

posed p+ guard ring structure. As shown in [Fig. 9], the

ously, if the substrate is biased, then the depletion

proposed method reduces TSV-to-TSV coupling at all

occurs and it affects to the electrical behavior of a TSV.

frequencies from 10 MHz to 20 GHz. In this paper,

Thus, the depletion capacitance which varies as DC bias

TSV-to-TSV coupling mechanism is analyzed based on

voltage varies affects to the noise transfer function bet-

3-D TLM modeling, and the proposed model well

ween TSVs and also between TSV and an active circuit.

correlates with the measurement results. In addition to

As shown in [Fig. 7](a), coupled noise increases as DC

this, there are other noise coupling reduction methods

bias voltage decreases due to the increasing depletion

such as using deep n-well(DNW) guard ring, increasing

capacitance. In addition, the sinusoidal signal with amp-

TSV-to-TSV pitch, adding ground TSVs or bumps [8].

litude of 750 mV and a frequency of 100 MHz is mixed

When estimating the amount of coupled noise of a

with TSV DC bias voltage and injected into TSV while

TSV channel, it is important to consider termination

the coupled signal is measured at the substrate contact.

condition. Depending on the driver size which can be

As a result, TSV non-linearity is experimentally verified

presented as an input resistance, the amount of the

as shown in [Fig. 7](b). At 200 MHz, the difference

coupled noise changes even with the same structure and

between the original and the coupled signal is very

the material property [8], [9].

small, which cannot be explained by the noise transfer

The impact of the termination condition on the noise

function. For 400 MHz, 500 MHz, and 600 MHz, the

coupling between TSVs is studied in [8], [9]. [Fig.

originally injected signal has the power under noise

10](a) describes the simulation environment to investi-

floor while the coupled signal has much larger power
than the injected signal. These results can be applied to
the TSV channel and other TSV applications. In some
cases, the signal can be distorted and harmonic components can be generated during signal transfer through
TSV and may cause SI problems [6].
As for the noise coupling reduction method, p+
guard ring is proposed in [7]. [Fig. 8] illustrates the pro-

[Fig. 9] Noise transfer functions between signal TSVs
[Fig. 8] Perspective view of the proposed noise coupling
reduction method by using p+ guard ring [7].

with and without p+ guard ring from the model
and the measurement [7].
7
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(a)

[Fig. 11] Measured noise coupling coefficients between
TSVs as temperature varies from 25 °C to 100
°C [10].

Ohm to 1,000 Ohm are shown in [Fig. 10](b). As TSV
driver size decreases, coupling noise increases. It also
has to be considered when estimating the amount of
coupled noise in practical 3-D IC design.
Another SI issue that we have to consider is thermal
(b)

impact on a 3-D IC. As dies are stacked vertically, the

[Fig. 10] Simulated TSV-to-TSV coupling noise voltages

heat is not dissipated well so that it may degrade the

varying driver resistance from 50 Ohm to

system performance. The impact of the thermal load on

1,000 Ohm [9].

signal integrity of the TSV channel is investigated in

<Table 1> Approximated thermal dependence of silicon

effect of the temperature variation on noise coupling

and copper resistivity [10].

Ω․cm]

between TSVs by measurements. Since TSV is a via

Resistivity [
Temperature [°C]
Silicon
25

10

[10], [11]. In this study, the authors have analyzed the

hole through the lossy silicon substrate and has a thin

Copper

oxide layer, TSV-to-TSV noise coupling is dominantly
8

1.725×10

8

determined by oxide layer and the material property of

50

11.5

1.893×10

the silicon substrate. In this paper, the equivalent circuit

75

14

2.060×108

model of a TSV is extended to include thermal effect

100

19

2.231×108

by considering temperature dependent material properties. <Table 1> shows that the resistivity of the sili-

gate the termination effect. Simulated TSV-to-TSV cou-

con and copper varies as temperature varies. Due to this

pling noise voltages varying driver resistance from 50

material property variation as temperature varies, cou-

8
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pled noise is suppressed in some frequency range which
is dominantly determined by the silicon conductivity.
As shown in [Fig. 11], the noise suppression level
increases over 300 MHz as the temperature increases,
whereas suppression decreases at frequency less than
300 MHz as temperature increases in case of the p-type

(a) Before equalization

(b) After equalization

10 Ω·cm silicon substrate [10].
Not only TSV but also RDL and interposer channel

[Fig. 14] Simulated eye diagrams with the proposed

design are very important in 3-D IC design. Especially,

equalizer with the data rate of 10 Gbps PRBS

many companies are interested in silicon interposer tech-

input signal [12].

nology since it is the cost-effective integrator for 3-D
IC integration. Since it provides chip-to-chip communication which are stacked on interposer, the interposer channel such as RDL design is very important for
signal integrity of a 3-D IC system. In order to compensate the frequency dependent loss of the interposer
channel, the on-interposer equalizer design is introduced
in [12]. In this paper, the authors use the parasitic
resistance and inductance of the coil-shaped on-inter[Fig. 12] The proposed on-interposer equalizer structure

poser shunt metal line structure to produce the high-pass

with the coil-shaped pattern using interposer

filter for loss compensation. The remarkable perfor-

metal lines [12].

mance of the proposed compact on-interposer passive
equalizer is successfully demonstrated by a frequency
and time-domain simulation of up to 10 Gbps. As
shown in the frequency response of the proposed equalizer, S21 is flattened even it has a DC loss. [Fig. 14](a)
and (b) shows the time-domain eye diagrams before and
after equalization using the proposed structure. After
equalization, the eye has voltage and timing margin
even the original eye was closed due to the frequency
dependent channel loss. The proposed compact coilshaped structure of the proposed equalizer allows for

[Fig. 13] Frequency responses (S21) with and without
equalization with the proposed equalizer [12].

wide I/O design and tuning by controlling the metal line
length and width of the coil-shaped pattern [12].
9
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Ⅲ. Power Integrity(PI) Issues of a 3-D IC

ded in the on-chip PDN. As shown in [Fig. 16], as the
amount of on-chip decoupling capacitor increases, PDN

In a 3-D IC, TSVs provide the connection between

impedance decreases at low frequencies under 1 GHz.

the stacked PDNs. Thus, the impact of a TSV count,

In addition, the impedance properties of the PDN are

TSV location, or TSV physical dimension on hierar-

analyzed with varying the number of P/G TSVs and

chical PDN impedance has to be investigated to gua-

P/G lines in the BS-RDL as shown in [Fig. 17]. [Fig.

rantee power integrity of a 3-D IC system. In [13]～

17] shows that the PDN impedance is lowered under 1

[15], a segmentation-based impedance estimation meth-

GHz as P/G TSV count increases. Thus, to improve

od is used for the estimation of the total PDN impe-

power integrity of a 3-D IC, increasing P/G TSV count

dance combining models of the on-chip PDN, the power

would be helpful by lowering the PDN impedance

/ground (P/G) TSV, and the coplanar P/G line in the

especially at frequencies under 1 GHz.

back-side re-distribution layer (BS-RDL).

In case of the conventional decoupling capacitor

The base-line structure for PDN analysis in [15] is

technology in 3-D ICs, the chip-PDN with the off-chip

shown in [Fig. 15]. Three DRAM dies, an interposer and

decoupling capacitors exhibits large impedance due to

the GPU are stacked vertically and the on-chip PDNs in

its large inductance compared to on-chip decoupling

the DRAM, GPU, and silicon interposer are connected

capacitor, and the chip-PDN with the on-chip decou-

by P/G TSVs and coplanar P/G lines in the BS-RDL.

pling capacitors is limited by its capacitance, which

In [15], the PDN impedance is analyzed by varying

results from a lack of chip area [16]. In [16], TSV-

capacitance of the on-chip decoupling capacitor embed-

based decoupling capacitor stacked chip (DCSC) is proposed for 3-D ICs to solve the disadvantages in the

[Fig. 16] PDN impedance curves of TSV-based GPU
[Fig. 15] Cross-sectional view of the TSV-based GPU

system observed at the PDN of the GPU

system with the stacked DRAMs, a GPU, a

when the capacitance of the on-chip decou-

silicon interposer, and a BS-RDL [15].

pling capacitor is changed [15].

10
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conventional decoupling capacitor solutions. The proposed DCSC scheme represents a large capacitance and
a small inductance relatively and can be considered as
a decoupling capacitor scheme. The proposed DCSC
structures using NMOS capacitors and discrete capacitors are shown in [Fig. 18]. It can easily be applied
to 3-D IC design with the help of a TSV technology.
As shown in [Fig. 19], the proposed TSV-based DCSC
scheme has the lowest level of the impedance compared
[Fig. 17] PDN impedance curves of TSV-based GPU

to other conventional methodologies. In this study, SSN

system observed at the PDN of the GPU
when the number of P/G TSVs and P/G lines
in the BS-RDL are changed. (Case 1: P/G
TSV=12 /14 ea, Case 2: P/G TSV=24/26 ea,
and Case 3: P/G TSV=48/50 ea) [15].

[Fig. 19] PDN self-impedances at the edge (point B in
Fig. 18) of the bottom chip in decoupling
capacitors [16].
(a)

(b)
[Fig. 18] Proposed structure of a face-down type of
TSV-based decoupling capacitor stacked chip

[Fig. 20] SSN voltages with different decoupling capa-

(DCSC) with (a) silicon-based NMOS capa-

citor schemes(three types of schemes: DCSC

citors and (b) discrete capacitors in DRAM

with discrete cap., on-chip NMOS cap., and

chip stacked 3-D IC. [16].

on-package de-cap).
11
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voltages for various decoupling capacitor schemes

ssions of 3-D via resistance, inductance, and capaci-

(DCSC with discrete capacitor, DCSC with silicon-

tance", IEEE Transactions on Electron Devices, vol.

based NMOS capacitor, on-chip NMOS capacitor, and

56, no. 9, pp. 1873-1881, Sep. 2009.

on-package decoupling capacitor) are implemented in

[4] J. Kim, J. S. Pak, J. Cho, E. Song, J. Cho, H. Kim,

3-D IC using a segmentation method were also com-

T. Song, J. Lee, H. Lee, K. Park, S. Yang, M. Suh,

pared and analyzed as shown in [Fig. 20].

K. Byun, and J. Kim, "High-frequency scalable elec-

Ⅳ. Conclusion

trical model and analysis of a Through Silicon Via
(TSV)", IEEE Transactions on Components, Packaging and Manufacturing Technology, vol. 1, no. 2,

In this paper, various design issues and technologies

pp. 181-195, Feb. 2011.

for signal integrity(SI) and power integrity(PI) of a

[5] G. Katti, M. Stucchi, K. De Meyer, and W. Dehae-

TSV-based 3-D IC are introduced. Based on the analy-

ne, "Electrical modeling and characterization of th-

tical modeling, frequency/time domain simulation and

rough silicon via for three-dimensional ICs", IEEE

measurement, the electrical performance analysis and

Transactions on Electron Devices, vol. 57, no. 1,

characterization of the signal propagation, noise cou-

pp. 256-262, Jan. 2010.

pling, and power delivery are presented. In addition,

[6] J. Cho, M. Kim, J. Kim, J. Pak, H. Lee, J. Lee, K.

various techniques to improve SI and PI of a TSV-

Park, and J. Kim, "Through-silicon via (TSV) deple-

based 3-D IC are investigated such as noise coupling

tion effect", IEEE 20th Conference on Electrical

reduction method, equalization technique, and PDN

Performance of Electronic Packaging and Systems

impedance reduction schemes.

(EPEPS), pp. 101-104, 23-26 Oct. 2011.
[6] J. Cho, E. Song, K. Yoon, J. Pak, J. Kim, W. Lee,
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